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ABSTRACT

Mechanisms of Growth Inhibition Induced by Methylene-Substituted and Ring-
Substituted DIMs in Breast Cancer Cells. (May 2007)
Kathryn Elisabeth Vanderlaag, B.Sc., University of Guelph

Chair of Advisory Committee: Dr. Stephen H. Safe

One in 8 women will be diagnosed with breast cancer in the United States and
estrogen receptor (ER) status largely influences the type and subsequent success of
treatment employed. Although ER-positive breast cancer can be treated with endocrine
therapy, the more invasive ER-negative breast cancer is non-responsive to this therapy
and cytotoxic agents are often utilized which are associated with many adverse side
effects. Consequently, there is a genuine need to develop more effective, less toxic
treatments for invasive breast cancer.

Indole-3-carbinol is a phytochemical found in cruciferous vegetables and one of
its major metabolites, 3,3’-diindolylmethane (DIM), exhibits a broad range of anticancer
and antitumorigenic activities. ER-negative MDA-MB-231 and MDA-MB-453 breast
cancer cell growth was inhibited after treatment with a novel series of methylene-
substituted DIMs (C-DIMs), namely 1,1-bis(3’-indolyl)-1-(p-substitutedphenyl)
methanes containing trifluoromethyl (DIM-C-pPhCF;), t-butyl (DIM-C-pPhtBu) and
phenyl (DIM-C-pPhCgHs) groups. In addition, DIM-C-pPhC¢Hs (40 mg/kg/d) inhibited

tumor growth in nude mice bearing MDA-MB-231 cells as xenografts. Treatment of
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breast cancer cells with C-DIMs lead to downregulation of cyclin D1 and induction of
non-steroidal anti-inflammatory drug-activated gene 1. Detection of necrosis, caspase-
dependent or caspase-independent apoptosis were not observed in breast cancer cells
treated with C-DIMs, however autophagic cell death was induced by C-DIMs.

DIM and ring-substituted DIMs have exhibited antitumorigenic activity in tumor
murine mammary models. An investigation into the mechanism of cell death induced by
DIM and 5,5-dibromoDIM (5,5°-diBrDIM) in both ER-positive (MCF-7) and ER-
negative (MDA-MB-231) breast cancer cells revealed modulation of several key
signaling pathways involved in growth control. Both DIM and 5,5’-diBrDIM
downregulated cyclin D1, although only 5,5’-diBrDIM induced a depolarization of the
mitochondrial membrane. In addition, apoptosis was observed in MCF-7 cells treated
with 5,5’-diBrDIM but not MDA-MB-231 cells.

In summary, C-DIMs may represent new mechanism-based agents for treatment
of breast cancer through induction of autophagic cell death. The ring-substituted DIMs
correspond to a novel class of uncharged mitochondrial poisons that are also highly
effective in inhibiting breast cancer cell growth. Results of this research provide
evidence for the potential role of two new series of DIM analogs for the treatment of

highly aggressive breast cancer.
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CHAPTER1

INTRODUCTION
1.1.  Cancer
Cancer cells are abnormal cells that can grow uncontrollably and have the ability
to invade normal tissues. Cancer encompasses a diverse range of diseases that are
named based on their biological origin (prefix) and cell type (suffix). The 4 distinct
types of cancer based on the cell origin of the cancer: carcinomas, sarcomas,
lymphomas and leukemias (see Figure 1.1). Carcinomas are the most frequent type of

cancer and arise from epithelial cells covering internal or external surfaces such as lung,
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Figure 1.1: Classification of common cancers. There are 4 types of cancer based on type of cell
the cancer originated from: carcinomas (epithelial), leukemias (immature blood cells in bone
marrow), lymphomas (lymph nodes and immune system) and sarcomas (supportive tissue).
Examples of tissues pertaining to each type of cancer are illustrated. [1]
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breast or colon. Sarcomas are initiated in the supportive tissue including bone, cartilage,
muscle and connective tissue. Tumors originating in lymph nodes or the immune system
are classified as lymphomas whereas leukemias are cancers originating from immature
blood cells in the bone marrow. Prefixes used to identify the location of the cancer are

summarized in Table 1.1. [1]

Table 1.1: Cancer nomenclature. Prefixes based on the location of cancer are summarized in the chart
below (adapted from [1]).

Location Prefix
Gland Adeno-
Cartilage Chondro-
Red blood cell Erythro-
Blood vessels Hemangio-
Liver Hepato-
Fat Lipo-
Lymphocyte Lympho-
Pigment cell Melano-
Bone marrow Myelo-
Muscle Myo-
Bone Osteo-

1.1.1. Cancer statistics
Cancer accounted for 22.7% of all deaths in 2003 in the United States, second
only to heart disease (see Table 1.2). It is estimated that more than 1.4 million new
cases of cancer will be diagnosed in 2006. Cancer incidence varies among sexes with 1
in 2 men and 1 in 3 women expected to develop cancer in their lifetime. It is estimated
that more than 1500 Americans die from cancer every day. A comparison of death rates

in 1950 compared to 2003 show no change in the cancer mortality rate. The 5-year



survival rate for a variety of cancers has increased significantly in the past few decades
due to earlier diagnosis and advances in treatment. However, cancer continues to be a

major cause of death in all industrialized countries. [2]

Table 1.2: 2003 US mortality statistics. Causes of death ranked based on number of deaths occurring in
2003. Adapted from [2].

Rank Cause of Death No. of Deaths % of All Deaths
1 Heart diseases 685,089 28.0
2 Cancer 556,902 22.7
3 Cerebrovascular diseases 157,689 6.4
4 Chronic lower respiratory diseases 126,382 5.2
5 Accidents (Unintentional injuries) 109,277 4.5
6 Diabetes mellitus 74,219 3.0
7 Influenza and pneumonia 65,163 2.7
8 Alzheimer disease 63,457 2.6
9 Nephritis 42,453 1.7
10 Septicemia 34,069 1.4

1.1.2. Stages of cancer

Cancer is the result of an accumulation of mutations in genes controlling cellular
homeostasis [3]. These include genes that are involved in DNA repair, apoptosis,
oncogenes and tumor suppressor genes [3]. An oncogene refers to a gene that when
altered, leads to the progression of cancer due to its direct or indirect role in controlling
cell growth. In contrast, tumor suppressor genes are normally involved in restricting cell
proliferation and mutation or inactivation of tumor suppressor genes can lead to
uncontrolled cell growth and cancer progression. In a study of retinoblastoma cases,

Knudson determined that the function of a tumor suppressor gene is only lost once both



copies are mutated, which is also true of DNA repair genes [4]. These mutations can be
a result of inheritance or environmental exposures.

Genetic damage to homeostatic genes and the resulting development of cancer is
a multistage process that can be divided into 3 steps: Initiation, promotion and
progression (see Figure 1.2). Initiation is characterized by a genetic mutation occurring
as a result of a DNA damaging agent that covalently binds to DNA and is not repaired
by cellular DNA repair machinery. At this stage, the cell is not morphologically
different from a normal cell. In the next stage of promotion, mutated cells proliferate
through epigenetic mechanisms and the expression of genes controlling important cell
processes including proliferation, inflammation and differentiation is altered. Mutational
activation of oncogenes as well as inactivation of tumor suppressor genes are probable
targets of altered gene expression in these early stages of cancer development [5].
Benign tumors can form during the promotion stage but the cells do not yet have
invasive or metastatic properties. The final stage of cancer is progression in which cells
acquire the ability to invade and metastasize due to the acquisition of additional genetic
alterations and progressive genetic instability. Alterations in cell size, shape and
organization (dysplasia) occurs at this stage, and ultimately leads to an advanced form of

cancer. [3]
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Figure 1.2: Model for skin multistage carcinogenesis. The first stage of carcinogenesis is initiation,
where a genetic mutation occurs that is not repaired. In the promotion stage, the mutated cells proliferate
and can form benign papillomas. The final stage involves invasion and metastases of the mutated cells.
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1.2.  Breast Cancer

1.2.1. Rates and statistics
Up to one third of all new cancer cases in women are breast cancer (see Table
1.3) [2]. Breast cancer is the second most common type of cancer diagnosed, next to
skin cancer. With the exception of melanoma, all types of cancer listed in Table 1.3
have a lower 5-year survival rate than breast cancer [2], but the high incidence of this
disease is cause for concern. Female deaths from breast cancer are second only to lung
cancer in cancer deaths, with over 41,000 women dying from breast cancer each year in

the US [1].

Table 1.3: 2002 Cancer lifetime probability rates for US women. Adapted from [2].

Site Rate

All sites 1in3

Breast 1in 8

Lung and bronchus 1in 17
Colon and rectum 1in 18
Uterine corpus 1in 38
Non-Hodgkin lymphoma | 1in 55
Ovary 1in 68
Melanoma 1in 77
Pancreas 1in79
Urinary bladder 1in 88

Uterine cervix 1in 135




1.2.2. Mammary gland development

1.2.2.1. Stages of development

The mammary gland has distinct stages of development and is a unique organ
due to its ability to continually change over a lifetime. These stages of mammary
development have been summarized in Figure 1.3. The mammary gland develops early
in embryogenesis as a derivative of the epidermis [6]. During puberty, ductal branching
and elongation occurs and at the distal epithelial-stromal boundary, a club-shaped
terminal end bud forms. There are two distinct ductal branching processes: (1) terminal

end bud bifurcation, leading to the formation of two smaller ductules or alveolar buds;
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Figure 1.3: Distinct stages of mammary gland development. The mammary gland initially
develops during embryogenesis. During puberty, there are events of ductal branching and
elongation. Alveolar proliferation occurs during pregnancy. Critical gene products including
hormones and hormone receptors are shown. Abbreviations used: ERa. (estrogen receptor),
PRL (prolactin), PRLR (prolactin receptor), PR (Progesterone receptor), CSF-1 (macrophage
specific colonary stimulating factor 1). [9]




(2) sprouting of side branches from mature ducts [7,8]. A group of branches is referred
to as a lobule and lobule (Lob) types 1, 2, 3 are defined by the cluster size, with 11, 47
and 80 being the average number of ductules, respectively [7]. During pregnancy,
alveolar proliferation occurs to prepare for lactation. The expansion of the mammary
epithelium into milk-producing alveoli occurs as a result of hormonal stimulation.
Functional differentiation is another morphogenetic change that can occur during
parturition and lactation [9]. At this stage, the secretory epithelium dies via apoptosis,
the fat cell redifferentiates and the mammary gland is remodeled to its pre-pregnancy
state [8].
1.2.2.2. Stromal-epithelial interactions

The mammary gland consists of both stromal and epithelial cells that
communicate with each other via the extracellular matrix [8]. This communication is
critical for proper patterning and normal mammary gland function and its disruption can
lead to the development of breast cancer [6]. There are parallels between the different
stages of mammary development and tumor progression including invasion, reinitiation
of cell proliferation, resistance to apoptosis and angiogenesis [8]. Epithelial cells
possess invasive properties in that they proliferate and invade the stroma.
Tumorigenicity is greatest in the mammary epithelium due to its proliferative and
invasive abilities but epithelial cells are controlled by stromal cells. The stroma is a
heterogenic combination of adipocytes, pre-adipocytes, fibroblasts, blood vessels,

inflammatory cells and extracellular matrix that are all subject to regulation in various



stages of mammary development. The lactating mammary gland possesses anti-
apoptotic mechanisms to prevent premature involution. Angiogenic remodeling is also a
part of the morphogenetic changes that occur in the mammary gland [10].
1.2.2.3. Hormones and mammary gland development

The exact roles of the hormones estrogen and progesterone on mammary
proliferation are still somewhat controversial. The potential effects of estrogen on
various types of mammary epithelial cells are summarized in Figure 1.4. Normal ductal
growth is controlled by estrogen and progesterone that are secreted from the ovaries and
their excretion is positively regulated by growth hormone (GH) [7]. Estrogen is
thought to play a major role in stimulating growth of both normal and neoplastic
mammary epithelium [11,12], however, when estrogen and progesterone are at their
peak levels during normal cycling, maximal proliferation is not achieved. Peak growth
is achieved during the luteal phase where levels of progesterone and estrogen are
significantly lower [8]. There is added complexity regarding the effects of estrogen and
progesterone in animal models and cell culture, estrogen stimulates growth of cells in
culture and in athymic nude mouse models whereas progesterone has no effect on
growth and can be growth inhibitory [13,14].

The estrogen receptor (ER) and progesterone receptor (PR) status is correlated
with proliferative capacity. Lob 1 contains the highest level of these ovarian hormone
receptors and has the greatest proliferative capacity [7]. Interestingly, nulliparous

women have the highest percentage of Lob 1 and also have an enhanced risk of breast
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cancer [15]. Another intriguing observation is the lack of correlation between

proliferating cells and ER-positive cells, yet there is a positive association between

proliferation and nuclear receptor expression [16].
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Figure 1.4: Potential pathways of estrogen action on mammary epithelial cells. = Estrogen can
stimulate ERot positive proliferating cells. The effects of estrogen on ERot positive nonproliferating cells
may involve the production of a growth factor that in turn, stimulates growth in ERa negative cells.
During neoplastic transformation, ERa negative cells may convert to ERa positive cells. [7]
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Several other hormones principally are also involved in mammary gland
development. Both activins and inhibins, which are members of the transforming
growth factor beta (TGF-B) family are involved in ductal elongation and alveolar
development, as shown in Figure 1.3 [6]. The exact role of activins/inhibins in these
processes has yet to be elucidated but may involve a role as local mediators of hormone
signals [9]. Prolactin signaling is also essential for lobulo-alveolar differentiation during
pregnancy [17] and prolactin acts through the JAK-STAT pathway to induce this stage
of differentiation [18]. There is also evidence that prolactin may play a role earlier in
development during puberty [19]. Oxytocin is another hormone that is necessary for
milk ejection and alveolar cell proliferation [9]. Oxytocin is transported through the
bloodstream, interacts with receptors on the surface of myoepithelial cells to initiate their
contraction and the subsequent release of milk from the alveoli into the ducts [20].
Colony-stimulating factor-1 (CSF-1) is also important for lactation. Deletion mutants of
CSF-1 have reduced ductal growth during pregnancy and lack of milk secretion [20].

1.2.3. Characterization of breast cancer

1.2.3.1. Histologic types of breast cancer

Breast tumors can be classified based on histological examination of their tumor
location. In situ refers to a non-invasive form of breast cancer that can be confined to
the ducts (ductal carcinoma in situ, DCIS) or lobules (lobular carcinoma in situ, LCIS).
DCIS is the most common type of non-invasive breast cancer. If women have DCIS or

LCIS, they run a higher risk of developing an invasive form of breast cancer. Once
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cancer cells break through the duct wall and spreads into the fatty tissue of the breast, it
is classified as invasive ductal carcinoma (IDC) which comprises about 10-15% of
invasive breast cancer. Conversely, invasive lobular carcinoma constitutes 85-95% of
breast cancer cases and involves cancer cells extending past the lobule wall [5].
Medullary carcinoma is a special type of IDC where there is a distinct boundary between
the tumor and normal tissues and accounts for 5% of breast cancer cases. There are also
a large number of tumor cells and immune cells at the edges of the tumor. Colloid
cancer is a specific type of ductal breast cancer formed by mucus-producing cancer cells.
Tubular carcinoma is a special type of infiltrating ductal breast carcinoma.

Inflammatory breast cancer is found in 1-3% of breast cancer cases. [3]

1.2.3.2. Breast cancer stages

Breast cancers are initially categorized by tumor size (T), lymph node
development (N), and the presence or absence of distant metastases (M). Based on these
parameters, they are graded into 4 stages, with a higher stage pertaining to increased
invasiveness. A summary of the stages and combination of T, N, and M values is shown
in Table 1.4. Stage I is early-stage cancer and refers to the presence of a breast tumor
less than 2 cm and no signs of lymph node development or distant metastasis. In the next
stage, the tumor is between 2 and 5 cm or there are signs of lymph node development
but no signs of metastasis. Inflammatory breast cancer is characterized as IIB as long as
it has not spread to other organs. Stage IIIA characterizes tumors more advanced than

Stage II tumors in terms of a higher degree of lymph node development where they may
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Table 1.4: Summary of characteristics for each stage of breast cancer. Tumor size classes (T): TO=no
tumor; T1=< 2.0 cm, T2=> 2.0 cm < 5.0 cm; T3=> 5.0 cm; T4= Any size with direct extension to chest
wall or skin. Lymph node development classes (N): NO=No regional lymph node metastasis; N1=
metastasis to movable ipsilateral axillary lymph node; N2=Metastasis to ipsilateral axillary lymph node(s)
fixed or matted. Distant metastasis classes (M): MO= No distant metastasis; M1=Distant metastasis.
Adapted from [2,21]

5-Year Stage Tumor Lymph node Distant
Stage Survival Subtg o size (T) development Metastasis

Rate P ™) M)

I ° 95-98 % - Tl NO MO
o

A TO-T2 NO-N2 MO

I 76-88 %

o

° B T2-T3 NO-N1 MO

A TO-T3 NI1-N2 MO

I | - 49-56 % B TO-T3 NO-N2 MO

°© C T4 NO-N2 MO

v 15-20 % - T4 Any N Ml
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be clumped or a tumor larger than 5 cm. In Stage IIIB, the tumor includes the breast
skin or extends to the chest wall or involves internal mammary lymph nodes. The fourth
and most advanced stage of breast cancer can be generally applied to tumors that have
metastasized most commonly to the liver, lung or brain. Each increase in stage is
correlated with a worse prognosis which requires more aggressive treatment modalities.
[21]

1.2.3.3. ER status of breast cancer

The ERa status of a tumor is a critical prognostic factor and important for
determining appropriate treatments. ERoa—positive breast cancers are defined as those
that positively respond to hormone therapy. Hormone therapy specifically targets
estrogen signaling and the subsequent mitogenic effects of estrogen on tumor cells.
ERo—negative breast cancers do not respond to hormone therapy and are considered
more aggressive with a worse prognosis than their ERo—positive counterparts. Because
they do not respond to hormone therapy, the use of cytotoxic drugs is often employed
and these compounds have an extensive list of adverse side effects.

ERao-negative nondividing cells constitute the largest group of cells in the
mammary gland [22]. Only 30% of cells are ERo-positive at any one time and these
cells are rarely dividing [16]. Invasive breast cancer typically arises from an
increasingly abnormal series of hyperplasias, atypical hyperplasias and noninvasive
carcinomas [23]. There are two models used to describe the origins of ERa-negative

tumors: (1) the loss of the ability to synthesize ERa or (2) ERa-positive and ERo-
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negative cancers originate from entirely different subpopulations of cells [24,25].
ERo methylation is more prominent in ER-negative breast cancer and may account for
repressing ERa expression [26]. ERais degraded via hypoxia-induced factor 1 alpha
under hypoxic conditions, which is common feature of the tumor microenvironment [27].
The precise etiology of ERo—negative breast cancer is still under investigation.
1.2.4. Influences on breast cancer development

1.2.4.1. Genetic factors

Inherited genetic susceptibility accounts for approximately 5-10% of breast
cancer cases [28] and the genes associated with hereditary breast cancer include breast
cancer 1 gene (BRCAL), breast cancer 2 gene (BRCA2), tumor protein p53 (TP53),
checkpoint kinase 2 (CHK2) and Ataxia-telangiectasia gene (ATM) [29]. All of these
genes are involved with DNA repair and maintenance of genomic integrity. BRCAI1
was initially named in 1992 after early-onset familial breast cancer cases were linked to
chromosome 17g21 [30]. Families with high incidences of male breast cancer did not
have BRCA1 mutations, which spurred the discovery of BRCA2 on chromosome 13q12-
13 [31]. BRCA mutations are frequently protein truncations and occur at a frequency of
1 in 250 women [29]. Penetrance is defined as the risk of developing breast or ovarian
cancer by the age of 70 and is 80% for women with BRCA1 and BRCA2 mutations [29].
Tumor characteristics of BRCA1 and BRCA2 mutations are summarized in Table 1.5.
Both BRCA1 and BRCAZ2 function in DNA repair by interacting with RADS1, a key

DNA repair enzyme which catalyzes homologous recombination. Therefore BRCA
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mutations lead to hypersensitivity to agents that crosslink DNA strands [29]. BRCAI1
also plays a role in ubiquitylation, a process by which proteins are tagged for
degradation. The BRCAI1-BARDI (BRCAl-associated ring domain protein)
heterodimer has significant ubiquitin ligase activity [32]. In addition, BRCAL1 plays a
role in checkpoint control and chromatin remodeling [29]. In summary, BRCA proteins

play roles in a number of critical cell processes.

Table 1.5: Key characteristics of BRCA1 and BRCA2-associated breast cancers. [29]

Phenotype BRCA1-associated BRCAZ2-associated

Morphology Ductal (75%), atypical Ductal (75%), atypical
medullary (~10%) medullary (<5%)

Grade et (e 3) ?;I:;iélelr;l)(grade 2) or high

Estrogen receptor expression ~ Negative (75%) Positive (75%)

ErbB2 expression Negative (95%) Negative (95%)

p53 Positive (50%) Positive (40%)

Cyclin D1 expression Negative (90%) Positive (60%)

Carcinoma in situ Rare Common

Another frequently mutated gene in breast cancer is p53, with 30% of breast
tumors having a mutation [33]. p53 is a transcription factor that is involved in cell cycle
regulation, DNA maintenance and genomic integrity, repair after DNA damage and
apoptosis [33]. p53 mutations commonly precede loss of heterozygosity (LOH) of the
wild-type allele [33]. Due to the critical role of p53 in the cell, its mutation can lead to

cancer since cell growth continues in spite of damaged DNA and therefore increases the
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frequency of other gene mutations. Germline mutations in the p53 gene have been
responsible for Li-Fraumeni syndrome [34]. The penetrance for breast cancer in families
with Li-Fraumeni syndrome is a minimum of 50% by the age of 50, suggesting that p53
is important in the early stages of breast cancer [33]. The type and frequency of p53
mutations is modulated by BRCA1/BRCAZ2 status, with a higher tumor incidence of p53
mutations in BRCA1/2 patients [35]. Recently, CHK2 germline mutations have been
associated with classical and variant Li-Fraumeni syndrome [28]. CHK2 and p53
closely interact and CHK2 directly phosphorylates the site where p53 binds to Mdm2,
thus preventing the Mdm?2 inhibition of pS3 [36].

The third principal syndrome associated with autosomal dominant inheritance of
breast cancer risk is Cowden syndrome [28]. Cowden syndrome is due to PTEN
germline mutations [37] and is a rare autosomal dominant condition. Women with
Cowden’s syndrome have a 30-50% chance of developing breast cancer by the age of 50
[38]. PTEN is a phosphatase that negatively regulates the phosphoinositide 3-kinase
signaling pathway [39].

Ataxia-telangiectasia is a rare autosomal recessive disorder, with homozygotes
occurring only 3 in 1 million and increases risks for a variety of diseases including an
increased incidence of breast cancer [39]. Both in vivo and in vitro studies have shown
AT carriers have an extreme sensitivity to radiation and an increased risk of radiation
leading to cancer [40]. ATM is the only gene causally linked to ataxia-telangiectasia.

Like many other genes implicated in inherited breast cancer, ATM is involved with
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DNA repair and is required for DNA double-strand break repair, apoptosis and cell cycle
arrest [39]. Although homozygosity is rare, AT heterozygosity is present in 1.5% of the
population and may account for 7.5% of breast cancer cases [41].

1.2.4.2. Environmental factors

In addition to genetic factors, there are a variety of factors that can influence the
development and severity of breast cancer. Environment plays a much larger role than
genetics in terms of cancer susceptibility. In an epidemiology study of twins in Finland,
18% and 77% of the liability in inter-individual variation in the risk of breast cancer
were attributable to shared environmental factors and unique environmental factors,
respectively [40]. Female gender, country of birth and age are major risk factors for
breast cancer [42]. Only 0.6% cases of breast cancer are males. A summary of
established risk factors is shown in Table 1.6. There are other more inconclusive risk
factors that may contribute to breast cancer risk. Rodents fed a high-fat diet had
enhanced mammary tumor development [43]. More specifically, diets rich in linoleic
acid have increased breast cancer development [44]. Other fats including oleic acid and
fish oil have a protective effect against cancer [44].

Many of the known risk factors of breast cancer are associated with reproductive
characteristics including pregnancy-related and menstrual factors. The risk of breast
cancer increases the older a woman is for her first pregnancy. The relative risk is 0.5 for
mothers aged 20 or younger and increases to 1.4 over the age of 35 [45]. This may be

due to changes in breast tissue that result in decreased susceptibility to carcinogenic
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agents or hormonal changes that reduce breast cancer risk [46]. Nulliparity is also a risk
factor for breast cancer. Women with at least 5 pregnancies have a breast cancer relative
risk of 0.5 compared to women who have had no children [47,48].

Females that have begun menstrual cycles at an earlier age and women that reach
menopause at a later age have an enhanced breast cancer risk [47,49]. These effects are
due to a positive association between the total number of years of menstrual active and
breast cancer incidence [49]. Oophorectomies at a young age (before 40) are also
associated with a decreased risk of breast cancer [50]. Both human reproductive and
menstrual factors and animal studies indicate that hormones play a significant role in
breast cancer incidence and epidemiology studies suggest that lifetime estrogen exposure
is associated with an increase risk of breast cancer [50,51]. However, the mechanisms of
estrogen-induced breast cancer are not that well understood.

A Women’s Health Initiative (WHI) study recently showed that combined
estrogen and progestin used in postmenopausal women was associated with an increased
incidence in invasive breast cancer taking these hormones for a 5-year period [52,53]. In
addition, breast cancers diagnosed in women taking estrogen and progestin therapies
were a more advanced form of cancer [53]. Other studies suggest estrogen and progestin
exposure increase mammographic breast density when compared to control groups or
women treated with estrogen alone [54,55]. The biological relevancy of breast density
on breast cancer risk is still under investigation. Although the WHI study did not

support a relationship between postmenopausal hormone replacement therapy and the
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incidence of invasive lobular breast cancers [53], other studies reported an increased
incidence in this type of cancer with hormonal replacement therapy [56,57].

Prior to the WHI study, breast cancer mortality was reported to be lower in
women using hormone replacement therapy [58-60], and it was suggested that this was
due to earlier diagnosis and treatment [61,62]. Differences between studies may be a
result of older women and the different treatment regimen in the WHI study compared to
the younger women studied in previous reports [63].

Exogenous hormones from oral contraceptives, depot-medroxyprogesterone
acetate and estrogen replacement therapy have been studied and a number of
epidemiology studies have shown no correlation between oral contraceptive use and
breast cancer risk [64-66], however, this conclusion remains controversial [67]. No
relationship has been found between the injectable contraceptive, depot-
medroxyprogesterone (DMPA) and breast cancer risk [68,69]. Several studies have
reported no association between breast cancer risk and hormone replacement therapy
[70-72], however an increased risk was observed with the use of hormone replacement
therapy for more than 20 years [73,74] or estrogen/progestin therapy [75].

In postmenopausal women, body weight and height have been correlated to
breast cancer risk [76]. Heavy menopausal women have higher rates of conversion of
androstenedione to estrogen in adipose tissue and lower levels of sex-hormone-binding
globulin compared to thinner women [46]. For younger, premenopausal women, there is

a higher risk of breast cancer in thinner women but this may be due to easier detection of
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tumors in these individuals [76]. Adult weight gain increases the premenopausal risk of
breast cancer whereas weight loss may be protective.

There have also been some reports linking diethylstilbestrol (DES) use during
pregnancy to a modest but significant increase in breast cancer risk and this does not
increase over time [77,78]. The proportion of ERo-positive tumors increases with age,
is higher in whites than in blacks and may be higher in postmenopausal than in
premenopausal women. It is not known whether the estrogen-receptor status of normal
cells affects the likelihood of cancer following exposure to a carcinogenic agent.

The effects of several environmental exposures on breast cancer incidence have
also been investigated. Organochlorine compounds are present in the environment due
to their use in industry and as pesticides and environemental persistence. High serum
levels of organochlorines in breast cancer patients in some studies have been associated
with up to 4-fold increased breast cancer risk [79-81]. However, epidemiology studies
have not shown a statistically significant link between organochlorine exposure and
increased breast cancer incidence [82-84]. Organic solvents are commonly employed in
the production of glues, paints and other industrial chemicals. The influence of organic
solvent exposure on breast cancer risk have been inconclusive with some occupational
studies showing an increased risk [85,86] whereas other studies showed no increased
breast cancer risk in women occupationally exposed to high levels of organic solvents

[87,88]. Epidemiological studies have also shown a modest increase in breast cancer
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risk after metal exposure [89] and some divalent metals including cadmium, copper and
cobalt exhibit estrogenic activity in MCF-7 breast cancer cells [90].

Cigarette smoke contains an array of carcinogens and for this reason has been of
interest as a risk factor for a variety of cancers. In vitro and in vivo studies have
suggested the breast as a target tissue for tobacco smoke carcinogens since they can pass
through the alveolar membrane and are transported by lipoproteins to the breast [91-93].
The link between breast cancer and smoking has been extensively studied but has
generated inconclusive results, with positive, inverse and null relationships between
smoking and breast cancer risk [91]. Critical timing of smoking has also been
investigated and this is based on the hypothesis that when the breast is developing, it is
most susceptible to carcinogens present in cigarette smoke. The temporal effects of
smoking on breast cancer have been investigated and exposures during breast
development has also failed to yield any positive associations with increased breast
cancer risk [94,95].

A recent meta-analysis of 89 studies comparing alcohol consumption to breast
cancer incidence showed 29 studies with odds ratios less than 1 and 60 studies greater
than 1, overall supporting a modest, but enhanced risk of breast cancer associated with
increased alcohol consumption [96]. There was no significant difference in breast
cancer risk seen between consumption of beer, wine or spirits. An increase of one drink

per day resulted in a 10-13% increase in breast cancer risk.
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Table 1.6: Established risk factors for breast cancer in females. Adapted from [46,97]

Low-Risk Group

Risk Factor High-Risk Group
HIGHEST RISK (RELATIVE RISK GREATER THAN 4.0)
Age old
Country of birth North America

Northern Europe

Mother and sister with history of Yes
breast cancer

MODERATE RISK (RELATIVE RISK FROM 2.0 TO 4.0)

Socioeconomic status High
Age at first full-term pregnancy >30 years
Oophorectomy premenopausally No
History of cancer in one breast Yes
History of benign proliferative lesion Yes
Any first-degree relative with history Yes

of breast cancer

Mammographic parenchymal patterns Dysplastic parenchyma

Radiation to chest Large doses

LOWER RISK (RELATIVE RISK FROM 1.1 TO 1.9)

Marital status Never married

Place of residence Urban

Race >45 years White
<40 years Black

Nulliparity Yes

Age at menopause Late

Age at menarche Early

Weight, postmenopausal women Heavy

Alcohol consumption >4 alcoholic

beverages/day
History of primary cancer in Yes

endometrium or ovary

Young
Asia, Africa

No

Low
<20 years
Yes

Normal parenchyma

Minimal exposure

Ever married
Rural

Black
White

No
Early
Late
Thin
No alcohol

No
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1.2.5. Current treatments

There are 3 primary surgical options for treatment of breast cancer: (1)
lumpectomy surgery and radiation (2) mastectomy plus reconstruction (3) mastectomy
alone. Lymph node surgery also may be employed in cases where cancer has spread to
the lymph nodes (>T0). There are adjuvant therapies, which increase the efficacy of the
primary treatment and therefore reduce the likelihood of cancer reoccurrence and these
include radiation, systemic therapy, chemotherapy and monoclonal antibody therapy.
Radiation therapy is used to destroy any remaining cancer cells left in the breast, chest
wall or lymph nodes after surgery and is most commonly used after lumpectomies.
Adjuvant systemic therapy targets cells that may have spread beyond the breast and
adjacent tissues. This includes hormone therapy if the tumor is ER-positive and drugs
such as tamoxifen, or aromatase inhibitors (e.g. anastrozole) are used. There is also
neoadjuvant therapy, which is carried out prior to surgery as a potential method to shrink
the tumor so it can be removed surgically without the need for mastectomy. [1,98]

Adjuvant chemotherapy usually involves the use of a genotoxic agent and
common genotoxic agents employed in breast cancer are summarized in Table 1.7.
Doxorubicin and epirubicin work by two mechanisms: (1) DNA intercalation and
subsequent blockage of DNA synthesis and transcription and (2) inhibition of
topoisomerase Il enzyme. These effects lead to breaks in the genomic DNA.
Cyclophosphamide acts as a DNA alkylating agent and other chemotherapeutic agents

also interact with DNA by acting as a DNA alkylating agent (cyclophosphamide) or a
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pyrimidine analog (gemcitabine). Other drugs interfere with chromosomes and hence
halt cell division and induce cell death. In the presence of paclitaxel or docetaxel the
chromosomes are unable to move to opposite sides of the dividing cell because
microtubules are not broken down. The vinca alkaloids first bind to tubulin monomers
inhibiting the formation of microtubules. Without adequate numbers of microtubules, the
newly replicated chromosomes can not be separated and cell division is blocked. The
aborted cell division process triggers cell death. Capecitabine is metabolized into 5-FU
in the cells which interferes with cell division, RNA and protein processing and

ultimately results in cell death. [99]

Table 1.7: Summary of commonly used cytotoxic chemotherapeutic breast cancer drugs [1,99]

Brand Name (Generic Name) Mechanism of Action

DNA intercalation

Adriamycin (Doxorubicin) Topoisomerase II inhibition

Cytoxan (Cyclophosphamide) DNA alkylating agent
Ellence (Epirubicin) DNA intercalation
Topoisomerase Il inhibition
Gemzar (Gemcitabine) Pyrimidine analog
Navelbine (Vinolrelbin) Inhibits microtubule formation
Taxol (Paclitaxel) Prevents microtubule breakdown
Taxotere (Docetaxel) Prevents microtubule breakdown
Xeloda (Capecitabine) Interferes with RNA and protein

processing
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Adjuvant monoclonal antibody therapy is also commonly employed in women
who have HER2/Neu overexpressing tumors. HER2/Neu activates the PI3K/Akt
pathways which inhibits apoptosis, therefore enhancing cell proliferation. In addition,
HER family members have also been associated with secretion of pro-invasive proteins
that degrade the basement membrane. Monoclonal antibody therapy inhibits the
function of HER2/Neu receptor to favor cell death and therefore reduces the invasive
capacity of the cells. [1]

1.2.6. Chemoprevention

Cancer chemoprevention refers to the use of a chemical, either natural or
synthetic, that can block cancer in the early stages or hinder cancer progression before
the cancer progresses to a malignant stage. To block the early stages of cancer
development, chemicals can reduce the likelihood of DNA damage by modulating
metabolizing enzymes or by increasing the quantity of antioxidants that detoxify
potentially mutagenic compounds. Since cancer also requires cell proliferation to
progress, inhibition of cell proliferation is a necessity and this can be accomplished by
either reducing inflammation, which can lead to increased cell proliferation or by
modulating regulatory components involved in cell growth.
1.2.6.1. Antimutagens

Antimutagens encompass agents that inhibit the initiation stage of cancer.
Sulforaphane is a glucosinolate phytochemical found in cruciferous vegetables and is

considered an antimutagen. Early studies showed that sulforaphane inhibits Phase I drug
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metabolizing enzymes involved in carcinogen activation as well as induce Phase II drug
metabolizing enzymes such as glutathione-S-transferase (GST) involved in the
detoxification of carcinogens [100]. However, more recently other effects of
sulforaphane have been reported. For example, sulforaphane induces cell cycle arrest
including a G2/M arrest also disrupts microtubule polymerization in MCF-7 breast
cancer cells [101,102]. Other studies have also shown that sulforaphane is an HDAC
inhibitor, inhibitor of H. pylori inflammation and induces apoptosis in other cancer cell
lines [103-105] .
1.2.6.2. Antiinflammatory compounds

Antiinflammatory drugs such as cyclooxygenase-2 (COX-2) inhibitors inhibit
both the promotion and progression of neoplasia. NSAIDs, which inhibit both
cyclooxygenase (COX-1) and COX-2 also reduce breast cancer incidence [106].
Cyclooxygenase enzymes are involved in prostaglandin synthesis, which play important
roles in blood clotting, wound healing, immune response, bone metabolism, nerve
growth and development [107]. Inhibition of COX-2 has been associated with decreased
cell proliferation, induction of apoptosis and a reduction in inflammation [108] and
therefore is a putative chemotherapeutic target. In addition, COX-2 expression is

elevated in some tumors such as colorectal tumors [109].
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1.2.6.3. Antioxidants

Tea is the second most popular beverage in the world and recent epidemiological
studies have linked an increased consumption of green tea with a decreased incidence of
breast cancer [110]. In addition to the epidemiological data, green tea has been
extensively investigated by cancer researchers due to its antioxidant properties [111].
Antioxidants have the ability to inhibit both initiation and promotion of cancer due to
their ability to act as reactive oxygen species (ROS) scavengers [112]. In vitro and in
vivo studies have also shown that green tea extracts, specifically catechins, inhibit breast
cancer cell growth and reduce the size and multiplicity of carcinogen-induced rodent
tumors [113,114]. Green tea extracts are promising new cancer agents, although more
work on the mechanism of growth inhibition still needs to be carried out.

Omega-3 fatty acids also have a protective effect against breast cancer
development. Fish oil, which is rich in omega-3 fatty acids, inhibited growth in breast
cancer cells and reduced lung metastases in a xenograft model [115] and there is
increasing evidence that omega-3 fatty acids also have effects on cell transformation
based on data showing that omega-3 fatty acids decreased levels of ras p21, a proto-
oncogene. However, case control studies have been unable to show a link between fish

consumption and breast cancer incidence in the United States and Norway [116,117].
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1.2.6.4. Hormone modulators

Endocrine therapy for breast cancer targets estrogen by either inhibiting the
binding of estradiol to ER through the use of selective estrogen receptor modulators
(SERMs) such as tamoxifen or by reducing the amount of estrogen produced through the
use of aromatase inhibitors. Aromatase inhibitors interfere with the conversion of
testosterone to estradiol by blocking the aromatase enzyme necessary for this reaction.
Both endocrine therapies are focused on decreasing the mitogenic effects of estrogen on
mammary epithelial cells. There have been large prospective clinical trials showing a
reduction in breast cancer incidence in women with adjuvant treatment of tamoxifen [47-
49,118] and aromatase inhibitors such as anastrozole look even more promising.
Premenopausal women with early breast cancer had significantly reduced onset to an
invasive form of breast cancer with anastrozole treatment compared to tamoxifen
treatment [52].
1.2.6.5. Signal transduction modulators

Signal transduction modulators inhibit the promotion and progression of
neoplasia. Vitamin D is known to play a significant role in controlling Ca** homeostasis
and is involved in cell proliferation and hence has been investigated for its
chemotherapeutic potential. 1,25-dihydroxyvitamin D3 (1,25(OH),D3) inhibited tumor
growth in the 7,12-dimethylbenz[a]anthracene (DMBA)-induced rat mammary cancer
model as well as inhibiting cell proliferation in breast cancer cells [119]. However, there

were many side effects after treatment with 1,25(OH),D3 and these are associated with
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its prominent role in calcium homeostasis [119]. Treatment with analogues of vitamin
D3 also inhibited mammary tumor growth without the potent hypercalcemic side effects
of Vitamin D [120,121]. These compounds may be inhibiting growth by modulating
genes involved in proliferation, differentiation and cytokine production via the vitamin
D receptor [122]. Synthetic analogs of Vitamin D are promising new agents for breast
cancer treatment.

The consumption of cruciferous vegetables has been correlated with a decreased
risk of several types of cancer [123-127]. 3,3’-Diindolylmethane (DIM) is formed in the
gut as a condensation product of the phytochemical indole-3-carbinol (I3C) [128,129].
Several studies show that cruciferous vegetables (or their extracts), indole-3-carbinol
(I3C) and 3,3’-diindolylmethane (DIM) exhibit antitumorigenic activity in in vivo rodent
models and inhibit growth of cancer cell lines in vitro [130-135]. For example, 13C
inhibited growth and/or formation of DMBA-induced and spontaneous age-dependent
mammary tumors and decreased the incidence of spontaneous endometrial tumors in

rodent models [131,133].
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1.3. Mechanism-Based Treatment Targets

The ideal anticancer drug specifically targets cancer cells with minimal side
effects on other tissues. Two properties that can significantly influence the adverse
effects associated with a drug include the mode of cell death and the specificity of the
biological target. Early chemotherapeutic agents such as mustard gas primarily affected
rapidly dividing cells due to its DNA alkylation properties. Although tumor cells are
rapidly dividing, there are a number of other cell types that undergo rapid proliferation
and these include epithelial cells lining the intestine and cells of the immune system and
cytotoxic drugs can induce many adverse side effects in these rapidly dividing
tissues/cells. The form of cell death induced by a drug can also have a critical influence
on its side effects since only necrotic cell death elicits an unfavorable immune response.

1.3.1. Types of cell death

Cell death has been an area of scientific interest for decades. Initially, two
distinct forms of cell death were described; namely apoptosis and necrosis. Apoptosis is
related to a programmed form of cell death and another form of cell death was
characterized as necrosis. Currently 11 different forms of cell death have been
characterized and these are summarized in Table 1.8 [136]. The differences between
these forms of cell death are now less clear since they have overlapping characteristics
[137]. Anoikis refers to apoptotic cell death triggered by cell detachment. In addition,

forms of cell death referred to as apoptotic necrosis has also been described



Table 1.8: Different types of cell death. The features of 11 different forms of cell death are summarized below. Abbreviations used: WD, Wallerian

degeneration; PLT, platelets; TG, transglutaminases; NO, nitric oxide; NCX, sodium calcium exchange channel; IAP, inhibitor of apoptosis proteins

[136]

Necrosis Apoptosis Anoikis  Caspase- Autophagy WD  Excito Erythro- PLT Corni- LENS
independent toxicity  poiesis fication
apoptosis

Genetic None Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes
Program
Membrane | Lysed Intact Intact Intact Intact Intact Intact Intact Intact Intact
PS PS PS exposure  PS
exposure  Exposure exposure
Organelles | Lysed Intact Intact Intact Intact lipid- Intact Intact Intact Intact Crosslinked
reassembly lipid-
reassembly
Mitos Blown Intact Intact Lost Lost Lost
Nucleus Chr. Chr. Chr. Chr. Lost Lost  Lost Lost
condens. condens.  condens. condens.
DNA DNA DNA fragm. DNA
fragm. fragm. fragm.
Enzymes None Caspases  Caspases Calpains Lysosomal VPR  Calpains Calpains TG 13,5 TG
Beclinl NCX
Receptors Death Rec
Regulators Bcl NO GATA2 APl
family calcium calcium
IAP

[43
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where apoptotic cells are not recognized by phagocytes and consequently display
necrotic features [138]. The form of cell death induced is dependent on the specific
agent as is also cell-context dependent. These factors critically influence which
signaling pathways are activated or inhibited, ultimately determining the pathway of cell
demise. Apoptosis, autophagy and necrosis are the three most relevant forms of cell
death in terms of cancer treatments and will be described in detail below.
1.3.1.1. Apoptotic cell death

Apoptosis refers to programmed cell death that is a genetically encoded form of
cell suicide and critical during development and tissue homeostasis [139,140]. During
development, cells produced in excess undergo apoptosis for organ and tissue sculpting
[141]. The morphologic hallmarks of apoptosis include membrane blebbing, cell
shrinkage, chromatin condensation, DNA fragmentation and eventual engulfment by
macrophages or neighboring cells [142]. Packing of cell contents into apoptotic bodies
and subsequent phagocytosis occurs in the later stages of apoptosis. One of the “eat me”
signals on apoptotic cells is phosphatidylserine flipping from the inner surface to the
external surface of the cell membrane as an indicator for phagocytic engulfment [142].
1.3.1.1.1. Intrinsic and extrinsic pathways of apoptosis

There are 2 major pathways of apoptosis: the extrinsic pathway, which is
mediated by death receptors and the intrinsic pathway, which is mitochondrial-mediated
(see Figure 1.5). Death receptors are cell surface receptors belonging to the tumor
necrosis factor receptor (TNFR) family that bind ligands which sense abnormal

intracellular or extracellular conditions. Ligands of this family include tumor necrosis
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Apoptolic subsirales

Figure 1.5: Apoptotic death pathways in mammalian cells. There are 2 apoptotic pathways in cells:
(1) The extrinsic pathway involving death receptors (e.g. CD95L) that upon ligand binding induce
formation of a DISC complex which activates the apical caspase-8 and downstream effector caspase-3 and
subsequent cleavage of death substrates. FLIP can inhibit caspase-8 activation. Activated caspase-8 can
also cleave Bid, which can induce the mitochondrial-mediated apoptotic pathway. (2) The intrinsic
pathway involves the mitochondria and can be activated by various apoptotic stimuli including DNA
damage, which can lead to the release of small molecules from the mitochondria including cytochrome c,
AIF, Smac/DIABLO. Cytochrome c release triggers the formation of the apoptosome and activation of
apical caspase-9, leading to caspase-3 activation, cleavage of death substrates and ultimately apoptosis.
Smac/DIABLO induces apoptosis by inhibiting IAP proteins. [143]
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factor-alpha (TNF-a), CD-95L/Fas and tumor necrosis factor-related apoptosis-inducing
ligand (TRAIL). TNFRs are ligand-specific in that TNF-a binds to TNFR1, TRAIL
binds to DR4 and DRS5 and CD-95L bind to the CD-95 receptor. There have also been
decoy receptors identified including a soluble CD-95 decoy receptor (TNFR) and three
decoy receptors for TRAIL: osteoprotegerin (OPG), decoy receptor 1 (DcR1) and decoy
receptor 2 (DcR2). These decoy receptors have mutations to account for their
nonfunctional activity. DcR1 lacks a cytosolic region and DcR2 has a truncated
nonfunctional form of the death domain. Upon homotrimeric ligand binding, the
receptors trimerize and changes occur to the death receptor domain such that the adaptor
protein Fas-associated death domain (FADD) and procaspase-8 are recruited, forming
the death-inducing signaling complex (DISC). Caspase-8 is autoactivated, which then
activates downstream effectors caspases including caspases-3, -6 and -7. In addition,
Bid can also be cleaved by caspase-8 to form truncated Bid (tBid), which activates the
mitochondrial-mediated pathway of apoptosis. [144]

The intrinsic apoptotic pathway can be activated by various stimuli including
DNA damage, growth factor deprivation or oxidative stress [145]. Mitochondria are
critical regulators of apoptosis with mitochondrial membrane potential perturbations
leading to the production of ROS or mitochondrial membrane permeabilization (MMP)
[146]. ROS production can trigger lysosomal membrane permeabilization (LMP) which
releases lysosomal enzymes that can cause MMP or lysosomal-mediated autophagic cell
death [77,147]. Mitochondria sequester many anti- and pro-apoptotic proteins

principally involved in the regulation of apoptosis and these pro-apoptotic proteins can
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be released from the mitochondria after MMP. These proteins cause the induction of
apoptosis through a multitude of mechanisms.

MMP is regulated by the family of Bcl-2 proteins, however their role in the
release of pro-apoptotic proteins from the mitochondria is a subject of debate and several
models have been suggested [143]. One model involves Bcl-2 family members
undergoing a conformational change such that they insert into the outer mitochondria to
form a channel, but the disagreement lies in whether these channels are large enough to
allow for protein transport. Bcl-2 members may also form channels with other proteins
such as the voltage-dependent anion-exchange channel (VDAC) located in the outer
mitochondrial membrane, however this model must include a significant conformational
change of VDAC in order to accommodate the proteins. Another postulation is that Bcl-
2 causes the outer mitochondrial membrane to rupture by altering mitochondria
physiology such as perturbations in ion exchange or oxidative phosphorylation that
would induce membrane fission.

Regardless of the pathway, depolarization of the mitochondrial membrane leads
to the release of a number of small molecules including cytochrome c, second
mitochondria-derived activator of caspase/direct IAP binding protein (SMAC/Diablo),
apoptosis-inducing factor (AIF), endonuclease G (EndoG) and Omi/HtrA2 and these
proteins can lead to both caspase-dependent and -independent activation of various
cellular pathways (see Table 1.9) [148,149]. Cytochrome c release causes formation of
the apoptosome, which include the apical caspase-9 and Apaf-1 and requires ATP for

activation [143]. Downstream of caspase-9 is the effector caspase-3, which activates a
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pathway leading to the cleavage of a diverse range of substrates. The intrinsic and

extrinsic apoptotic pathways converge at activation of caspase-3.

Table 1.9: Summary of mechanism of action for small molecules released from mitochondria
[143,147,148]

Mitochondrial protein | Mechanism of action

Smac/DIABLO Inhibits IAPS, survivin
Omi/HtrA2 Inhibits IAPs
AIF Nuclear translocation, induce caspase-

independent DNA  fragmentation  and
chromatin condensation

Endo G Induces internucleosomal DNA fragmentation
Cytochrome c Forms apoptosome and activates apical
caspase-9
1.3.1.1.2. Pro- and anti-apoptotic proteins

Apoptosis is carried out by two major families: Bcl-2 proteins and caspases.
Bcl-2 was originally discovered as a protein that promoted oncogenesis due to its ability
to prevent cell death [150]. There are 3 groups in the Bcl-2 family of proteins that are
classified based on the number of Bcl-2 homology (BH) domains. Anti-apoptotic
proteins Bcl-2, Bel-x1. and Mcl-1 contain 4 BH domains. The pro-apoptotic proteins can
be divided into 2 groups: BH3-only proteins (Bid, Bax, Bim, Noxa, PUMA) or BH1-3
proteins (Bax, Bak, Bok) [151]. The majority of BHI-4 and BH3-only Bcl-2 proteins
reside in the mitochondrial outer membrane. The Bcl-2 family of proteins can form

homodimers and perhaps more importantly, heterodimers; heterodimer combinations
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vary by cell type [143]. Since anti-apoptotic factors can negate the actions of pro-
apoptotic factors, the ratio of pro-apoptotic factors to anti-apoptotic factors is a critical
indicator of determining sensitivity to cell death. By contrast, BH3-only family
members and pro-apoptotic protein Bax relay death stimuli to the mitochondria. Bid, as
mentioned previously, is part of the extrinsic pathway and relays trophic factor
deprivation signals [152]. PUMA or Noxa respond to DNA damage by translocating to
the mitochondria and interact with Bcl-2/Bcl-xL or Bax/Bak families to cause the release
of pro-apoptotic proteins from the mitochondria [152].

Bcl-2 proteins play a critical role in intrinsic apoptotic initiation; however,
caspases are fundamental for both the initiation and execution stages of apoptosis. There
are 14 mammalian caspases that are synthesized as inactive zymogens. Upon apoptosis
induction, caspases can be cleaved to their active form that cleaves Asp-Xxx bonds.
There are 3 functional groups of caspases: (1) inflammation caspases (caspase-1, -4, -5,
-11, -12, -13, -14); (2) apoptotic initiator caspases that have either a death effector
domain (DED) (caspase-8, -10) or caspase activation and recruitment domain (CARD)
(caspase-2, -9); (3) apoptotic executioner caspases (caspase-3, -6, -7) that have a short
prodomain and are activated by upstream caspases to cleave a variety of cellular
substrates. [153] Caspases have a wide variety of targets, ranging from apoptotic and
structural proteins to cellular DNA repair and cell cycle proteins. [154]

In addition to the Bcl-2 family of proteins, inhibitors of apoptosis (IAPs) are anti-
apoptotic proteins involved in apoptosis regulation. As their name suggests, they can

confer protection from death-inducing stimuli [155]. There are currently 8 human IAPs:
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NAIP, cIAP1, cIAP2, X-linked inhibitor of apoptosis (XIAP), Ts-XIAP, ML-IAP,
apollon, and survivin. c-IAP1 and c-IAP2 are part of a signaling complex recruited to
the cytoplasmic domain of Type 2 tumor necrosis factor receptor [156]. Survivin is a
unique IAP since its expression is cell-cycle regulated [157]. There are several
postulated functions of survivin in apoptosis. It may bind to caspase-3 or caspase-9, but
it does not possess the functional domains of other IAPs that directly bind to these
caspases. Survivin may also bind to procaspase-9 and thus inhibiting the intrinsic
pathway of apoptosis [157]. Survivin may also bind to Smac/DIABLO, therefore
hampering the inhibitory function of Smac/DIABLO on IAPs. XIAP is the most
characterized IAP and is considered the most potent suppressor of apoptosis. XIAP
functions by directly inhibiting several caspases including caspase-3, -7, -9 [158]. Both
c-IAP2 and XIAP are regulated by the stress-response transcription factor NF-kB, when
it exerts a pro-survival effect [159]. Smac/DIABLO is the regulator of IAPs by
displacing caspases from XIAP and most likely other IAPs [156].
1.3.1.2. Autophagic cell death

Autophagy is an evolutionarily conserved mechanism of survival triggered by
stress-associated damage or nutrient deprivation and encompasses 3 distinct types of
autophagy. Chaperone-mediated autophagy refers to the degradation of cytosolic
proteins with a specific pentapeptide consensus motif [160]. Microautophagy is the
direct engulfment of cytoplasm at the surface of the degradative organelle. In contrast,
macroautophagy is characterized by cytoplasmic materials including organelles that are

bound in double membrane vesicles and degraded after fusion with lysosomes.
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Autophagic cell death, which is morphologically characterized by the
accumulation of autophagic vacuoles in cells lacking hallmarks of apoptosis such as
nuclear condensation and cell fragmentation, is a controversial death pathway [161]. In
the case of nutrient-deprived cells, autophagy can provide short-term relief by degrading
the cytoplasmic contents for both proteins and energy production and therefore has
traditionally been considered a mechanism of cell survival [162]. However, excess
autophagy may lead to type II autophagic cell death; however, it is not known whether
formation of autophagic vacuoles in dying cells are generated for cell survival or cell
death [147].

Understanding autophagy was enhanced after identification of autophagy-related
genes (Atg) that were shown to be involved in the vacuole targeting (Cvt) pathway and
pexophagy (peroxisome degradation) [163,164]. Beclin 1 is essential for
autophagosome formation and its overexpression induced autophagy and inhibited
tumorigenicity in breast cancer cells [165]. LC3/Atg8 is also critical for autophagosome
formation and becomes lipidated during activation of autophagy and serves as a marker
protein for autophagic vacuoles [166].

Upon nutrient starvation or growth factor deprivation, nutrient-sensing signaling
pathways are activated and initiate autophagy. Autophagy is characterized by the
sequestration of cytoplasmic material to form a double-membrane vacuole referred to as
an autophagosome (Figure 1.6). Several Atg genes are critical in this initial stage of
vacuole formation. The next stage involves a late endosome or lysosome which fuses

with the autophagosome to form the autolysosome. The final stage in autophagic cell
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death is degradation of the autolysosomal contents via lysosomal degradative enzymes.
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Figure 1.6: Formation and maturation of autophagosomes in mammals. Induction of autophagy
involves formation of a double membrane around cytoplasmic materials and/or cytoplasmic organelles and
requires Atg genes for this initial stage of autophagosome formation. This induction can be inhibited by
Class IIT PI3K inhibition (3-MA or wortmannin treatment). The autophagosome fuses with a lysosome
and the lysosomal enzymes degrade the contents of the autolysosome. Abbreviations used: AVi — Initial
autophagic vacuole; AVd — Degradative autophagic vacuoles. [147]

Under growth factor deprivation, autophagy is a critical mechanism for cell
survival [147]. Yeast mutants that have defective autophagy genes cannot survive
starvation-induced conditions whereas yeast with functional autophagy genes can
survive starvation in the short term [168]. The essential role of autophagy genes in cell
survival can also be demonstrated in amino acid-deprived mammalian cells [169]. These
observations were consistent with autophagy being an unavoidable requirement to
prevent apoptosis [169]. Further evidence to support the pro-survival effects of
autophagy involved a study utilizing immortalized bone marrow cells from Bax- and

Bak-deficient mice that were resistant to apoptotic stimuli [170]. Bone marrow cells
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were deprived of the growth factor interleukin 3 (IL3) and were able to maintain ATP
production via autophagy; when autophagy genes were inhibited, the cells died.
Autophagy, however, can only be considered a short-term mechanism of survival since
degradation of all organelles will eventually lead to cell death [147].

Autophagic cell death has been extensively studied in the literature and much
remains to be elucidated in terms of the molecular mechanism of autophagic cell death
compared to the well-studied process of apoptosis. Cell death could be induced in
several cell lines treated with caspase inhibitors and this provided some of the initial
evidence for autophagic cell death [171]. Cell death was inhibited via knockdown of
caspase-8 or the autophagy proteins Beclin 1 or Atg7. This data suggested that
autophagosome formation was important in the mode of cell death induced. The authors
also proposed that upstream effectors of autophagy included both RIP and JNK; no
evidence has supported the importance of these pathways in autophagy, which could
suggest different signaling pathways are involved for autophagy and autophagic cell
death [147].

Embryonic fibroblasts from Bax  Bak mice treated with etoposide or
staurosporine also showed signs of autophagic cell death [172]. Etoposide or
staurosporine induced formation of autophagic vacuoles and the cell death could be
reversed through knockdown of autophagy genes Atg5 and Beclin 1. This data supports

autophagic cell death as a viable mechanism of cell demise.
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1.3.1.3. Necrotic cell death

Necrosis has traditionally been considered an accidental and uncontrolled form
of cell death but more recent findings suggest necrosis is as programmed as apoptosis.
Necrosis is morphologically characterized by cytoplasmic swelling, plasma membrane
damage and organelle breakdown, eventually leading to cell explosion [173]. Release of
the cellular contents elicits an immune response, which does not occur in apoptosis.
Recent experiments have suggested that necrosis may be a backup form of cell death
when caspases are blocked or caspase-dependent pathways cannot be properly activated
[140].

There are a variety of intercellular mediators and their receptors and other
responses can induce either apoptosis or necrosis, depending on the cell type and
intensity of stimulus (Figure 1.7) [174]. One of the major crossroads for deciding
between apoptosis and necrosis is the adaptor protein FADD. As already mentioned,
FADD is recruited upon ligand binding to Fas and TRAIL-R death receptors and
initiates activation of apoptotic pathways, NF-kB and MAPKs. When caspase activation
is inhibited, necrosis ensues. The deciding factor between apoptosis versus necrosis via
Fas/TNFR/TRAIL-R is receptor-interacting protein 1 (RIP1) [175]. RIP1 has been
involved in NF-kB activation and induction of cell death [176,177]. Toll-like receptor
(TLR)4 and TLR3 activation can also cause necrosis [140]. In addition, stimulation of
glutamate receptors with excitotoxins in certain cell types lead to necrosis [174].

There are several important mediators of necrosis including both calcium and

ROS. Physiologic levels of ROS can regulate transcription, serve as signaling molecules,
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and defend against pathogen infection [178]. ROS are primarily produced in the
mitochondria due to electron production in the electron transport chain and there are
buffers and a number of antioxidants in specific subcellular locations to minimize ROS-
induced cellular damage; however, when ROS are in relative excess of their antioxidant
mechanisms, cellular damage can occur due to oxidative stress, damage of intracellular
molecules and organelles, and ultimately necrosis [140,179].

Calcium can also have a profound effect on cellular function due to its central
role as a stimulator of oxidative phosphorylation and nitric oxide synthase (NOS)
production.  Both increase production of ROS through enhanced electron flow and
nitric oxide production, respectively. Elevated levels of calcium can produce both
apoptosis and necrosis and the outcome is based on calcium concentration with low to
moderate calcium (200-400 nM) leading to apoptosis, whereas higher concentrations of
calcium (>1 uM) are associated with necrosis [26]. In addition to ROS production,
calcium also regulates a wide variety of enzymes that can also enhance necrosis
including phospholipases and proteases.

Phospholipases are responsible for fatty acid liberation from phospholipids.
Cytosolic phospholipase A2 (cPLA2) hydrolyzes arachidonic acid-containing
phospholipids and its translocation is mediated by calcium [180]. The liberation of
arachidonic leads to the production of cyclooxygenase (COX), lipoxygenase (LOX) and
cytochrome P450 monooxygeneases. LOXs are involved not only with inflammation

but also with lipid mobilization and peroxidation, which can lead to the disruption of
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organelles and plasma membranes and ultimately trigger cellular necrosis via damage to
protein structure and lipid bilayers [174].

Calpains are calcium-dependent proteases that have a diverse range of targets
including cytoskeletal proteins, membrane proteins, adhesion molecules, ion transporters,
kinases, phosphatases, and phospholipases [179]. Elevated levels of calcium can lead to
overactivation of calpain. One of the functions of calpains is the cleavage of the
Na*/Ca® exchanger which is essential for maintaining normal intracellular calcium
levels and its cleavage leads to sustained elevated calcium. Calpains can also disrupt
lysosomal membranes and release of cathepsins, which are involved in the cell death
pathway. Ceramide is also critically involved in necrosis due to its role in transmitting
the death signals of RIP1 [140].

In contrast to apoptotic cells, necrotic cells are phagocytosed after loss of
membrane integrity, which is a delayed and less effective “clean-up” process compared
to apoptosis [181]. These conditions lend itself to an inflammatory response since it
allows dying cells to activate pro-inflammatory and immunostimulatory responses,
which involves a diverse range of cells involved in the immune response including
neutrophils, macrophages and dendritic cells. By comparison, apoptotic cells stimulate

antigen-presenting cells (APC) to release cytokines that inhibit the immune response.
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Figure 1.7: Molecular model of necrosis. Necrosis can be triggered by DNA damage directly (e.g.
radiation, chemotherapeutic drugs) or indirectly through oxidative stress (e.g. ischemia) or by several
receptors such as FAS, TNF receptors, excitoreceptors. Calcium is among the second messengers
participating in receptor-mediated necrosis. The last stage of necrotic destruction is the activation of
proteases, which leads to plasma membrane permeabilization and necrosis. [174]
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1.3.2. Functional capabilities of cancer
To discover drug targets more specific to tumors, it is essential to first understand what
distinguishes tumor cells from normal cells and then exploit these differences for
developing more effective treatments. Understanding cancer is highly complex and
recent advances have provided more information but have also added to the complexity.
Cancer is a result of acquired genetic mutations that lead to the transformation of a
normal cell to a highly malignant cell; Hanahan and Weinberg have described six

categories of genetic changes that occur in cancer cells [182]. These categories relate

Evading Insensitivity to
apoptosis anti-growth signals

Sustained Tissue invasion
angiogenesis & metastasis

Figure 1.8: Acquired capabilities of cancer. Six hallmarks of cancer progression. [182]
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to various cellular mechanisms that are in place to prevent cancer development (Figure
1.8). The categories include: self-sufficiency in growth signals, insensitivity to
antigrowth signals, evasion of programmed cell death, limitless replicative potential,
sustained angiogenesis and tissue invasion and metastases. These events do not
necessarily occur in any particular order, as the order varies between cancer types and
subtypes [182].
1.3.2.1. Self-sufficiency in growth signals

Cells are dependent on growth signals to proliferate and these signals may be in
the form of diffusible growth factors, extracellular matrix components or cell-to-cell
adhesion/interaction molecules [182]. These molecules are often secreted from one cell
to induce growth of another cell. If cells can become self-sufficient in their growth
signals and independent of neighboring cells, they have a greater ability to grow
uncontrollably. There are 3 growth signal targets that can be altered and lead to self
sufficiency: (1) extracellular growth signals; (2) transcellular transducers (3) and
intracellular signaling pathways that translate signals [182].
1.3.2.1.1. Overview of receptor tyrosine kinase receptors

One of the most common mechanisms of self-sufficiency is deregulation of
receptor tyrosine kinases that are often involved in transmitting growth signals.
Receptor tyrosine kinases constitute a family of 20 receptors that have an extracellular
growth factor binding domain, a transmembrane region and an intracellular tyrosine
kinase catalytic domain (see Figure 1.9). The intracellular portion of these receptors also

contains a juxtamembrane region and carboxy-terminal tail which have regulatory sub-
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domains that can influence substrate binding and phosphorylation [183]. The function of
receptor tyrosine kinases is to catalyze the transfer of the y-phosphate of ATP to tyrosine
residues on its own chain and other substrates. This results in to second messenger

binding and intracellular signal transduction that leads to growth-promoting effects.

INACTIVE ACTIVE

Figure 1.9: Schematic representation of receptor tyrosine Kkinases and their activation. (a)
extracellular ligand-binding domain; (b) unique transmembrane domain; (c) juxtamembrane region; (d)
kinase domain; (e) C-terminus. Receptor tyrosine kinases are initially activated upon ligand binding (1),
which leads to the catalytic domains becoming closer in proximity and transphosphorylation (2), leading
to the fully activated state of the receptor. [183]

Adaptor and scaffolding proteins play a critical role in transmitting signals from
receptor tyrosine kinases. They recruit proteins to a specific location and also put
together networks of protein to influence signaling pathways [183]. The traditional
pathways activated through receptor tyrosine kinases are the phosphoinositide-3 kinase
(PI3K) and mitogen-activated protein kinase (MAPK) pathways. Recently, there has
also been a link to the signal transducers and activators of transcription (STAT) proteins,
where receptor tyrosine kinases directly phosphorylate and induce nuclear translocation

of these proteins. Constitutive activation of kinases in cancer cells can occur due to
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overexpression of receptor tyrosine kinases and hence an increased concentration of

active dimers [184].
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Figure 1.10: Signaling pathways associated with receptor tyrosine kinases. The main pathways are
shown and the kinases names are italicized. Abbreviations used: PI3K, phosphatidylinositol 3-kinase;
Pdk1, phosphoinositide-dependent protein kinase-1; Akt, oncogenic kinase; p70°®, ribosomal S6 kinase;
She, src homology collagen; Sos, son of sevenless; Grb2 growth factor receptor-bound protein 2;
Erk/MAPK, extracellular signal-regulated kinase/mitogen-activated protein kinase; Jak, janus kinase; Stat,
signal transducer and activator of transcription; PLC, phospholipase C; PKC, protein kinase C; Src,
oncogenc of chicken Rous sarcom virus. [183]

1.3.2.1.2. Receptor deregulation in breast cancer

Three common receptor tyrosine kinase families associated with breast cancer
include epidermal growth factors (EGF), fibroblast growth factors (FGF) and insulin-like
growth factors (IGF). The EGF family consists of 3 families of ligands, the first being
EGF, transforming growth factor o (TGF-o) and amphiregulin and these ligands bind
specifically to EGF receptor (EGFR/ErbB1). Betacellulin, heparin-binding EGF (HB-
EGF) and epiregulin form another group of EGF ligands that bind both ErbB1 and

EGFR4/ErbB4 receptors. The final group of EGF ligands is the neuregulins (NRGs),
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where NRG1 and NRG2 bind EGFR3/ErbB3 and ErbB4 and NRG3 and NRG4 bind
only ErbB4. There are no ligands that bind ErbB2 (HER-2/Neu), but it is the preferred
heterodimerization partner for other family members [185].  Activated ErbBs
preferentially stimulate certain signaling pathways. [186]

Both in vitro and in vivo studies have demonstrated the effects of EGF ligands on
mammary epithelial cells. EGF induces DNA synthesis and promotes growth in vitro.
EGF, TGF-a and amphiregulin are essential for ductal outgrowth and genetic loss of
these ligands in murine models severely affects ductal outgrowth. With the exception of
ErbB4, overexpression of EGF receptors has been reported in breast cancer cases
[187,188]. Overexpression of ErbB2 both in vitro and in vivo using transgenic mouse
mammary glands lead to transformation, tumorigenicity and metastasis [189,190]. A
strong relationship has been established between the EGF family and breast cancer in
animal models and in humans. ErbB2 is overexpressed in 20-30% of breast cancers and
is also associated with a poor prognosis. Poor breast cancer prognosis is also associated
with EGFR expression [191].

The IGF family of ligands is another family of growth factors associated with
breast cancer progression due to their role as endocrine, paracrine and autocrine
regulators of biological processes. There are two IGF ligands, IGF-I and IGF-1I which
induce proliferation in vitro. In vitro studies show that IGF1R is critical in breast cancer
as reduction in IGFIR by siRNA or dominant negative mutants reduces cell growth and
transformation in MCF-7 cells [192]. The C-terminal region of IGFIR is critical for

tumorigenesis in vitro and in vivo [192]. Other in vivo experiments have demonstrated
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the role of IGF-I in terminal end bud formation and ductal growth and like EGF, 1GF-I
induces DNA synthesis. IGF-II is important during pregnancy since this growth factor is
downstream of prolactin, which is essential for alveolar differentiation. IGFIR gene
transcription can be stimulated by hormones including growth hormone (GH), follicle
stimulating hormone (FSH), leutinizing hormone (LH), thyroid hormone,
glucocorticoids and estrogens [193] as well as other growth factors including FGF and
PDGF and oncoproteins such as c-myb. PI3K is a major kinase pathway implicated in
survival and is activated by IGF1R. Downstream effectors of this pathway lead to such
pro-survival events as sequestration of the pro-apoptotic protein BAD as well as
induction of cyclin D1. Other survival pathways induced by IGFRs include the
Ras/Raf/MAPK pathway. In addition, circulating levels of IGF-I and IGFBP3 (IGF
binding protein 3) have been correlated with breast cancer in premenopausal women
under the age of 50 [194]. IGF1R expression is seen in many cancer cell lines [195,196]
and its overexpression is associated with differentiation, transformation and apoptosis
[197].

IGF/ER crosstalk has also been shown by a number of studies where E2 and
IGF-I synergistically stimulates proliferation and the extent of IGFIR stimulation is
positively correlated with ER expression [198]. Further evidence of the interaction
between ER and the IGF family proteins in breast cancer is that antiestrogens inhibit IGF
signaling in ER positive breast cancer cell lines.

The FGF family encompasses 22 ligands that bind and activate cell surface

receptors (FgfRs) and can act as mitogens, motogens and angiogenic agents [199]. Four
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functional FGF receptors (FgfR1-FgfR4) are involved in tyrosine kinase activity in
mammals [200]. The role of these growth factors and their receptors in breast cancer is
still under investigation, although there are strong links shown in murine models.
Mouse mammary tumor virus (MMTYV) predisposes mice to breast cancer by retroviral
replications, which leads to insertional mutations in the host DNA. Since the provirus
remains at the mutation sites, genes can be identified that induced tumor formation [201].
Protooncogenes activated by the MMTV include Fgf3, Fgf4 and Fgf8 [202-204].
Activation of the FgfR1 or Fgf3 expression led to mammary hyperplasia and the
formation of invasive lesions in mouse models [205,206]. The data in humans is less
convincing and this may be due to issues commonly related to human studies including
small sample size and high variability among samples [201]. However, some evidence
that supports the role of the Fgf pathway in breast cancer is that both FGFR1 and FGFR4
are amplified in a significant percentage of breast cancer cases [207-209].
1.3.2.2. Insensitivity to anti-growth signals

Cell growth is controlled by a balance of growth stimulatory and growth
inhibitory pathways, both involving signal transmission via transmembrane receptors.
Growth inhibitory pathways respond to soluble factors, those immobilized in the
extracellular matrix and on the surface of neighboring cells. There are 2 major
mechanisms that inhibit cell proliferation and these include: (1) forcing cells into a
quiescent stage (Gp) of the cell cycle and (2) inducing cells into terminal differentiation

[197].
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The division of cells is tightly regulated by the cell cycle and there are several

phases of the cell cycle (see Figure 1.11) including Gy, Gi, S, G; and M, each with its

own distinct function. Cells in Gy are in a non-cycling, quiescent state. During G, phase

of the cell cycle, RNA and protein are synthesized; and DNA is replicated in the S-phase.

G, is another resting phase as the cell prepares for ‘M’, which is the phase of mitosis or

cell division. [210]
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Throughout the cell cycle, there are several checkpoints for “quality control”. If
the checkpoint is failed, cells can be arrested and blocked from proceeding through the
cell cycle until the cell meets the standards of the checkpoint. The most critical of these
checkpoints is in G; which is the major point of decision and therefore is appropriately
termed the restriction/start point of the cell cycle. This checkpoint is necessary for DNA
integrity and to ensure that any damaged DNA is repaired prior to DNA replication. In
addition to the G; checkpoint, there is also another one after DNA replication (S phase)
to confirm that all DNA has been replicated. A checkpoint also occurs during mitosis to
ensure that kinetochores are paired and that other stages of mitosis are carried out
without errors prior to cell division. [212,213]

The cell cycle is regulated by the presence of specific protein dimers that
facilitate progression through the cell cycle. Cyclins provide the regulatory subunit and
cyclin-dependent kinases (cdks) provide the catalytic activity of the dimers [214]. D
cyclins are synthesized and activated in response to growth factors and form dimers with
cdk4, cdk6, which are required for the latter part of the G1 phase [215]. Cyclin E forms
a dimer with cdk2, which is required for S phase entry [216]. Cyclin A/cdk2 and Cyclin
A/cdc2 regulate progression through S phase and entry into mitosis, respectively [217].
Cyclin B/cdc? is also involved in mitosis [218].

The critical nature of the cell cycle in maintaining cellular integrity demands
tight regulation of all aspects of the cycle including cyclin/cdk complexes. There are
three families of proteins that inhibit the action of these complexes: Retinoblastoma

protein (Rb), inhibitors of cdk4 (INK4) family and the KIP family.
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Rb activity is controlled by phosphorylation. Typically, Rb is phosphorylated by
cyclin D/cdk4,6. In its nonphosphorylated state in G;, Rb binds E2F family transcription
factors, which represses transcription of genes including those critical for S phase.
Therefore, S phase cannot be initiated until Rb is phosphorylated and released from E2F.
Rb consequently represents one mechanism of regulating progression through Gj.
[219,220]

The INK4 family includes p15™%*, p16 ™5 p18 ™K and p19 ™ All
members of the INK4 family specifically bind to cdk4, cdk6 and consequently inhibit
the activity of cyclin D/cdk complexes [221]. pl5 has the additional function of being
involved in transforming growth factor B (TGF-P) mediated cell cycle arrest [222].

The KIP family of proteins include p21 VAFVCP! p27 KIPL and p57 XP2 These
proteins have a less restricted range of cdk substrates compared to their INK4
counterparts, and these include all G; and S phase cdk enzyme complexes. These
proteins bind to cdks and prevent their phosphorylation by CAKs, a process required for
activation of the cyclin/cdk complexes. In addition, the catalytic activities of the
cyclin/cdk complexes are inhibited by KIP proteins. p21 is activated by p53, a gene that
is dramatically increased in response to stress stimuli including DNA damage, oncogene
activation or hypoxia [223]. In addition, p15, p27 responds to TGF-3 and other extrinsic

growth signals [224].
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1.3.2.2.2. Terminal differentiation

The decision to divide or withdraw from the cell cycle and undergo
differentiation occurs during G; phase of the cell cycle [225]. Differentiation refers to a
complex, multi-step process of cell specialization where a genetic program leads to the
expression of lineage-specific genes that dictate biological function [226]. The final step
of differentiation is terminal differentiation, which leads to an irreversible loss of
proliferative capacity. A multi-step model of differentiation is summarized in Table
1.10 and includes both reversible and irreversible steps of differentiation. The initial
stage of predifferentiation quiescence occurs in the G; phase of the cell cycle, which
leads to the induction of factors that induce the expression of lineage-specific
differentiation genes and their consequent biological functions. These genes cause a
progressive repression of growth factor responsiveness. Under some conditions, cells
may enter an irreversible state of growth arrest, designated terminal differentiation. The
decision to undergo terminal differentiation has been linked to an array of genes and is
cell-context specific. Repression of P2P gene expression is associated with loss of
replicative potential in adipocytes due to its role in encoding proteins that influence
RNA expression [226,227]. Other cells such as melanoma cells undergo terminal

differentiation after induction of the p21 gene [228].
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Table 1.10: Multi-step model of cell differentiation. R=reversible; IR=irreversible [226]

Step 1 Growth and proliferation of determined cells

Step 2 Induction of predifferentiation quiescence (R)

Step 3 Expression of lineage-specific transacting factors (R)

Step 4 Induction of lineage-specific differentiation genes (R)

Step 5 Expression of lineage-specific biological functions (R)

Step 6 Progressive repression of growth factor responsiveness (R)

Step 7 Decision whether or not to undergo terminal differentiation (R/IR)
Step 8 Activation of molecular mechanisms for terminal differentiation (R/IR)
Step 9 Terminal differentiation (IR)

Terminal differentiation is a process for achieving replicative senescence but in
many cancer cells, there is a myriad of defects that prevent this final stage of
differentiation from occurring. Under physiological conditions, many cancer cells lack
the ability to be growth arrested. Cancer cells can be induced to quiescence but have
defects with respect to expression of the appropriate combination of lineage-specific
genes and lineage-specific biological functions. In addition, cancer cells are typified by
their aberrant growth characteristics including both dysplasia and metaplasia since they
cannot correctly differentiate. Many cancer cells also lack the ability to be terminally
differentiated and hence retain their immortality. [226,229]
1.3.2.2.3. Cell cycle deregulation in breast cancer

The TGF- family includes activin, inhibin and bone morphogenic protein
(BMP) and these factors exert a diverse a range of cellular effects including growth
suppression, differentiation, stromal production and immune modulation [230]. TGF-$3
is of particular interest to cancer researchers due to its tumor suppressive capabilities.

TGF-f inhibits growth of mammary epithelial cells and overexpression in mice lead to
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mammary hypoplasia and inhibition of tumorigenesis [231,232]. The growth inhibitory
effects of TGF-P can be attributed to its influence on cell cycle progression (see Figure

1.12). TGF-B can reversibly arrest cells in G; or irreversibly cause terminal
differentiation [233] [234].

Cyclins are commonly activated in breast cancer cells. For example, cyclin D1 is
overexpressed in a variety of cancers including 60% of breast carcinomas [235] and
cyclin E is also overexpressed in breast cancer patients and is a powerful prognostic
indicator of breast cancer stage [236]. Cyclin E is associated with chromosome
instability and therefore promotes tumorigenesis [237].

p53 is a key player in cell cycle control and may mediate arrest of cells at G, near
the border of S-phase or in G, before mitosis due to its interaction with p21 or GADDA45
and 14-3-3c, respectively [238]. p53 mutations are detected in close to 75% of breast
carcinomas [239]. p53 breast carcinomas are typically ER-negative and progesterone-
receptor negative and are associated with a high proliferation rate, high histologic grade,
aneuploidy and a poor prognosis [238]. pS53 expression is also commonly found in

ErbB2 overexpressing breast tumors [219].
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Figure 1.12: Mechanisms of cell cycle arrest induced by TGF-B. TGF-} receptor activation leads to
Smad2 phosphorylation, which binds to Smad4. The Smad2-Smad4 complex translocates to the nucleus
and modulates transcription. The effects of p15 and p21 may be indirect effect of Smad2-Smad4 action
(dotted lines). TGF-B inhibits G1 cyclin-cyclin-dependent kinases (cdks) by increasing pl5 and p27
binding to their respective cyclins, thereby inhibiting retinoblastoma protein (pRb) phosphorylation. [240]
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1.3.2.3. Evading apoptosis

The breast is a unique tissue since it continues to develop after birth during both
puberty and pregnancy [70]. The Bcl-2 family of proteins regulates apoptosis and
changes in these protein levels are partially influenced by circulating hormone levels of
estrogen and progesterone [70]. Normal breast epithelium goes through fluctuations in
apoptosis and Bcl-2 expression during the menstrual cycle [241]. Tissue homeostasis
and development in the breast is achieved by a balance between proliferation,
differentiation and apoptosis [70]. Apoptosis is a critical programmed cell death
pathway essential for inhibiting carcinogenesis since it potentiates the accumulation of
genetic mutations and as a result increases the likelihood of breast cancer [242]. In
normal breast tissue around invasive breast cancer, there is a comparatively higher rate
of proliferation compared to apoptosis [242] (Figure 1.13). Ductal carcinoma in situ and
invasive breast cancer both have increased rates of apoptosis compared to normal cells
[243,244]. A comparison of human ductal carcinoma in situ and adjacent invasional
cancer showed that spontaneous apoptosis is lost concurrently with invasive
transformation [245].

Regulators of apoptosis can be divided into sensors and effectors. Sensors of
apoptosis are transmembrane receptors that monitor and detect abnormal conditions both
intracellularly and extracellularly. Intracellular sensors detect cellular abnormalities

such as DNA damage and hypoxia and respond by activating death pathways [246].
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pS53 is an example of an intracellular sensor that activates apoptosis arising from DNA
damage due to its role in enhancing expression of the proapoptotic protein Bax. Sensors
regulate caspases, which function as effectors of apoptotic death in response to either
extracellular or intracellular sensor activation. Bcl-2 family members also are critical
effectors in inducing the apoptosis cascade. [182]

1.3.2.3.1. Deregulation of apoptotic proteins in breast cancer

Sensors of apoptosis are frequently mutated in breast cancer patients. p53 is a
intracellular DNA damage sensor and as mentioned previously is frequently mutated in
breast cancer patients [247]. FasL and its receptor, Fas, are extracellular sensors
involved in the initiation of apoptotic death pathways. Non-transformed breast cell lines
have a high expression of Fas whereas a number of breast cancer cell lines exhibit low
Fas mRNA and protein expression [248]. Fas-positive breast tumors have a higher
survival rate than Fas-negative tumors [249]. In addition, when the ratio of FasL to Fas
mRNA is greater than 1, there is a significant association with shorter survival and
higher mortality rates in breast cancer patients [250].

Bcl-2 expression has a paradoxical role in breast cancer. Bcl-2 is overexpressed
in approximately 80% of human breast cancer cases [251]. Hormone receptor positivity
and low histologic grade tumors have also been correlated with the expression of the
anti-apoptotic protein Bcl-2 [252] and a positive association between Bcl-2 expression
and prognosis and survival rate has been reported [253]. Conversely, other studies
showed loss of Bcl-2 expression was strongly correlated with increased apoptotic and

necrotic cell death, high proliferation rates and high tumor grade [21]. The role of Bcl-2
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in mediating anti-apoptotic effects is widespread. Moreover, other Bcl-2 family
members have also been linked to increased breast cancer incidence. Bax is a pro-
apoptotic member of the Bcl-2 protein family. In breast cancer cells and malignant
breast tissue, low expression of Bax has been reported [254] and its low expression has
been associated with a poor response to chemotherapy in metastatic breast cancer [251].
Caspases play a critical role in acting as effectors of apoptosis and in invasive
forms of breast cancer, increased expression of caspase-3, -6 and -8 and their inhibitors
have been reported [255]. This group of caspases has also been linked to high levels of
apoptosis and histological grade of breast cancer [256]. Enhanced levels of caspases in
tumors suggest that either caspases have a different role in cancer cells or caspases may
be inactive due to overexpression of caspase-inhibitor IAPs [257]. IAPs are significantly
involved in apoptosis regulation and the IAP, survivin, functions as a caspase inhibitor.
Survivin is also overexpressed in a variety of human neoplasms, suggesting that
reactivation of the survivin gene frequently occurs in cancers. High survivin expression
in neoplasms correlates with more aggressive behavior, decreased response to endocrine
agents but enhanced response to chemotherapeutic agents, and shortened survival times

compared to cancers that are survivin-negative [255,258].
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1.3.24. Limitless replicative potential

Although having the ability to evade apoptosis, self-sufficiency in growth signals
and insensitivity to antigrowth signals would seem to be sufficient for cancer cells, there
is evidence that additional steps are required for cancer progression [197]. One of these
steps involves elements that control the stability of the genetic material of the cell that
are critical in the pathogenesis of cancer. Cells have a limited replicative potential in
place for this purpose [259,260].
1.3.2.4.1. Overview of senescence

The progression of cancer requires an accumulation of genetic mutations. The
probabilistic time lapse between acquisition of a first and second genetic mutation is at
least 20-30 cell divisions. Since mutations are often recessive it is likely that even more
replication events are necessary to achieve loss-of-heterozygosity [210]. Since cells
have a finite number of cell divisions, this should limit the progression of a pre-
malignant cell into a tumor [261].

Senescent cells are metabolically active but do not proliferate and therefore
senescent stromal cells provide an environment of nutrition and growth support for
adjacent to premalignant epithelial cells, ultimately instigating epithelial neoplasia by
allowing epithelial cells to survive, migrate and divide [261]. Senescent cells secrete
factors that are both mitogenic and antimitogenic in tumors and this can lead to changes
in the cell function such as secretory pathways, expression of proteases, extracellular

matrix components and inflammatory cytokines [210,262,263].
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The ends of human chromosomes contain TTAGGG repeat DNA sequences
called telomeres that provide both genetic stability and a resource of potentially
dispensable DNA [264]. The ends of telomeres have a protective cap called the t-loop
that prevents telomeres from being recognized as damaged DNA and consequently this
minimizes degradation, recombination and end-joining reactions [210]. DNA
polymerase cannot replicate the end sequence during lagging strand synthesis and there
are also processing events that ultimately lead to the loss of telomeric repeats after each
cell division and this eventually leads to replicative senescence [210]. Malignant tumors
therefore must have a method of bypassing this proliferative limitation.

Telomerase is an enzyme that adds telomeric repeats onto the 3’ end of
chromosomes. It has a protein component that is a human telomerase reverse
transcriptase catalytic subunit (h\TERT) as well as an RNA component (hTR or HTERC)
which acts as a template to synthesize telomeric DNA directly onto the ends of
chromosomes [210,265,266]. Telomerase is an ideal therapeutic target because with the
exception of germline and somatic stem cells, it is present at undetectable levels in cells
but can be highly expressed in proliferating cells. Telomerase expression in telomerase-
negative cells can lead to infinite growth and provides direct evidence for this enzyme in

pathways that evade replicative senescence (see Figure 1.14) [267].
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Figure 1.14: Role of telomerase in replicative senescence. Telomeres play an important role in both
stages of replicative senescence: M1 (senescence) and M2 (crisis). Expression of telomerase either before
or after senescence (M1) can lead to cell immortality. [210]

The initiation steps of replicative (M1) senescence are still uncertain and 3
models have been proposed: (1) telomere position effect (TPE); (2) DNA damage
signaling; (3) loss of 3’ G-rich telomere single-strand overhangs [210]. In the TPE
model, it assumes that genes near telomeres are often silenced and as telomeres shorten,
these genes are de-repressed and can potentially reactivate previously silenced genes.
There also may be a DNA damage signal induced from “too-short” of a telomere. An
alternative hypothesis involves loss of 3’ G-rich single-strand overhang since 60-85% of
these overhangs are eroded in cancer cases. The sequence of DNA damage response and
shortening of the overhang has yet to be determined [210].
1.3.2.4.2. Telomerase expression in breast cancer

Telomerase is overexpressed in approximately 95% of breast cancer cases [226].
Others studies have reported a significant correlation between mean telomerase levels

and severity of histopathological change with 14% staining positive in benign breast
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disease compared to 94% in invasive breast cancer cases. A significant association
between telomerase-positive breast cancer and lymphovascular invasion has also been
described and this is a critical step in breast cancer progression. Altogether this data
illustrates the critical role of telomerase in breast cancer.
1.3.2.5. Sustained angiogenesis

Tumors have an absolute requirement for a sustained supply of new blood
vessels that can provide oxygen and nutrients and aid in metastasis [268]. Angiogenesis
refers to the process of new capillaries growing from existing blood vessels that involves
basement membrane degradation via enzyme, endothelial cell (EC) migration,
proliferation and formation of tubes [269]. This process is regulated by both pro-
angiogenic and anti-angiogenic factors. Identified stimulators of angiogenesis include
fibroblast growth factor-1 (FGF-1), FGF-2, vascular endothelial growth factor (VEGF),
TNF-a, angiogenin, transforming growth factor-o (TGF-a), TGF-B, platelet-derived
endothelial cell growth factor (PD-ECGF), pleiotropin and interleukin-8 [270]. Negative
regulators of angiogenesis include thrombospondin, cartilage-derived inhibitor, platelet-
factor 4, angiostatin, interferon-o and interferon-3.
1.3.2.5.1. Overview of VEGF family

The best characterized angiogenic factor is VEGF which functions as both an EC
mitogen and can also increase vascular permeability [268]. VEGF is unique among
growth factors due to its specificity for vascular ECs [271]. VEGF can bind 3 EC
receptors: VEGFR-1/FItl, VEGFR-2/Flk1 and VEGFR-3/Flt4, with both VEGFR1 and

VEGFR?2 being part of the receptor tyrosine kinase family. There are several ligands
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involved in the VEGF/VEGF network including VEGF-A, -B, -C, -D, -E and placental
growth factor.

A multitude of growth factors and cytokines can stimulate VEGF production
such as platelet-derived growth factor, epithelial growth factor, TNF-a, TGF-BI,
interleukin 1-. Hypoxia is also a key regulator of VEGF expression in both normal and
malignant cells. mRNA levels are increased in tumor cells near necrotic areas and in
cell culture studies there is a substantial increase in VEGF mRNA seen in cells grown
under hypoxic conditions compared to normoxic conditions elicited in cultured cells
[272,273].

Hypoxic conditions lead to upregulation of growth factor  receptors  which
induce a cascade of events including vascular permeability and matrix
metalloproteinases, the latter being of fundamental importance in terms of tissue
invasion. These events lead to the formation and movement of ECs resulting in vessel
extension and formation of a vascular network [268]. VEGF also increases expression
of a variety of apoptosis inhibitors including Bcl-2 [274].
1.3.2.5.2. Angiogenesis in breast cancer

Recent reports have shown that breast cancer cells may express cell surface
VEGFRs and this ligand/receptor combination may function as an autocrine loop in
addition to the paracrine loop between breast cancer cells and endothelial cells [275].
VEGEF is also an indicator of breast cancer progression. VEGF-overexpressing breast
cancer cells have immense growth and metastatic potential based on data from xenograft

studies [276]. HER2-overexpressing cancers are typically a more invasive form of
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breast cancer and recently HER2 overexpression has been positively correlated with
VEGF overexpression and this may be essential for the poor prognosis of patients
overexpressing high levels of HER2 [277,278]. VEGEF is critical for tumor progression
since tumor growth is angiogenesis-dependent and angiogenesis is VEGF-dependent
[270].

1.3.2.6. Tissue invasion and metastasis

Metastasis refers to the ability of cancer cells to invade other tissues and systems
including the vasculature and lymphatic system and is a critical step in cancer
progression [279]. Metastatic tumors are the primary cause of death in cancer patients
and tumor invasion and metastasis are critical activities of aggressive tumors.

Normal cells require adhesion to grow and anchorage-independent growth is a
fundamental feature of invasive and metastatic tumors [280]. The extracellular matrix is
normally impermeable to cell migration and therefore major changes occur in the
relationship between cancer cells and the extracellular matrix during metastasis and
include: (1) disruption of cell-cell contacts; (2) loss of epithelial cell polarity and
acquisition of a motile phenotype; (3) disruption of cell-extracellular matrix interactions.
1.3.2.6.1. Cell-cell adhesions

Cell-cell contacts allow for adhesion and intercellular communication. These
adhesive contacts are limiting factors for tumor metastasis and must be broken down for
tumor cells to invade other tissue. Breast epithelial cells are normally attached via
specialized cell-cell contacts to the basement membrane, which are thin ‘“sheets” of

connective tissue containing collagen type IV, laminins, entactins (nidogen) and
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proteoglycans [281,282] and breaching this membrane is a key event in cancer
metastasis.

Laminins are a family of 12 distinct heterotrimeric glycoproteins that are major
basement membrane components [279]. Several surface proteins act as receptors for
laminins and these include members of the integrin family, dystroglycan and heparan
sulfate [282,283]. The predominant receptors on mammary epithelial and breast
carcinoma cells are integrins [279] and integrins are receptors for extracellular matrix
components and metastasis alters their expression.

Integrins form heterodimeric receptors for extracellular matrix molecules
including laminins. There are 18 a-subunits and 8 B-subunits and each integrins consists
of a noncovalently linked o- and B-subunit [154]. There are at least 25 distinct pairings
that are specific for a unique set of ligands [284]. Integrins are key regulators of cell
adhesion but also play a role in influencing cell shape, survival, proliferation, gene
transcription and migration [285].

Ligand binding to integrin receptors triggers a cluster formation of integrins and
cytoskeletal components including actin-associated proteins such as a-actinin, vinculin,
tensin and paxillin [286]. Kinases that phosphorylate cytoskeletal proteins are also
activated by integrins that regulate cell shape and migration [154]. The cytoplasmic tail
of integrins can recruit regulatory proteins for integrin adhesiveness to the extracellular
matrix [154]. The a6B4 integrin is a key component in many epithelia for adhering

epithelial cells to the basement membrane via hemidesmosomes [178].
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Hemidesmosomes link the intermediate filament cytoskeleton with laminins in the
basement membrane.
1.3.2.6.2. Epithelial-mesenchymal transition and acquisition of motile phenotype

The epithelial-mesenchymal transition (EMT) refers to a process where epithelial
cells lose their polarity and cell-cell contacts, undergo cytoskeletal remodeling and
acquire mesenchymal and migratory characteristics [144,287]. EMT most likely
involves disassembly of cell-cell connections including tight junctions, adherens
junctions and desmosomes. Growth factors can activate EMT by means of receptor
tyrosine kinase activation and these factors include scatter factor/hepatocyte growth
factor, FGF, EGF, IGF-I and IGF-II (Figure 1.15) [144]. The majority of growth factors
turn on EMT through MAPK activation, but Src, PI3K or Rac may also be involved
[288]. Normal breast cell lines respond to TGF-f, which cooperatively acts with Ras to
induce EMT [289].

Cadherins are proteins critical for epithelial cell-cell adhesion. The ectodomain
of cadherin functions in homophilic adhesion and the cytoplasmic domain is essential for
interaction with the actin cytoskeleton via the B-catenin-o-catenin complex [290]. E-
cadherin expression is frequently lost during cancer progression and is a hallmark of

EMT [287].
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Slug and Snail are transcriptional repressors that can downregulate E-cadherin
expression [173,288]. Snail is a zinc finger protein that recognizes E-box motifs in the
E-cadherin promoter [291]. Slug also binds with lower affinity to the same region of the
E-cadherin promoter [288]. SIP1 is downstream of TGF-f and is overexpressed in E-
cadherin deficient cell lines and also binds to E-boxes in the E-cadherin promoter and
like Snail, exhibits similar repressor effects [292]. Overexpression of Snail and SIP1
inhibit E-cadherin adhesion and promote invasion [292]. Recently, Twist has been
added to the list of repressors of E-cadherin and subsequent induction of EMT [293].

Migration is a key step in invasion and metastasis and involves lamellipodia that
attach to the extracellular matrix and propels the cell forward [294]. In the metastatic
stages of cancer, tumor cells express vimentin, which is typical of migratory motile
mesenchymal cells instead of cytokeratin, which is characteristic of epithelial cells [158].
Cell migration is initiated by polarizing the cell to have distinctive front and rear
advancing and tracking regions. Lamellipodia are formed by actin polymerization and
decreased cell membrane tension. The leading edge also is flooded with receptors and
signaling molecules to allow for new adhesive cell-cell contacts to be formed. At the

rear end of the cell, cell-cell integrins contacts are released to allow for migration [154].
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1.3.2.6.3. Extracellular matrix remodeling

Penetrating the basement membrane is a key event in cancer metastasis [295]. A
three-step model of invasion has been proposed suggesting that tumor cells attach
themselves to the basement membrane secrete proteases to dissolve the basement
membrane to facilitate access to the basement membrane. Extracellular matrix
remodeling also occurs during metastasis and involves extracellular matrix degradation
via proteases and the synthesis of new extracellular matrix proteins [154]. These
proteases break down the basement membrane and allow access of epithelial cells to
stroma and other tissues. Breaching the basement membrane necessitates secretion of
specific proteases for the extracellular matrix in close proximity to the cancer cells and
proteases to stop excess matrix degradation.

Matrix metalloproteases (MMPs) are critical enzymes involved in tissue
remodeling and destruction of the microenvironment [158]. In the context of
extracellular matrix remodeling, MMP-2 and MMP-9 can degrade a major component of
the basement membrane, type IV collagen [296]. MMPs are secreted as inactivated
zymogens and can be activated by other proteases that regulate activation and
localization of MMPs and tissue inhibitors of MMPs (TIMPs) are critical in this process
[154]. Overexpression of MMPs is a critical step in tumor invasion and metastasis since
this destroys barriers and allows access of cancer cells to other tissues [297]. MMPs are
also critical in the loss of epithelial cell identity since MMPs can destroy factors critical

for epithelial differentiation [158].
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Figure 1.15: Regulators of the Epithelial-Mesenchymal Transition (EMT). Twist, Snail, SIP1
repress E-cadherin transcription via E boxes and activate expression of genes that triggers EMT. Twist,
Snail and SIP1 are regulated by various pathways in tumor cells and those shown in parentheses are
involved during development. [287]
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1.3.2.6.4. Integrins, E-cadherins and breast cancer

Integrins are receptors involved in facilitating contact between the extracellular
matrix and cellular cytoskeleton. Integrins expressed on epithelial and myoepithelial
cells of the breast include o2f1, a3p1, aSP1, a6fl, ao6P4, avB6 [298]. The a6
integrins (6P 1, a6Pf4) have been linked to aggressive forms of breast cancer and have
been the main focus of investigators for this reason. Reduced survival times in women
were significantly correlated with high expression of o6 subunits [299]. Coexpression
of a6PB4 and laminin in breast tumors has been associated with a poor prognosis [300].
Although migration principally involves disassembly of cell-cell contacts such as
hemidesmosomes, 064 integrin has recently been shown to promote migration through
its function in the formation and stabilization of filopodia and lamellae [181]. In
addition, decreased expression of al, a6, B1, B4 integrin subunits is associated with
neoplastic formation in breast tissue [301].

E-cadherin is another protein linked to breast cancer due to its critical role in
EMT initiation. In vitro and in vivo studies have shown that E-cadherin loss increases
tumor cell invasiveness and adenomas convert to carcinomas, respectively [144]. E-
cadherin expression is inversely correlated with tumor grade and stage and hence is
considered a tumor suppressor gene [287]. Approximately half of breast lobular
carcinomas have E-cadherin mutations [144]. An inverse relationship exists between E-

cadherin and Twist expression in invasive lobular carcinomas [293].
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1.4. Current Drug Strategies

Despite scientific advances, metastatic breast cancer remains an incurable disease
and treatment is used to delay disease progression, improve the quality of life and
prolong life [302,303]. Adjuvant therapy is a critical component of treatment regimens
for women with primary breast cancer and the chosen therapy is based on characteristics
that can be divided into 3 categories: patient characteristics, disease characteristics and
biologic features [304].

1.4.1. Endocrine therapy

Endocrine therapy is universally employed for hormone receptor positive breast
tumors and the agents used are based on menopausal status. In premenopausal women,
the therapeutic options include tamoxifen or ovarian ablation/suppression. Ovarian
ablation significantly increases survival in women less than 50 years of age [305].
Tamoxifen has exhibited favorable therapeutic effects in both premenopausal and
postmenopausal women, reducing recurrence and death from breast cancer [306].

In postmenopausal women, tamoxifen and aromatase inhibitors are both used, the
latter of which is only effective in the absence of ovarian function [307]. A comparison
of the aromatase inhibitor anastrozole and tamoxifen showed anastrozole to be
comparable to tamoxifen with respect to objective response and clinical benefit and
significantly better than tamoxifen for delayed disease progression [308]. Letrozole, an
alternative aromatase inhibitor, showed better objective response, clinical benefit and

time to progression compared to tamoxifen [309]. In addition, aromatase inhibitors are
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beneficial since they do not have an enhanced risk of endometrial cancer like tamoxifen
but are associated with accelerated bone loss [304].
1.4.2. Cytotoxic drugs
Cytotoxic drugs inhibit cell proliferation by an array of mechanisms and have

been studied for the past 40 years in treating cancer patients. An extensive range of
single agent and combination therapies have been investigated. Early chemotherapeutic
drugs functioned as DNA alkylating agents including cyclophosphamide or
antimetabolite agents including methotrexate and fluorouracil and were frequently
utilized in the 1970s [310]. In the next decade, cyclophosphamide was used in
combination with the anthracycline doxorubicin [311]. Currently, the most common
cytotoxic drugs used in breast cancer treatment are the anthracyclines, doxorubicin and
epirubicin and the taxanes, paclitaxel and docetaxel [302].
1.4.2.1. Anthracyclines

Anthracyclines function by interacting with DNA, inhibiting tumor cell
proliferation and gene expression and production of free radicals that will ultimately
result in tumor cell death [312]. Cardiotoxicity is one of the major toxic effects
associated with anthracyclines and has prompted more recent formulations to include
liposomal anthracyclines, which have a more favorable cardiac safety profile [313].

Single agent use of doxorubicin produced response rates of 40-50% in untreated
patients and 32-36% in previously treated patients [307]. Comparative response rates of
other chemotherapeutic agents are summarized in Table 1.11. Anthracyclines used in

combination with other chemotherapeutic agents has produced enhanced response rates
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in the range of 60-85%, however, with no statistically significant change in survival

[314].

Table 1.11: Response rates with single-agent chemotherapy administered to patients with
metastatic breast cancer. (reviewed in [307])

Response Rates (%)

CHEMOTHERAPEUTIC
AGENT First-line Second-line
Doxorubicin (including 40-50 32-36
liposomal formulations)
Epirubicin 5268 25-35
Paclitaxel 29°63 ey
Docetaxel “IHED Sk
Capecitabine 20-30 20-27
Gemcitabine e 1=t
Vinorelbine e s

1.4.2.2. Taxanes

Taxanes are commonly employed as a first line of treatment of metastatic breast
cancer. Both paclitaxel and docetaxel interfere with mitosis by binding to the B-subunit
of tubulin, which leads to the formation of stable nonfunctional microtubule bundles
[315]. The effects of paclitaxel and docetaxel are active in Go/M and S phase
respectively of the cell cycle [315]. The pharmacokinetics of the two taxanes are
slightly different; docetaxel has linear pharmacokinetics and longer plasma half-life and

intracellular retention time.
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In early single agent studies with either paclitaxel or docetaxel as the first agent
to treat metastatic breast cancer, response rates were as high as 60% [316,317]. A
comparison of docetaxel given 3 weeks at 100 mg/m2 and doxorubicin 75 mg/m2 showed
docetaxel being more active therapeutically and less toxic than doxorubicin [318]. A
comparison of the two taxanes showed that although docetaxel had a higher overall
survival than paclitaxel, there was a higher toxicity in the form of neutropenia and
treatment-related death [319]. Taxanes has also been effective in patients that have
developed resistance to anthracyclines [320].

Taxanes plus doxorubicin as a treatment regimen elicited response rates from 28-
58% [311]. Docetaxel/doxorubicin versus doxorubicin/cyclophosphamide combination
treatments showed the taxane-containing combination had a significantly improved
response rate and time to cancer progression [321].. However, other taxane treatment
combinations produced synergistic toxic effects, such as between the HER2 humanized
antibody, trastuzumab, and taxanes [322].

1.4.3. Kinase inhibitors

ErbB receptors respond to various growth factor ligands and their overactivation
can lead to uncontrolled cell growth. ErbB2/HER2/neu is frequently overexpressed in
25-30% of breast tumors and is associated with a more invasive form of breast cancer
and poor prognosis [323]. Overexpression of EGFR/HERI1 occurs in 16-48% of human
breast cancer cases and has also been linked with an invasive metastatic breast cancer
phenotype [324,325]. ErbB positive tumors are customarily resistant to antiestrogen

therapy [326] and cytotoxic agents have been traditionally used. Alternative drug targets
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for HER positive tumors have been extensively studied that have fewer side effects than
their cytotoxic counterparts; both HER1- and HER2-targeted treatments have been
investigated clinically for use in treating metastatic breast cancer with promising
antitumorigenic effects.
1.4.3.1. HER?2 inhibitors

Trastuzumab is a monoclonal antibody that recognizes the extracellular domain
of HER2 and is effective when wused alone or in combination with other
chemotherapeutic agents when treating HER2 positive tumors [327,328]. The
mechanisms of trastuzumab action include: (1) reduced receptor signaling; (2) G1 arrest
via p27 modulation; (3) induction of apoptosis; (4) inhibition of angiogenesis; (5)
immune-related mechanisms of cytotoxicity; (6) inhibition of HER?2 extracellular
domain cleavage; (7) inhibition of DNA repair [329]. Another HER2-targeted agent is
pertuzumab, which inhibits HER2 dimerization and is currently in clinical trials [330].
In addition, small-interfering RNAs (siRNAs) against HER2 expression slowed cell
proliferation, increased apoptosis and reduced tumor growth in ovarian and breast cancer
cells [331].
1.4.3.2. HERT1 inhibitors

Gefitinib is a small molecule receptor tyrosine kinase inhibitor with specificity
towards EGFR by being a competitive inhibitor of adenosine triphosphate (ATP)
receptor binding [330]. Gefitinib has proven effective in vitro not only in EGFR
overexpressing cells but also HER2-expressing cells presumably by reducing

EGFR/HER?2 heterodimer phosphorylation [332]. However, these results did not
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necessarily translate into successful clinical trials. Gefitinib had low efficacy in a pre-
treated population are metastatic breast cancer. The exception is in tamoxifen-resistant
ER positive tumors, where a therapeutic effect was achieved with gefitinib treatment
[330].
1.4.4. Antiangiogenic therapy

Angiogenesis is an absolute requirement of primary tumors due to the role of
new blood vessels in tumor growth and invasion [333]. In solid tumors, angiogenesis is
critical in order for the tumor to grow beyond 2-3 mm [334]. There have been 4 classes
of antiangiogenic agents studied: (1) Endothelial toxins; (2) Growth factor/receptor
antagonists; (3) Protease inhibitors; and (4) Natural inhibitors [335].
1.4.4.1. Endothelial toxins

Endothelial chemotaxis and migration are important steps in the angiogenic
process and perturbations can impede angiogenesis. Integrins are key targets in this
process since they link endothelial cells to the extracellular matrix components,
particularly integrin ayf3 [336]. Vitaxin™ is a monoclonal antibody against ow[33 and
has shown growth inhibitory and antitumorigenic effects in vitro and in vivo [337].
1.4.4.2. Growth factor antagonists

There are a variety of factors that regulate angiogenesis including growth factors
and external stimuli. VEGF is considered the predominant factor that initiates
angiogenesis. It is expressed in a variety of tumor types and a higher expression of
VEGF mRNA is seen in invasive ductal carcinoma, metastatic ductal carcinoma

compared to lobular carcinoma [338]. In invasive HER2 positive tumors, VEGF is
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upregulated and may be involved in the switch to an aggressive phenotype [339]. VEGF
stimulates endothelial cell proliferation and increases microvascular permeability, which
leads to the release of plasma protein that can change extracellular matrix components
and promote new blood vessel formation [340]. Since VEGF plays such a critical role in
angiogenesis, it has become a common chemotherapeutic target by pharmaceutical
companies.

Bevacizumab is an antibody directed against VEGF-A and has shown promise in
animal and clinical studies [341,342]. Combination therapy of bevacizumab and
capcitabine showed improved therapeutic benefit when compared to single treatments of
either drug [343].
1.4.4.3. Protease inhibitors

Another key step in the angiogenic process is breakdown of the basement
membrane and stroma by a specific class of proteases, the MMPs. MMP inhibitors have
shown promise in xenograft studies with breast cancer cells but not when tumors are
large and breast cancer is in an advanced stage [344]. Clinical trials involving MMPs
inhibitors for treatment at the earlier micrometastatic stage of breast cancer showed
antitumorigenic effects after treatment but also lead to high musculoskeletal toxicity
[345].

1.4.44. Endogenous antiangiogenics

Certain naturally-occurring chemicals have exhibited antiangiogenic effects. 2-

Methoxyestradiol (2ME2) is metabolic product of estradiol and inhibits both

proliferation and angiogenesis [346]. Clinical trials of 2ME2 have prompted the
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development of new formulations since there was a significant conversion to an inactive
metabolite in patients administered the drugs [347].
1.4.5. Proteasome inhibitors

Ubiquitination refers to a process of regulating proteins whereby the highly
conserved 76 amino acid protein ubiquitin can be covalently conjugated to lysine
residues [348]. This process is carried out by 4 critical enzymes: ubiquitin-activing
enzyme (E1), ubiquitin-conjugating enzyme (E2), ubiquitin ligase (E3) and the 26S
proteasome [349]. EIl binds to and activates ubiquitin, which is an ATP-dependent
process, then passes ubiquitin to E2 and is then transferred to the lysine residue by way
of E3 that acts as a scaffolding protein. The polyubiquitinated form is then targeted for
degradation via the 26S proteasome. E3 confers substrate specificity [350].

The ubiquitin-proteasome pathway critically regulates a number of key signaling
pathways. Nuclear factor kappa-B (NF-kB) is a transcription factor and integral player
in immune and inflammatory responses, apoptosis and cell proliferation [351,352].
Temporal expression of cyclins and CKIs in the cell cycle is essential for successful
progression and is regulated by ubiquitin-proteasome dependent degradation [350]. The
ubiquitin-proteasome machinery is critical in terms of generating antigenic peptides
from cytosolic proteins [352].

Growth factors receptors can be degraded through both ligand-dependent and
ligand-independent degradation. The ligand-dependent mechanism involves a rapid
reduction in cell surface expression of EGFR upon ligand binding. This downregulation

involves two steps: internalization of membrane receptor and receptor degradation [353].
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Internalization of EGFR is accomplished by recruitment of Cbl proteins upon ligand
binding that have E3 and adaptor protein capabilities and therefore the ubiquitin-
proteasome pathway is crucial in terms of regulation of growth factor expression.
1.4.5.1. Indirect effects on ubiquitin-proteasome function

Several drugs indirectly influence the ubiquitin proteasome pathway by either
increasing or inhibiting the function of this pathway. Examples of drugs and their
effects on the proteasome pathway are summarized in Table 1.12. Camptothecin and
fulvestrant are chemotherapeutic agents that act by stimulating the proteasome pathway.
Camptothecin inhibits the religation step of topoisomerase 1 by stimulating the
ubiquitination and subsequent degradation of topoisomerase 1 [354]. Fulvestrant
partially functions as a pure estrogen receptor antagonist by activating proteasome-
dependent degradation of ERa [355]. Arsenic is an example of a drug that inhibits
proteasome function by inhibiting the action of IkB kinase and thus preventing the
necessary phosphorylation of IkB that leads to proteasome-mediated degradation of kB
[356]. Trastuzumab is an antibody that targets ErbB2 and recent work has shown that it
recruits Cbl proteins and stimulates the subsequent ubiquitination and degradation of

ErbB2 via the proteasome pathway [357].
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Table 1.12: Drugs that influence ubiquitin-proteasome activity. [350,358,359]

Drug class Action and mechanism

Chemotherapeutic agents

1.4.5.2.

Aclarubicin
All-trans retinoic acid

Arsenic trioxide
Camptothecin
Geldenamycin
PS-341

Trastuzumab

Vinblastine, Vincristine

Immunosupressive agents

Cyclosporin A

Rapamycin

Miscellaneous agents

Fulvestrant

Tannic acid
Lovastatin

Anti-retroviral drugs

Bortezomib

Inhibits the chymotrypsin-like proteolytic activity of the
proteasome

May accelerate PML fusion protein degradation through the
proteasome

Inhibits ubiquitination and degradation of IKB through effects
on the IKB kinase

Stimulate ubiquitination and degradation of topoisomerase 1

Inhibits HSP90 ATPase, stimulating proteasomal degradation
of client proteins

Inhibits the chymotrypsin-like activity of the proteasome

Stimulates ubiquitination and subsequent degradation of
ErbB2

Inhibits the chymotrypsin-like, trypsin-like- and peptidyl-
glutamyl peptide hydrolyzing proteasome activities

Uncompetitive inhibitor of the proteasomal chymotrypsin-like
activity

Inhibits proteasome function by inhibiting the proteasome
activator PA28

Stimulates proteasome-dependent proteolysis of ERo

Inhibits the chymotrypsin-like activity of the proteasome

Mechanism unknown, but appears structurally similar to
proteasome inhibitor lactacystin

Inhibits the chymotrypsin-like and trypsin-like proteasome
activities

Inhibits 26S proteasome activity

Direct effects on ubiquitin-proteasome

The

Several agents directly target the ubiquitin-proteasome system.

immunosuppressive agent rapamycin inhibits the expression of proteasome activator

PA28 and therefore inhibits proteasome function [360]. Other chemotherapeutic drugs
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inhibits the proteasome including aclarubicin, vinblastine and vincristine [361,362].
Peptide aldehydes such as MG132 and MG115 are inhibitors of the 20S proteasome and
have been used extensively to study the role of proteasomes in various cellular functions
[363]. Bortezomib is an inhibitor or the 26S proteasome however, clinical trials of
bortezomib used as a single agent against metastatic breast cancer did not yield any
therapeutic benefit [359].
1.4.6. Gene replacement therapy

Gene therapy is a promising new field of cancer treatments and is a method for
transferring genetic material that will either promote cell death or inhibit cell growth by
gene transfer. Gene therapy can be classified into 4 strategies: (1) suppression of
oncogenes or transfer of tumor suppressor genes; (2) enhancement of immunological
response; (3) transfer of suicide genes; (4) protection of bone marrow using drug
resistance genes [364]. There are 3 primary methods for gene transfer: (1) transient
transduction of naked DNA via lipofection; (2) transduction of adenoviral vector or
vaccinia virus vector; (3) transduction of retroviral vector [365]. Only transduction of a
retroviral vector leads to stable expression; the two former procedures for gene transfer
lead to transient expression of the desired genes.
1.4.6.1. Oncogene suppression or tumor suppressor gene transfer

Tumor suppressor genes are critically involved in apoptosis induction or
suppression of tumor growth and their loss due to functional defects or absence of one or

more tumor suppressor genes leads to cancer. Gene replacement therapy is based on the
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principle that the addition of functional copies of tumor suppressor genes will lead to a
reduction of tumor cell growth and cancer progression [366].

The most commonly altered tumor suppressor gene in cancer is pS3 and p53
mutations will lead to cell cycle arrest or apoptosis [365]. Viral introduction of p53 into
human breast cancer cells can restore cellular homeostasis in terms of balanced cell
growth and death [366]. An added benefit of this technique was that in addition to cell
death observed in p53-transduced cells, cells surrounding the transduced cells are also
killed and this is dubbed the bystander effect [367]. The bystander effect is
advantageous because it reduces the need for high transduction efficiency in order to
achieve desired efficacy [368].

Other gene abnormalities common in breast cancer patients include
overexpression of ErbB2, c-myc and cyclin D1 [369]. ErbB2 overexpression is common
in invasive forms of breast cancer and associated with a poor prognosis and hormone
therapy resistance [369]. ErbB2 gene therapy in patients overexpressing ErbB2
decreases the number of tumors cells and reduces ErbB2 expression [370]. Transfer of
c-myc and c-fos genes under control of the MMTYV promoter inhibit tumor formation in
murine models [371].
1.4.6.2. Suicide gene therapy

Gene transfer of drug-activating enzymes leads to increased cellular
concentrations of activated prodrugs and this results in increased death of tumor cells.
The bystander effect is also relevant for suicide gene therapy such that cells adjacent to

transduced tumor cells are also affected [365]. Cytosine deaminase gene transfer and
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subsequent treatment of breast cancer patients with fluorocytosine (prodrug form)
yielded positive tumor reduction results [372]. CYP2B6 gene therapy and
cyclophosphamide co-treatment was antitumorigenic in Phase I clinical trials for patients
with metastatic breast cancer [373].
1.4.6.3. Bone marrow protection by drug resistance

High dose chemotherapy cannot completely kill residual disease and this stage of
the disease is also associated with insufficient bone marrow function. One approach is
to transplant drug-resistant gene-transduced hematopoietic stem cells, resulting in
normal bone marrow cells that are resistant to the effects of chemotherapeutic drugs.
The multi-drug resistant 1 (MDR1) gene excretes various drugs from the cytoplasm and
MDRI1 gene transfer to bone marrow cells is a new therapy for treating cancer patients.
Clinical trials involving advanced breast cancer patients that received MDRI1 gene
transfer in combination with docetaxel exhibited therapeutic benefits compared to
conventional therapy. [365]

1.4.7. Immunotherapies

The immune system has originally been thought to induce a response based on
recognizing self versus non-self [374]. However, more recent evidence supports the
danger theory which suggests that cells experiencing stress release “alarm” signals [375]
and therefore the microenvironment surrounding the cell in terms of immunostimulatory
molecules versus immunosuppressive molecules are critical in eliciting a T-cell
mediated response [376]. The immune cells involved in responding to these signals are

summarized in Table 1.13.
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Table 1.13: Function of cells in the immune response. Abbreviations used: IL=interleukin; IFN-
Y=interferon gamma [377]

Cell Type Function

CD8+ cytotoxic T cells (CTL) Kills cells expressing antigens

CD4+ T helper cells (CTh) Augment antigen-specific immune response via
cytokine secretion
« Thl Secrete cytokines (e.g. IL-2, IFN-y) that stimulate
proliferation and activity of cytotoxic T cells
e Th2 Secrete cytokines (e.g. IL-4, 5, 6, 10) that results in

more effective antibody production

B cells Signals from CD4+ cells trigger antibody-producing
cells that secret antibodies

Natural Killer (NK) cells Constitutively kill small set of hematopoietic cells
IL-2 or IL-15 stimulation permits recognition of
broader range of altered “self”

14.7.1. Cytokine treatment

Cytokines are critical molecules involved in the regulation of inflammation, cell
growth and differentiation [377] and delivery of these molecules via gene therapy can
enhance the immune response. I1L-2, [I-12, GM-CSF, TNF, IFN-y are all cytokine genes
that have been genetically transferred with the intention of boosting the immune system
[365].
1.4.7.1.1. Interferon-y(IFN-7)

Interferons (IFNs) are natural glycoproteins that enhance the immune response
by increasing the expression of cell surface proteins including major histocompatiblity
complexes (MHC) [378] and IFNs play a role in the activity of other cytokines. IFNs
can be divided into 2 classes: Type I and Type II IFNs [379]. Type I IFNs typically

respond to viral infection and include IFN-a and IFN-f3 [380]. In contrast, Type II IFNs
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such as IFN-y are induced by immune and inflammatory stimuli and are produced by
immune cells including T lymphocytes and NK cells [381,382]. IFN-y acts as a
homodimer with its receptor that is ubiquitously expressed on the surface of normal cells.
Upon receptor activation, JAKs are activated, leading to activation of the JAK/STAT
pathways that binds to gamma-interferon activator sets (GAS) elements and interferon-
stimulated response elements (ISREs) in promoter regions of target genes [383,384].

IFN-v is downregulated via IL-10 [385] whereas IL-2 acts synergistically with
IFN-y to reduce tumor size [386]. Although IL-10 is present in normal tissue, it is
absence from breast tumors and may be explain why IFNy, IL-2, IL-4 are also not
detected in tumors [387]. Clinical studies with IFN-y and hormone therapy as a
combination therapy produced a favorable response in breast cancer patients [388].
1.4.7.1.2. IL-2

IL-2 induces proliferation of key immune cells including NK and T cells and its
therapeutic benefit through gene transfer has been documented in melanoma and renal
cell carcinoma patients [377]. Antitumorigenic effects are also observed in murine
breast cancer models after administration of IL-2 gene therapy [389].
1.4.7.2. Vaccines targeting breast cancer

Cancer vaccine immunotherapy uses T cells and exploits their anti-tumor
cytotoxic T lymphocyte function to specifically target and kill tumor cells [390]. Breast
cancers exhibit low antigenicity and are non-responsive to immune therapy, however,
more recent studies have uncovered breast cancer-associated antigens [365]. Tumor-

specific antigens that are integrally required for this therapy fall into 3 categories:
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tissue-specific differentiation antigens, tumor-specific shared antigens, tumor-specific
unique antigens [390]. Breast cancer-specific antigens include HER-2/neu [391],
autoimmunogenic cancer/testis antigen (NY-ESO-1) [392], carcinoembryonic antigen
(CEA) [393], melanoma-associated antigen 1 (MAGE-1) [394] and Mucin 1 (MUC-1)
[395]. Cloned tumor antigens are advantageous because the delivery of antigens can be
controlled and they are safer since the likelihood of inducing an immune response for
tumor-specific antigens is decreased [376].
1.4.7.3. T-cell therapy

Clonal expansion of tumor-specific T cells ex vivo is a therapeutic strategy to kill
tumor cells. A section of the primary tumor is surgically removed and anti-tumor T
lymphocytes are generated. These T-lymphocytes are transferred into patients, migrate
to tumor sites and ultimately kill tumor cells [390]. Initial trials in breast cancer patients
showed an increase in survival rate [396].

1.4.8. Apoptosis inducers

Apoptosis is a major death pathway that is evaded by tumor cells through various
molecules that create barriers to cell death [397]. The Bcl-2 family of proteins, IAPs and
death receptors function as the major regulatory molecules of this pathway and have all
been studied as potential therapeutic targets to encourage apoptosis-induced death of
cancer cells [398].
1.4.8.1. Bcl-2 proteins

Overexpression of Bcl-2 and other family members has been linked with

resistance to cytotoxic agents due to the ability of these compounds to block cell death
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[397]. Numerous agents reduce expression of anti-apoptotic members of the Bcl-2
family and these include antiestrogens, retinoids, Vitamin D and HDAC inhibitors [399-
402].

Chemicals have also been designed to specifically target Bcl-2 that bind to the
regulatory sites of Bcl-2 proteins or bind to the BH3 binding site on Bcl-2. Natural
products including gossypol, epigallecatechin gallate, theaflavin, chelerythrine and
antimycin have shown to be BH3-mimicking chemical antagonists [403-406].

DNA-based drugs for Bcl-2 proteins are based on the principle that antisense
nucleotides can selectively bind to mRNA targets and induce ribonuclease-mediated
mRNA degradation [397]. Oblimersen sodium is a Bcl-2 antisense inhibitor that has
been successful in Phase III clinical trials for treatment of chronic lymphocytic leukemia
but not for treatment of refractory multiple myeloma [407].
1.4.8.2. IAP proteins

IAP-family proteins are critical negative regulators of apoptosis that directly bind
to and inactivate caspases. Small molecules have been developed that inhibit IAPs by
displacing caspases and hence promoting apoptosis [397]. Survivin and XIAP antisense
are both undergoing Phase I clinical trials [408]. Many other inhibitors of XIAP are

currently being developed both in academia and industry [397].
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1.4.8.3. Death receptor pathway

TRAIL is a member of the TNF family and is a death receptor that induces
apoptosis in response to extracellular stimuli. However, breast cancer cells are
frequently resistant to TRAIL-induced apoptosis [409]. A new breast cancer therapy
strategy involves the use of interferon-y to sensitize tumor cells to TRAIL-induced
apoptosis [410].

IFN-y inhibits mammary tumor growth in murine models [411,412] and an
increase in IFN-y levels in tumors is positively correlated with a good prognosis [388].
IFN-y can enhance sensitivity of tumor cells to apoptosis [410] and the mechanism of
IFN-v in producing these effects has also been extensively studied. Although IFN-y
upregulates CD95-induced apoptosis [248], this is not a viable therapeutic approach
since normal cells also undergo enhanced CD95-mediated apoptosis [413]. IFN-y also
increases the expression of TRAIL and decreases expression of TRAIL decoy receptors,
ultimately increasing apoptosis [414]. In vitro studies showed that caspase pathways and
Bcl-2 protein levels were modulated in MCF-7 and MDA-MB-231 breast cancer cells

after treatment with IFN-y.
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1.5. DIM as a Model for Development of Mechanism-Based Drugs

Recent advances in cancer chemotherapy have involved the development of
drugs that specifically target cancer cells rather than normal cells. The chemopreventive
properties of DIM have previously been discovered and studies on the mechanism of
action of DIM have revealed cancer-specific and cell-context dependent targets of
growth inhibition that could be exploited for therapeutic purposes.

1.5.1. DIM

Cruciferous vegetables (broccoli, brussel sprouts, cabbage, cauliflower, bok
choy) contain dietary indoles that have a protective effect against a number of cancers
including breast cancer [123-127,415]. Indole-3-carbinol (I3C) is a phytochemical that
exhibits antiproliferative and antitumorigenic effects in vitro and in vivo [130,131,133-
135]. DIM is an acid condensation product of I3C (see Figure 1.16) [128,129] and
extensive research has revealed the chemotherapeutic potential of this compound.
Multiple molecular mechanisms of cellular action have been suggested to play a role in

DIM-induced growth inhibition and are described below.
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Figure 1.16: Conversion of I3C into condensation products under acidic
conditions.
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1.5.1.1. Modulation of cell cycle

A number of papers suggest that the growth inhibitory effects of DIM are due to
modulation of cell cycle proteins and cell cycle arrest. In MCF-7 breast cancer cells,
I3C and DIM induce G; cell cycle arrest, increase p21 gene expression through Spl
promoter elements and stimulate cdk6 through Spl and Ets6 promoter elements
[134,416,417]. I3C induces G1 cell cycle arrest in prostate cancer cells [132] whereas in
HepG2 cells treated with DIM, S-phase retardation was observed [418].

1.5.1.2. Induction of apoptosis

Apoptosis is a regulated program of cell death and has been induced by DIM
through a variety of mechanisms in cancer cell lines. DIM induced caspase-8-dependent
apoptosis in colon cancer cells [419]. Prostate cancer cells treated with DIM exhibited
signs of apoptosis which could be partially reversed through downregulation of the
androgen receptor (AR) [420-422]. Induction of endoplasmic reticulum stress and
subsequent induction of apoptosis was also induced after treatment of pancreatic cells
with DIM [423]. DIM also sensitizes TRAIL-resistant liver and colon cancer cells to
TRAIL-mediated apoptosis by downregulation of c-FLIP [424]. In breast cancer cells,
DIM induced apoptosis [425,426] and this induction involved the inhibition of the
nuclear translocation of NF-kB in MCF-7 breast cancer cells [427]. In addition, the pro-
apoptotic protein, non-steroidal anti-inflammatory drug-activated gene 1 (NAG-1) was

upregulated by DIM in colon cancer cells [428].
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1.5.1.3. Other cellular effects

DIM causes a number of biological effects in addition to apoptosis induction and
cell cycle arrest. In MCF-7 breast cancer cells, DIM inhibited mitochondrial H-ATP
synthase [429] and activated IFN-y through upregulation of JNK and p38 [430,431].
DIM is also an aryl hydrocarbon receptor (AhR) agonist and inhibited breast cancer cell
growth through negative crosstalk with ER [131]. DIM inhibited angiogenesis in in vivo
breast cancer xenograft models [432]. DIM increased TGF-a in human endometrial
cancer cells [433].

1.5.2. Ring-DIMs

Ring-DIMs constitute a new class of anticancer agents and their chemical
structure is illustrated in Figure 1.17. The chemotherapeutic effects of DIM and ring-
substituted DIMs on mammary tumor growth in DMBA-induced female Sprague-
Dawley rats and their antigrowth effects in ER-positive MCF-7 and T47D breast cancer

cells have been investigated. At a dose of 5/mg/kg/48h (X10), DIM inhibited tumor

H —

Figure 1.17: Chemical structure of Ring-DIMs. X=Br, Cl, I, OCH3

growth, and several ring-substituted DIMs were antitumorigenic at doses <Img/kg/48h

(X10) [131,434,435]. The in vitro antiestrogenic effects of DIM and ring-substituted
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DIMs were also observed in ER-positive MCF-7 and T47D breast cancer cells. 1,1'-,
2,2'-, 5,5'-dimethylDIM and 1,1',2,2'-tetramethylDIM were the four most potent methyl-
substituted ring-DIMs and 5,5’-dibromoDIM was the most potent compound in the
dihalo ring DIM series [131,434,435]. The DIM compounds bind the aryl hydrocarbon
receptor (AhR) [131,434,435] and the results suggest that the observed antiestrogenic
responses may be due, in part, to inhibitory AhR-ER« crosstalk.
1.5.3. C-DIMs
Chemical modifications of DIM yield a novel class of synthetic compounds

termed the 1,1-bis(3-indolyl)-1-(p-substitutedphenyl)methanes as depicted in Figure 1.18.

DIM-C-Ph-X

Nea
e

H

Figure 1.18: Chemical structure of 1,1'-bis(3-indolyl)-1-(p-substitutedphenyl)methanes.

Research on the growth inhibitory effects of a series of these compounds with various
substituents (X) showed that many of the C-substituted DIMs induced nuclear-receptor
dependent and independent effects including induction of caveolin proteins, induction of
ER stress, Go/G; cell cycle arrest and induction of the pro-apoptotic molecule NAG-1 in

a cell-context dependent manner (Figure 1.19).
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Figure 1.19: Mechanisms of growth inhibition induced by C-DIMs. C-DIMs activate both receptor-
dependent and independent mechanisms of growth inhibition that is highly structure and cell context-
dependent. C-DIMs activate several nuclear receptors including Nur77, PPARY and other orphan nuclear
receptors (OR) and also exert inhibitory effects on other nuclear receptors including the estrogen receptor
and androgen receptor. Receptor-independent mechanisms of growth inhibition include decreased MMP,
induction of ER stress and kinase modulation.

1.5.3.1. Nuclear receptors

Nuclear receptors are important targets for cancer chemotherapy because they
transcriptionally regulate key genes and are differentially expressed in tissues, which
allows for the potential of targeting tumor cells overexpressing these receptors. The
nuclear receptor superfamily is comprised of steroid receptors, nonsteroidal receptors
and orphan receptors. The steroid hormone receptors encompass AR, ER, PR,
mineralocorticoid receptor (MR) glucocorticoid receptor (GR). Thyroid hormone
receptor (TR), vitamin D receptor (VDR), retinoic-acid receptor (RAR), 9-cis-retinoic
acid receptor (RXR) and ecdysone receptor (EcR) are included in the group of nuclear
receptors that form transcriptionally active receptor-RXR heterodimers. In addition,

several orphan receptors also form heterodimers with RXR and this include the
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peroxisome proliferator activated receptor (PPAR), steroidogenic factor 1 (SF-1), nerve
growth factor-induced receptor (NGFI) and X-linked orphan receptor DAX-1. [436,437]
Nuclear receptors contain a linker region (D) and three structural domains: an N-
terminal (A/B) domain, DNA binding (C) domain and ligand binding domain (E) (see
Figure 1.20). The A/B region contains the constitutive activation function 1 (AF-1)
domain and is the least conserved domain whereas the DNA binding domain (DBD) is
the most highly conserved region of nuclear receptors [438]. The DBD is comprised of
two zinc finger motifs that allow specific recognition of inverted DNA repeats in the

case of steroid receptor or direct repeats in the the case of RXR-heterodimeric receptors

_A/B =t 2 = E

Steroid Receptors RXR Heterodimers
GR glucocorticoid - B @ TRao,p thyroid hormone
MR  mineralcorticoid RARw,B,y all-trans RA
PR  progesterone VDR 1,25-(0OH)>-VD3
AR  androgen PPARq,fy eicosinoids
ER  estrogen EcR ecdysone
Dimeric Orphan Receptors Monomeric Orphan Receptors

RXR (usp) 9-cis RA
COUP/ARP ?
HNF-4 ?

NGFI-B (CEB-1') ?
ELP/SF-1 (Ftz-F1) ?

Figure 1.20: Nuclear receptor structure domains. A typical nuclear receptor contains a variable
N-terminal region (A/B), conserved DNA binding domain (C), variable hinged region (D),
conserved ligand binding domain (E) and a variable C-terminal region (F). Nuclear receptors can be
divided into 4 categories based on their ligand binding. [440]
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[437]. The AF-2 domain is located in the ligand binding domain and is responsible for
ligand-dependent activation of the receptor [439].

Steroid hormone receptors typically exist in complexes with chaperone proteins
either in the nucleus or cytoplasm; upon ligand binding, the receptors dissociate from
chaperone proteins and bind as a homodimer to hormone response elements on the DNA
promoter of target genes [440]. RXR-heterodimeric receptors are complexed with
corepressor proteins typically bound with RXR to cognate DNA binding sites and upon
ligand binding undergo a conformational change which results in the loss of corepressors
and recruitment of coactivators [437]. In addition, some nuclear receptors including
PPARY can be activated through ligand-independent activation in the N-terminal region
[441].

Nuclear receptor ligands have chemical similarities. They are small, rigid,
relatively hydrophobic molecules with polar groups capable of forming hydrogen bond
or electrostatic bonds at the end of the molecule. The ligand-binding cavity of PPARY
is significantly larger than other nuclear receptors and optimized to bind to a wide
variety of endogenous and exogenous ligands. [437]
1.5.3.1.1. PPARy

PPARY is a member of the nuclear receptor superfamily and 15—deoxy—A12’14—
prostaglandin J2 may be an endogenous ligand for this receptor [442]. The PPAR
subfamily includes o, B(8) and Y sub-types which are differentially expressed in various
tissues and exhibit some overlapping or interconnected activities such as in cholesterol

transport, metabolism and function [443]. PPAR« regulates genes involved in fatty acid
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utilization during fasting and PPAR agonists are drugs used for treating patients with
hyperlipidemia. PPARY is primarily expressed in adipocytes and plays a role in
adipocyte differentiation. Thiazolidinediones (TZDs) such as rosiglitazone and
pioglitazone are PPARY agonists which are widely prescribed as insulin-sensitizing
agents for treatment of type II diabetes [443-446].

PPARYy is overexpressed in human primary and metastatic breast
adenocarcinomas [447] and therefore is a therapeutic target for metastatic breast cancer.
PPARY agonists exhibit antitumorigenic activity against a wide variety of cancers
including breast cancer [448-450]. In colon cancer models, there is conflicting evidence
since the PPARY agonists troglitazone and pioglitazone promotes or inhibits
tumorigenesis in colon cancer mouse models, respectively [451,452]. The antineoplastic
effects of PPARY ligands have been characterized and include induction of apoptosis,
cell cycle arrest and terminal differentiation [447,448,453,454].

C-DIMs containing substituents p-CFs;, p-tBu, p-C¢Hs are PPARYy-active
compounds in a number of cancer types including breast, colon, ovarian and pancreatic
cell lines [455-458]. The IC50 values of DIM-C-pPhCF;, DIM-C-pPhtBu and DIM-C-
pPhC¢Hs for growth inhibition were 1-5 uM, which was similar to the dose required for
PPARY-dependent transactivation [459]. PPARY-dependent upregulation of p21 was
reported in both pancreatic and ovarian cancer cell lines treated with C-DIMs [455,458].
PPARY-dependent activation of phospho-Akt was also reported in colon cancer cells

treated with C-DIMs [460].
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1.5.3.1.2. Nur77

Nur77 was originally discovered as a nerve growth factor inducible gene in PC-
12 cells [461] and like PPARY, Nur77 is overexpressed in cancers including prostate and
breast cancer [462,463]. Nur77 exhibits both survival and death characteristics. Nur77
stimulates cell cycle progression and proliferation in lung cancer cells [464] whereas a
variety of apoptosis-inducing agents also stimulate Nur77 and lead to the induction of
apoptosis [463,465,466]. In several cancer cell lines, DIM-C-pPh, DIM-C-pPhCF; and
DIM-C-pPhOCHj; activated Nur77 and these compounds also induced cell death in
pancreatic cancer cells and kidney cancer cells by means of Nur77-dependent TRAIL-
mediated apoptosis and caspase-dependent PARP cleavage [467,468].
1.5.3.2. Caveolins

Caveolins-1, -2 and -3 are membrane proteins that are constituents of
sphingolipid and cholesterol-rich invaginations in cell membranes termed caveolae [469].
Caveolins are considered differentiation markers and are most commonly expressed in
terminally differentiated cells [470,471] whereas tumor cells have reduced expression of
caveolin proteins [472,473]. PPARY ligands induced terminal differentiation in breast
cancer cells [447] and also induce caveolin expression in both colon and breast cancer
cells [474]. Since C-DIMs activate PPARY, caveolin expression was assayed in colon
cancer cells and caveolin-1 and caveolin-2 were upregulated after treatment with C-
DIMs [457]. This upregulation was mediated by PPARY and represents a receptor-

dependent pathway of terminal differentiation induced by C-DIMs.
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1.5.3.3. NAG-1

NAG-1/MIC-1/GDF-15/placental transforming growth factor-f§ (PTGF-3)/PLAB
is a member of the TGF-B superfamily and has been shown to induce apoptosis and
inhibit tumorigenesis in vitro and in vivo [475,476]. Although highly expressed in
mature epithelial cells lining the intestine, NAG-1 expression is reduced in human colon
cancer samples [477]. PTGF- caused cell cycle arrest and induced apoptosis by
inhibiting cyclin D1 expression in breast cancer cells [478]. Overexpression of NAG-1
in MDA-MB-468 and MCF-7 breast cancer cells inhibited cell growth [479]. The PI3-
K/Akt/GSK-3PB pathway [480], protein kinase C pathway [481], early growth response
gene-1 (Egr-1) [482,483], activating transcription factor 3 (ATF3) [484] have been

identified as upstream regulators of NAG-1 in different cell lines.

Many different compounds induce NAG-1 including PPARY agonists and DIM
[428,482-488], and therefore induction of NAG-1 expression by PPARY-active C-DIMs
was also investigated. C-DIMs induced NAG-1 expression in HCT-116 colon cancer
cells and this was dependent on the PI3-K-dependent activation of Egr-1 and NAG-1
induction and NAG-1 induction could be reversed by cotreatment with a PI3-K inhibitor
[489]. This data represented a receptor-independent pathway for C-DIMs and involved
activation of PI3-K and Egr-1 that results in induction of NAG-1 expression and

apoptosis.
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1.5.3.4. ER stress

The endoplasmic reticulum is the primary site of protein synthesis and folding
and requires ATP and calcium to effectively carry out these processes [490]. Under
stress conditions that perturb calcium or ATP levels, there is an accumulation of
unfolded proteins and this cellular state is termed ER stress [491]. Unfolded protein
response (UPR) is a protective mechanism for the cell to combat ER stress and involves
three transmembrane ER receptors: pancreatic ER kinase-like (PERK), activating
transcription factor 6 (ATF6) and inositol-requring enzyme 1 (IRE1) (see Figure 1.21).
GRP78 functions as a chaperone protein for these receptors to maintain their inactive
state and once unfolded proteins accumulate, GRP78 dissociates and this activates the
receptors. UPR is considered a survival response but under prolonged conditions of
stress, UPR can trigger apoptosis through activation of CHOP, JNK and Bcl-2 family of
proteins. [491]

Induction of ER stress was seen in several ovarian cancer cell lines treated with
the C-DIM, DIM-C-pPhtBu [458]. DIM-C-pPhtBu induced GRP78 expression and the
JNK pathway. In addition, CHOP was activated in response to treatment of ovarian
cancer cells with DIM-C-pPhtBu and CHOP bound to response elements in the DR5
promoter resulting in induction of DRS. DRS is associated with the extrinsic pathway of
apoptosis which was induced by DIM-C-pPhtBu treatment. This represents a novel

mechanism of cell death induced by C-DIMs.
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Figure 1.21: Mediators of the unfolded protein response (UPR). UPR involves three ER
transmembrane receptors: PERK, ATF6 and IREI that are present in the inactive state due to GRP78
functioning as a chaperone protein. Accumulation of unfolded proteins leads to the dissociation of GRP78
and activation of the receptors, which induce expression of genes involved with survival, protein
degradation and apoptosis such as CHOP. [491]

1.5.3.5. Cell cycle

Cancer cells treated with C-DIMs exhibit changes in cell cycle proteins and cell
cycle progression. In both ovarian and pancreatic cancer cells, C-DIMs induced p21 and
cells were arrested in the G; phase of the cell cycle [455,458]. In addition to G; cell
cycle arrest, C-DIMs induced proteasome-dependent degradation of cyclin D1 in MCF-7

breast cancer cells and this response was also PPARY-independent [459].
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CHAPTER 11

1,1-BIS(3’-INDOLYL)-1-(P-SUBSTITUTEDPHENYL)METHANES INHIBIT
PROLIFERATION OF ESTROGEN RECEPTOR-NEGATIVE BREAST
CANCER CELLS THROUGH ACTIVATION OF MULTIPLE PATHWAYS
2.1. Synopsis

1,1-Bis(3’-indolyl)-1-(p-substitutedphenyl)methanes containing para trifluoro-
methyl (DIM-C-pPhCF;), t-butyl (DIM-C-pPhtBu) and phenyl (DIM-C-pPhCgHs)
groups activate peroxisome proliferator-activated receptor y (PPARY) in estrogen
receptor-negative MDA-MB-231 and MDA-MB-453 breast cancer cells. These PPARY-
active compounds inhibit breast cancer cell proliferation, however, inhibition of G¢/G; to
S phase progression and cyclin D1 downregulation was observed in MDA-MB-231 but
not MDA-MB-453 cells. Nonsteroidal anti-inflammatory drug-activated gene 1 (NAG-
1), a transforming growth factor B-like peptide, was also induced by these compounds
and response was dependent on cell-context dependent activation of kinase pathways.
Despite the induction of NAG-1 and downregulation of the antiapoptotic protein
survivin in both MDA-MB-231 and MDA-MB-453 cells treated with these methylene-
substituted diindolylmethanes (C-DIMs), this was not accompanied by apoptosis.
Nevertheless the cytotoxicity observed for the C-DIMs in vitro was complemented by
inhibition of tumor growth in athymic nude mice bearing MDA-MB-231 cells as
xenografts and treated with DIM-C-pPhCgHs (40 mg/kg/d). The inhibition of tumors
derived from highly aggressive MDA-MB-231 cells suggests a potential role for the C-

DIM compounds in the clinical treatment of ER-negative breast cancer.
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2.2. Introduction

Peroxisome proliferator-activated receptor Y (PPARY) is a member of the nuclear
receptor superfamily of transcription factors [444,492,493]. The PPAR subfamily
includes o, B(0) and Y sub-types that bind fatty acids and lipids and the receptors play a
role in lipid metabolism and metabolic diseases that include insulin-resistance, coronary
artery disease and hyperlipidemia [443-446]. PPARs are differentially expressed in
various tissues and exhibit some overlapping or interconnected activities such as in
cholesterol transport, metabolism and function [443]. PPAR« regulates genes involved
in fatty acid utilization during fasting and PPARQ agonists are drugs used for treating
patients with hyperlipidemia. Thiazolidinediones (TZDs) such as rosiglitazone and
pioglitazone are PPARY agonists which are widely prescribed as insulin-sensitizing
agents for treatment of type II diabetes [443-446].

PPARY is overexpressed in multiple tumor types and their derived cancer cell
lines [494,495] and is considered a potential target for development of anticancer drugs.
Not surprisingly several different structural classes of PPARY agonists have been
identified and their anticancer activities have been investigated and these include TZDs,
15-deoxy-A'*""-prostaglandin J2 (PGJ2), 2-cyano-3,12-dioxooleana-1,9-dien-28-oic
acid (CDDO) and related compounds, 1,1-bis(3’-indolyl)-1-(p-substituted-
phenyl)methanes [methylene-substituted diindolylmethanes (C-DIMs)] and several other
chemical classes [444,456,492,493,496-502]. All PPARY agonists typically induce fat
cell differentiation and using RNA interference and PPARY antagonists several PPARY-

dependent responses have been characterized in various cancer cell lines. For example
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CDDO induces the tumor suppressor gene caveolin 1 in colon cancer cells and this
response was inhibited by the PPARY antagonist GW9662, however, many other CDDO-
induced responses were receptor-independent or the role of PPARY was not investigated
[503-509].

Research in this laboratory has 1identified 1,1-bis(3’-indolyl)-1-(p-
trifluoromethylphenyl)methane (DIM-C-pPhCFs3), 1,1-bis(3’-indolyl)-1-(p-tbutylphenyl)
methane  (DIM-C-pPhtBu), 1,1-bis(3’-indolyl)-1-(p-biphenyl)methane  (DIM-C-
pPhCecHs) as PPARY agonists in several different cancer cell lines [423,455-
458,460,468,489,510,511]. The PPARy-active C-DIMs induce PPARY-dependent
transactivation in several different cancer cells and their induction of caveolin-1 and p21
was also PPARY-dependent but varied with cell context. C-DIM compounds also induce
receptor-independent responses including endoplasmic reticulum (ER) stress, activation
of multiple kinases, induction of non-steroidal anti-inflammatory drug activated gene-1
(NAG-1) and proteasome-dependent downregulation of cyclin DI. A previous study
showed that PPARY-active C-DIMs inhibited growth of ER-positive MCF-7 breast
cancer cells, induced apoptosis and downregulated expression of estrogen receptor o and
cyclin D1 proteins [456]. In this study, we show that DIM-C-pPhCF;, DIM-C-pPhtBu,
DIM-C-pPhCgHs induce PPARY-dependent transactivation in ER-negative MDA-MB-
231 and MDA-MB-453 breast cancer cells and inhibit proliferation with 1Cs values < 5
UM for most compounds in both cell lines. There were both differences and similarities

in the effects of C-DIMs in the two cell lines including an increase in the distribution of

cells in Go/G; and decreased S phase in MDA-MB-231 but not in MDA-MB-453 cells.
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PPARY-active C-DIMs did not affect expression of the cell cycle genes p21, p27 or
cyclin D1 in MDA-MB-453 cells but induced proteasome-dependent degradation of
cyclin D1 in MDA-MB-231 cells. These compounds did not induce caveolin-1 or
activate ER stress in either cell line but induced NAG-1 and ATF3 in both ER-negative
cells. In addition the C-DIM compounds downregulated the antiapoptotic protein
survivin but did not induce apoptosis in these cells. In athymic nude mice bearing
MDA-MB-231 cells as xenografts, treatment with 40 mg/kg/day of DIM-C-pPhCsHs
significantly inhibited tumor growth and confirmed the anticarcinogenic activity of C-
DIMs both in vivo and in vitro.
2.3. Materials and Methods
2.3.1. Cells, chemicals and other materials

MG132 was obtained from Sigma Chemical Co. (St. Louis, MO). The human
breast cancer cell lines MDA-MB-231 and MDA-MB-453 were obtained from American
Type Culture Collection (ATCC, Manassas, VA). MDA-MB-231 cells were maintained
in DMEM:F-12 supplemented with 0.22% sodium bicarbonate, 10% fetal bovine serum
(FBS), and 2 ml/L antibiotic/antimycotic solution (Sigma Chemical Co., St. Louis, MO).
MDA-MB-453 cells were maintained in RPMI supplemented with 0.15% sodium
bicarbonate, 0.12% HEPES, 10% fetal bovine serum (FBS), and 2 ml/L
antibiotic/antimycotic solution (Sigma Chemical Co., St. Louis, MO). Cells were grown
in 150 cm® culture plates in an air/CO, (95:5) atmosphere at 37°C and passaged
approximately every 5 days. p21 (C-19), p27 (C-19), cyclin D1 (M-20), cyclin D3 (C-

16), caveolin-1 (N-20), caveolin-2 (N-20), p-Erk (K-23), Erk (E-4), p-Akt (Ser473), Akt
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(H-136), p-c-Jun (KM-1), c-Jun (D), Grp78 (H-129), ATE-3 (C-19), survivin (FL-142)
antibodies were purchased from Santa Cruz Biotechnology (Santa Cruz, CA). The NAG-
1 antibody was purchased from Upstate (Lake Placid, NY). Horseradish peroxidase
substrate for Western blot analysis was purchased from NEN Life Science Products
(Boston, MA).
2.3.2. Cell proliferation assays

Cells were plated at a density of 3-5 x 10*/well in 12-well plates and media was
replaced the next day with DMEM:F-12 media containing 2.5% charcoal-stripped FBS
and either vehicle (DMSO) or the indicated ligand and concentration. Fresh media and
compounds were added every 48 h. Cells were counted at the indicated times using a
Coulter Z1 cell counter. Each experiment was completed in triplicate and results are
expressed as means * SE for each determination.

2.3.3. Transient transfection assays

Breast cancer cells were plated in 12-well plates at 1.5 x10° cells/well in
DMEM:F12 media supplemented with 2.5% charcoal-stripped FBS. PPARY-Gal4 (0.2
ug/well), Gal4-LUC (0.5 pug/well) and pCDNA3.1-His-LacZ (0.04 pg/well, Invitrogen,
Carlsbad, CA) expression plasmid (for normalization of transfection efficiency) were
transiently cotransfected into MDA-MB-231 and MDA-MB-453 cells using
Lipofectamine according to the manufacturer’s protocol. After 5-6 h, cells were treated
for 24 h with fresh 2.5% stripped bovine medium containing 1, 5, or 10 uM DIM-C-
pPhCF;, DIM-C-pPhtBu, DIM-C-pPhC¢Hs dissolved in DMSO, or DMSO alone as a

solvent control. After 24 h of treatment, cells were then lysed with 150 uL of 1 X
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reporter lysis buffer from Promega (Madison, WI) and 30 puL of cell extract were used

for luciferase and -gal assays. Significance was determined by SuperANOVA (p <
0.05).
2.3.4. Fluorescence-Activated Cell-Sorting assays (FACS)

MDA-MB-231 cells and MDA-MB-453 cells were treated with either the vehicle
(DMSO) or the indicated compounds for 48 h. Cell were trypsinized, centrifuged and
resuspended in staining solution containing 50 mg/mL propidium iodide, 4 mM sodium
citrate, 30 units/mL RNase, and 0.1% Triton X-100. After incubation at 37°C for 10
min, sodium chloride was added to give a final concentration of 0.15 M. Cells were
analyzed on a FACS Calibur flow cytometer using CellQuest acquisition software. PI
fluorescence was collected though a 585/42nm bandpass filter, and list mode data were
acquired on a minimum of 20,000 single cells defined by a dot plot of PI width versus PI
area. Data analysis was performed in ModFit LT using PI width versus PI to exclude
cell aggregates.

2.3.5. Western blots

MDA-MB-231 and MDA-MB-453 cells were seeded in DMEM:F-12 media
containing 2.5% charcoal-stripped FBS for 24 h and then treated with either the vehicle
(DMSO) or the indicated compounds. Whole cell lysates were obtained using high salt
buffer [SO mM HEPES, 500 mM NacCl, 1.5 mM MgCl12, I mM EGTA, 10% glycerol and
1% Triton X-100 pH 7.5 and 5 uLL/mL of Protease Inhibitor Cocktail]. Protein samples
were incubated at 100°C for 2 minutes, separated on 10% SDS-PAGE at 120 V for 3-4 h

in 1 X running buffer [25 mM Tris-base, 192 mM glycine, and 0.1% SDS (pH 8.3)] and



113

transferred to polyvinylidene difluoride membrane at 0.2 V for 16 h at 4°C in 1 X
transfer buffer (48 mM Tris-HCI, 39 mM glycine, and 0.025% SDS). The PVDF
membrane was blocked in 5% TBST-Blotto [10 mM Tris-HCI, 150 mM NacCl (pH 8.0),
and 0.05% Triton X-100 and 5% non-fat dry milk] with gentle shaking for 30 min and
incubated in fresh 5% TBST-Blotto at 1:200-1:1000 with primary antibody overnight at
4°C with gentle shaking. After washing with TBST for 10 min, the PVDF membrane
was incubated with secondary antibody (1:5000) in 5%TBST-Blotto for 2 h. The
membrane was washed with TBST for 10 min and incubated with 10 mL of
chemiluminescence substrate for 1.0 min and exposed to Kodak X-OMAT AR
autoradiography film.
2.3.6. Anti-tumor efficacy studies

Athymic nude mice (Nu ") were injected i.p. with 75 pg of a rat anti-mouse
asialo GM1 antibody (Wako Chemical Company, Richmond, VA) to reduce natural
killer cells. Injections were done on days -4 and -2 prior to the injection of MDA-MB-
231 cells. At day 0, mice were injected subcutaneously in the left flank with 10’ MDA-
MB-231 cells in 100-200 uL serum-free medium. Three groups of mice (12 mice/group)
were then treated i.p. with 40 mg/kg DIM-C-pPhCgHs in 50 uL placebo, 50 uL placebo
or 50 uL PBS, every day for 35 total injections starting at day 4 post-tumor inoculations.
Tumor size was measured with calipers, based on the formula L X W 2 where L is the
length and W is the width of the tumor. Moribund mice and mice whose tumor burdens

exceeded 20% of their body weight were euthanized following institutional regulations.
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2.4. Results

Previous studies showed that DIM-C-pPhCF;, DIM-C-pPhtBu and DIM-C-
pPhCg¢Hs activated PPARY and inhibited growth of breast, bladder, colon, ovarian and
pancreatic cancer cells [423,455-458,460,468,489,510,511]. Results in Figures 2.1A and
2.1B show that these PPARY-active C-DIMs significantly induced transactivation in ER-
negative MDA-MB-231 and MDA-MB-453 cells transfected with PPARY-
GAL4/pGAL4. Rosiglitazone, a thiazolidinedione PPARY agonist also induced
transactivation in both cell lines. GW9662 is a PPARY antagonist and the induction of
transactivation by DIM-C-pPhCF;, DIM-C-pPhtBu and DIM-C-pPhC¢Hs in MDA-MB-
231 (Figure 2.1C) and MDA-MB-453 cells (Figure 2.1D) transfected with PPARY-
GALA4/pGALA4 was inhibited after cotreatment with GW9662. These results demonstrate
that the PPARYy-active C-DIMs activate PPARY in ER-negative breast cancer cell lines
and these results were similar to those previously reported for the same compounds in
MCEF-7 cells [456].

PPARY-active C-DIMs inhibit growth of pancreatic, colon, bladder and ovarian
cancer cells and these compounds also inhibited proliferation of ER-positive MCF-7
cells [423,455-458,460,468,489,510,511]. Results illustrated in Figure 2.2 show that
DIM-C-pPhCF;, DIM-C-pPhtBu and DIM-C-pPhC¢Hs inhibit proliferation of ER-
negative MDA-MB-231 and MDA-MB-453 breast cancer cells and ICsy values were

generally between 1-5 puM. The only exception was the decreased potency of DIM-C-
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Figure 2.1: Ligand-induced activation of PPARY and effects of PPARY antagonists. Ligand-
dependent activation of PPARY-GAL4/pGAL4 in MDA-MB-231 [A] and MDA-MB-453 [B] cells.
Cells were transfected with PPARY-GAL4/pGALA4, treated with 1, 5, or 10 uM of DIM-C-pPhCF;,
DIM-C-pPhtBu, DIM-C-pPhC¢Hs and rosiglitazone (positive control), and luciferase activity was
determined as described in Materials and Methods. Results of all transactivation studies in this figure
are presented as means + SE for at least three separate determinations for each treatment group, and
significant (p < 0.05) induction compared with solvent (DMSO) control is indicated by an asterisk.
Inhibition of transactivation in MDA-MB-231 [C] and MDA-MB-453 [D] cells by PPARY antagonist
GW9662. Cells were transfected with PPARY-GAL4/pGALA4, treated with 10 uM rosiglitazone or C-
substituted DIMs alone or in combination with 7.5 pM GW9662, and luciferase activities were
determined as described in [A]. Significant (p < 0.05) inhibition of induced transactivation by GW9662
is indicated ().
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pPhtBu in MDA-MB-453 cells where the 1Cs was slightly greater than 5 uM. PPARY-
active C-DIMs also affected the % distribution of MDA-MB-231 cells in G¢/Gy, S and
G»/M phase of the cell cycle (Figure 2.2C). Even at concentrations as low as 1 or 5 uM
the C-DIM compounds consistently increased the % of cells in Gy/G; and decreased
the % of cells in S phase of the cell cycle. In contrast, these same concentrations had
minimal effects on the % distribution of MDA-MB-453 cells in Go/Gj, S or Go/M phase
of the cell cycle (Figure 2.2D) indicating some cell context-dependent differences in the
effects of C-DIMs on cell cycle progression.

PPARY agonists including C-DIMs affect expression of cell cycle proteins in
some cell lines and results in Figure 2.3A show that after treating MDA-MB-231 cells
for 12 h with 10 uM C-DIMs there was decreased expression of cyclin D1 and slightly
increased levels of p21 or p27 proteins and similar results were observed after treatment
for 24 h (data not shown). In contrast, the PPARY-active C-DIMs did not affect cyclin
D1, p21 or p27 levels in MDA-MB-453 cells after treatment for 12 h (Figure 2.3B) or 24
h (data not shown). The C-DIM-induced downregulation of cyclin D1 in MDA-MB-231
cells was inhibited in cells cotreated with the proteasome inhibitor MG132 (Figure 2.3C)
and this PPARY-independent response was previously observed with these compounds in
MCEF-7 cells (17). Thus the major effects of the PPARY-active C-DIMs was induction of
proteasome-dependent degradation of cyclin D1 (Figure 2.3C) which correlates with the
inhibition of G¢/G; to S phase progression in MDA-MB-231 cells (Figure 2.2D).

PPARY-active C-DIMs induce several growth inhibitory factors or pathways in

cancer cell lines including receptor-dependent induction of caveolin-1 and receptor-
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Figure 2.2: Growth inhibition studies and Fluorescence-Activated Cell Sorting (FACS) analysis.

MDA-MB-231 [A] and MDA-MB-453 [B] breast cancer cells were treated with 1 to 10 uM DIM-C-
pPhCF;, DIM-C-pPhtBu, and DIM-C-pPhC¢H; for 6 days, and cell numbers were determined using a
Coulter Counter as described in the Materials and Methods. Results are expressed as means + SE for
three separate determinations at each time point. MDA-MB-231 [C] and MDA-MB-453 [D] cells were
treated for 48 h with 1-5 uM DIM-C-pPhCF;, DIM-C-pPhtBu, and DIM-C-pPhC¢H; and analyzed by
Experiments were carried out in 2.5%
charcoal-stripped serum and DMSO served as the solvent control. Results are expressed as means + SE
for three separate determinations for each treatment group and significance (p<0.05) is indicated by an

FACS analysis as described in the Materials and Methods.

asterisk.
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independent induction of ER stress [423] and NAG-1 [489]. Results illustrated in Figure
2.3D show that 5-10 uM of the C-DIM compounds did not affect expression of the stress
protein GRP78 whereas 0.3 uM thapsigargin (positive control) induced GRP78 in MDA-
MB-231 and MDA-MB-453 cells respectively. Figure 2.3E shows that caveolin 1
expression is not induced in MDA-MB-453 cells by the C-DIM compounds whereas in
MDA-MB-231 cell concentration-independent effects on caveolin-1 expression were
observed. In contrast, the same compounds induced caveolin 1 in colon cancer cells and
cotreatment with PPARY antagonists blocked induction [489].

NAG-1 is a proapoptotic and growth inhibitory protein induced in cancer cell
lines by diverse agents including C-DIM compounds ([475,481-483,483,489]and results
in Figures 2.4A and 2.4B show that NAG-1 is induced in MDA-MB-453 and MDA-MB-
231 cells after treatment with 10 uM DIM-C-pPhCF;, DIM-C-pPhtBu and DIM-C-
pPhC¢Hs. ATF3, which is ofen co-induced with NAG-1 was also elevated in the ER-
negative breast cancer cells treated with PPARY-active C-DIMs. Using DIM-C-
pPhCg¢Hs as a model, we showed that NAG-1 induction was not inhibited by the PPARY
antagonist GW9662 (Figures 2.4A and 2.4B). Similar results were observed for PPARY-
active C-DIMs in colon cancer cells where induction of NAG-1 was also PI3-K
dependent [489]. NAG-1 is induced through multiple pathways including activation of
kinases in colon cancer cells where PPARY-active C-DIMs induced NAG-1 through PI3-
K dependent activation of Egr-1 which binds the proximal region of the NAG-1

promoter [489]. The induction of NAG-1 by DIM-C-pPhC¢Hs in the absence or
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Figure 2.3: Modulation of cell cycle, ER stress and caveolin proteins. MDA-MB-231 [A] or
MDA-MB-453 [B] cells were treated with 5 or 10 uM DIM-C-pPhCF;, or DIM-C-pPhC¢Hs for 12 h
and whole cell lysates were analyzed by Western blot analysis as described in Materials and Methods.
MDA-MB-231 [C] cells were pre-treated for 30 minutes with 10 UM proteasome inhibitor MG132 or
vehicle control and subsequently treated for 12 h with DMSO, 10 uM DIM-C-pPhCF;, or DIM-C-
pPhCeHs for 12 h and whole cell lysates were analyzed by Western blot analysis as described in
Materials and Methods. Experiments were done in triplicate and results shown are typical of Cyclin
D1, p21, and p27 protein levels for treatment replicates. MDA-MB-231 and MDA-MB-453 [D,E]
cells were treated with DIM-C-pPhCF;, DIM-C-pPhtBu and DIM-C-pPhC¢H;s or 0.3 uM thapsigargin
(Tg) (positive control for ER stress) for 24 h [D] or 72 h [E] and whole cell lysates were analyzed by
Western blot analysis as described in the Materials and Methods. Experiments were done in triplicate
and results shown are typical of treatment replicates.
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Figure 2.4: Induction of NAG-1 proteins. MDA-MB-231 [A, left] and MDA-MB-453 [B, left] cells
were treated with DMSO or 5-10 uM DIM-C-pPhCF;, DIM-C-pPhtBu and DIM-C-pPhCg¢H; or 0.3 uM
thapsigargin (Tg) for 24 h and whole cell lysates were analyzed by Western blot analysis for NAG-1
and ATF3. 15* represents whole cell lysate sample isolated from SW480 cells and treated with 15 uM
DIM-C-pPhtBu and based on previous published data, served as a positive control for NAG-1 and
ATF3 induction. PPARY-independent activation of NAG-1. MDA-MB-231 [A, right] or MDA-MB-
453 cells [B, right] were treated for 24 h with DMSO or 10 uM DIM-C-pPhC¢Hs and with or without
co-treatment with 10 uM PPARY inhibitor GW9662 and whole cell lysates were analyzed by Western
blot analysis and probed for NAG-1. Role of kinases in NAG-1 induction [C]. MDA-MB-231 and
MDA-MB-453 cells were treated with DMSO or 10 pM DIM-C-pPhCgHs and with or without co-
treatment of the following kinase inhibitors: 20 uM p38 MAPK (SB203580), 20 uM JNK (SP600125),
5 uM PKC (GF109203X), 20 uM p44/42 MAPK (PD98059) and 20 pM PI3-K (LY294002) for 24 h
and whole cell lysates were probed for NAG-1. Activation of kinases in 0-120 min treatment with 10
uM DIM-C-pPhCgHs [D,E]. Whole cell lysates isolated from MDA-MB-231 [D] cells were analyzed
by Western blot analysis and probed for p-Akt and Akt. MDA-MB-453 [E] cells were analyzed by
Western blot analysis for p-Akt, Akt, p-Erk, Erk, p-c-Jun, c-Jun. Experiments were done in triplicate
and results shown are typical of treatment replicates.
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presence of inhibitors of p38 MAPK (SB203580), JNK (SP600125) PKC (GF109203X),
p44/42 MAPK (PD98059) and PI3-K (LY294002) is summarized in Figure 2.4C. In
MDA-MB-453 cells inhibition of NAG-1 induction by DIM-C-pPhCcHs was observed
in cells cotreated with p44/42 MAPK, PI3-K and JNK inhibitors with the latter inhibitor
being the most effective. In contrast only LY294002 (PI3-K inhibitor) blocked
induction of NAG-1 by DIM-C-pPhCgHs in MDA-MB-231 cells and the JNK inhibitor
actually enhanced induction of NAG-1 by the C-DIM compound (Figure 2.4C). Results
in Figure 2.4D show that DIM-C-pPhC¢Hs induces PI3-K-dependent phosphorylation of
Akt in MDA-MB-231 cells and phosphorylation of MAPK, Akt and c-Jun in MDA-MB-
453 cells (Figure 2.4E) and these induced kinases play a role in the induction of NAG-1
in the same cell lines.

Previous studies showed that DIM, ring-substituted DIMs and C-DIMs induced
apoptosis in ER-positive MCF-7 cells and the former two compounds did not induce
apoptosis in MDA-MB-231 cells [425,456]. The effects of the PPARYy-active C-DIM
compounds on induction of apoptosis were investigated in both MDA-MB-231 and
MDA-MB-453 cells by determining caspase-dependent PARP cleavage, bax/bcl-2
expression (Figures 2.5A and 2.5B) and effects on the antiapoptotic protein survivin
(Figures 2.5C and 2.5D). There was an increase in bax and decrease in bcl-2 expression
observed after treatment of MDA-MB-231 and MDA-MB-453 cells with PPARYy-active
C-DIMs, however, activation of the intrinsic pathway for apoptosis as evidenced by
caspase-dependent PARP cleavage was not observed. The antiapoptotic protein,

survivin, was expressed in MDA-MB-231 and MDA-MB-453 cells and treatment with
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PPARY-active C-DIM compounds decreased survivin protein expression (Figures 2.5C
and 2.5D), however, this response was insufficient for activation of caspase-dependent
apoptotic pathways.

Results in Figure 2.6 show that treatment with DIM-C-pPhC¢Hs (40 mg/kg/d)
decreased tumor growth in athymic nude mice bearing MDA-MB-231 cells as
xenografts. These results, coupled with the cancer cell growth inhibition studies (Figure
2.2) clearly show that PPARY-active C-DIMs effectively inhibit growth of ER-negative
breast cancer cells and this was comparable to inhibition of colon and bladder tumor
growth in mouse xenograft models [460,511].

2.5. Discussion

Several different structural classes of PPARY agonists have been identified and
many of these including PGJ2, thiazolidinediones and CDDO inhibit proliferation of
breast and other cancer cell lines through multiple receptor-dependent and independent
pathways [454,459,503-509,512-517]. For example in one study 10 uM PGJ2 induced
rapid morphological changes associated with apoptosis in MDA-MB-231 cells whereas
100 uM troglitazone induced minimal apoptosis after prolonged (50 h) treatment [454].
Other studies also show similar differences between induction of apoptosis by PGJ2 and
troglitazone in MDA-MB-231 cells. CDDO is a triterpenoid acid and a PPARY agonist
that induces both receptor-dependent and independent responses in cell lines and tumors
derived from multiple tissues including breast cancer cells. CDDO alone did not induce
apoptosis in ER-positive T47D or ER-negative MDA-MB-453 cells [516], however,

CDDO enhanced TRAIL-induced apoptosis in both cell lines. PPARYy-active C-DIM
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Figure 2.5: Effects of PPARY agonists on apoptosis. MDA-MB-231 [A] and MDA-MB-453 cells
[B] were treated with DMSO or 5-10 uM DIM-C-pPhCF;, DIM-C-pPhtBu and DIM-C-pPhC¢Hs or 10
UM MG132 for 24 h and whole cell lysates were analyzed by Western blot analysis for PARP112/85,
bcl-2 and bax. Time-dependent activation of survivin. MDA-MB-231 [C] and MDA-MB-453 cells [D]
were treated for 12-36 h or 24-48 h with DMSO or 10 uM DIM-C-pPhCF;, DIM-C-pPhtBu and DIM-
C-pPhCgHs . Whole cell lysates were analyzed by Western blot analysis and probed for survivin.
Experiments were done in triplicate and results shown are typical of treatment replicates.
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Figure 2.6: In vivo antitumorigenic activity of DIM-C-pPhCHs. MDA-MB-231 s.c. tumor
size (mean + SE) in athymic mice treated i.p. daily starting at day 4 post-tumor inoculation for 35
total doses with PBS (50 puL), placebo (50 uL) and DIM-C-pPhC¢Hs (40 mg/kg in 50 uL placebo).
The tumor sizes were measured on day 35 and day 39. On day 32, the tumor sizes were
446.1+138.3 mm’ (placebo treated), 454.3+97.5 mm’ (PBS treated), 83.3+25.1 mm’ (DIM-C-
pPhC¢Hs treated) (t-test, P=0.001 versus PBS treated group); On day 39, the tumor sizes were
909.9+342.6 mm’ (placebo treated), 1129+371.9 mm’ (PBS treated), 124.7+54.8 mm’ (DIM-C-
pPhCgH; treated) (t-test, P=0.01 versus PBS treated group).
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compounds have been identified in this laboratory as a new class of PPARY agonists and
several receptor-dependent and independent responses have been characterized. Results
of transactivation studies (Figure 2.1) clearly demonstrate that the three PPARY-active
C-DIMs induced PPARY-dependent activity in MDA-MB-231 and MDA-MB-453 cells
as previously reported in other cancer cell lines [455-458,460,468,489,510,511].

PPARY agonists typically inhibit cancer cell growth by arresting cells in Gy/G;
and this is often associated with modulation of cyclin D1 (decreased) or induction of the
cyclin-dependent kinase inhibitor p21 [455-457,512]. PPARfY-active C-DIMs inhibit
growth of ER-negative MDA-MB-231 and MDA-MB-453 cells (Figure 2.2) but induced
only a modest increase in cells in Go/G; and decrease in cells in S-phase in MDA-MB-
231 but not in MDA-MB-453 cells (Figures 2.2C and 2.2D). These results were
observed over several time points (12, 24, 48 and 96 h) using 1 or 5 UM concentrations
of the C-DIM compounds which are sufficient to inhibit cell proliferation (Figure 2.2).
The growth inhibitory effects of the PPARY-active C-DIMs on cell cycle proteins were
also different in the two ER-negative cell lines where 5-10 uM C-DIMs induced cyclin
D1 downregulation in MDA-MB-231 but not MDA-MB-453 cells (Figures 2.3A-2.3C).
This was most pronounced after treatment for 12 h and was reversed by the proteasome
inhibitor MG132 (Figure 2.3C). The results obtained in MDA-MB-231 cells were
comparable to the effects of the same C-DIM compounds and PGJ2 in ER-positive
breast cancer cells where proteasome-dependent degradation of cyclin D1 was also
reported [456,459]. p21 and p27 proteins were only slightly induced in MDA-MB-231

cells in a concentration-independent manner and studies with p21 promoter constructs
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showed that the PPARY-active C-DIMs did not induce transactivation in cells transfected
with these constructs (data not shown). The results suggest that the inhibition of G¢/G;
to S phase progression in MDA-MB-231 cells treated with C-DIMs is primarily due to
decreased cyclin D1 expression whereas other factors must be involved for inhibition of
MDA-MB-453 cell proliferation.

PPARY-active C-DIMs induce receptor-dependent caveolin 1 and receptor-
independent ER stress in pancreatic, colon, bladder and ovarian cancer cells
[423,455,457,458,460,468,475,482,489,511], however, neither caveolin (Figure 2.3E) or
GRP78 (an ER stress marker) (Figure 2.3D) were induced in MDA-MB-231 or MDA-
MB-453 cells. In contrast, the TGFB-like peptide NAG-1 was induced by 10 uM C-
DIMs in both cell lines and was accompanied by a slight induction of ATF3 (Figs. 4A
and 4B) which is often coinduced with NAG-1 [428,489]. NAG-1 is induced by several
proapoptotic and growth inhibitory agents including C-DIMs, troglitazone and PGJ2,
however, the mechanisms of induction are variable [428,460,475,481-483,489].
Previous studies showed that activation of NAG-1 in colon cancer cells was associated
with PI3K-dependent activation of early growth response-1 (Egr-1) gene which activates
NAG-1 through specific proximal promoter sequences [489]. In contrast activation of
NAG-1 by the phorbol ester TPA was PKC-dependent [481]. In ER-negative MDA-
MB-453 cells, activation of NAG-1 by DIM-C-pPhCeHs was decreased in cells cotreated
with the JNK inhibitor SP600125, the MAPK and PI3K inhibitors PD98059 and
LY294002 respectively (Figure 2.4C). These results correlated with DIM-C-pPhC¢Hs-

dependent enhancement of all three kinase pathways in the same cell line (Figure 2.4E).
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However, in MDA-MB-231 cells, only the PI3K inhibitor LY294002 blocked induction
of NAG-1 by DIM-C-pPhC¢Hs in MDA-MB-231 cells (Figure 2.4C) and only this
kinase was induced by the C-DIM compound in this cell line (Figure 2.4D). Thus
induction of NAG-1 by DIM-C-pPhC¢Hs in ER-negative breast cancer cells was due to
cell context-dependent activation of kinases; and current studies in this laboratory are
investigating upstream targets that are activated by C-DIMs and mediate selective
activation of kinase pathways in different cell lines.

Although NAG-1 is associated with apoptotic activity, we did not observe
caspase-dependent PARP cleavage after treatment of MDA-MB-453 and MDA-MB-231
cells with PPARY-active C-DIM compounds whereas the proteasome inhibitor MG132
(positive control) induced PARP cleavage (Figs. SA and 5B). Bax/bcl-2 ratios were
increased in MDA-MB-453 cells treated with 5 or 10 uM PPARy-active C-DIMs.
However, increased bax/bcl-2 ratios combined with C-DIM-dependent downregulation
of the antiapoptotic protein survivin in both cell lines (Figs. 5C and 5D) was not
accompanied by activation of caspase-mediated apoptosis. The failure to induce
apoptosis was not unprecedented since other studies also show that ER-negative breast
cancer cells are somewhat resistant to PPARY agonist-induced apoptosis [425,454,516].
Treatment of MDA-MB-231 cells with high concentrations of troglitazone (100 uM) for
50 h induced apoptosis in only 30% of the cells [454] and CDDO did not cause caspase-
dependent PARP cleavage in ER-negative MDA-MB-468 cells [459]. High
concentrations of troglitazone (50 uM) were cytotoxic to ER-negative MDA-MB-435

cells and decreased survivin expression [518]; and similar results were observed for the
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C-DIM compounds (Figs. 2.5C and 2.5D). Moreover, like the C-DIM compounds,
troglitazone also did not induce apoptosis in MDA-MB-435 cells. However, the lack of
induction of apoptosis by PPARY-active C-DIMs did not affect their in vitro cytotoxicity
or their inhibition of tumor growth in athymic nude mice bearing MDA-MB-231 cells as
xenografts (Figure 2.6).

In summary, PPARfY-active C-DIM compounds induced PPAR?Y-dependent
transactivation in MDA-MB-231 and MDA-MB-453 cells and IC50 values for growth
inhibition were < 5 uM in both cell lines. However, it was apparent that the effects of
the PPARY-active C-DIMs on distribution of cells in Go/G; and S-phase, expression of
cyclin D1 and induction of NAG-1 were dependent on cell context whereas NAG-1 was
induced in both cell lines. Despite the potent antiproliferative effects of these
compounds in vitro and in vivo and their downregulation of the antiapoptotic survivin
protein and induction of the proapoptotic NAG-1 protein in both cell lines, we did not
observe caspase-dependent PARP cleavage (Figure 2.5) or other indicators of apoptosis
such as positive Annexin V staining (data not shown). In ongoing studies, we are
investigating the potential role of other cell death pathways in breast cancer cells and
tumors in order to delineate critical markers associated with the potent anticarcinogenic
activity of C-DIMs. Results of this study are similar to those reported for TZDs and
CDDO in ER-negative cancer cell lines [516,518] and similarities and differences in the

effects of these compounds and C-DIMs are also being investigated.
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CHAPTER III

INDUCTION OF AUTOPHAGY BY A NEW SERIES OF BREAST CANCER
CHEMOTHERAPEUTIC AGENTS
3.1. Synopsis

Indole-3-carbinol is a phytochemical found in cruciferous vegetables and one of
its major metabolites, 3,3’-diindolylmethane (DIM), exhibits a broad range of anticancer
and antitumorigenic activities. A novel series of methylene--substituted DIMs (C-DIMs),
namely 1,1-bis(3’-indolyl)-1-(p-substitutedphenyl)methanes containing t-butyl (DIM-C-
pPhtBu) and phenyl (DIM-C-pPhC¢Hs) groups inhibit proliferation of invasive estrogen
receptor-negative MDA-MB-231 and MDA-MB-453 human breast cancer cell lines with
IC50 values between 1-5 uM. C-DIM-induced cell death could not be reversed by
zVAD-fmk, a pan-caspase inhibitor in either cell line. MDA-MB-231 and MDA-MB-
453 cells treated with C-DIMs did not exhibit Annexin V-PI staining patterns consistent
with apoptosis, suggesting that C-DIMs did not induce Type I (apoptotic) programmed
cell death. Cell necrosis, as indicated by propidium iodide (PI) staining and lactate
dehydrogenase (LDH) release, was also negative after C-DIM treatment of MDA-MB-
453 cells. Autophagic cell death is an important cell death pathway in breast cancer
cells after treatment with several chemotherapeutic agents including tamoxifen, EB1089
and sulforaphane and therefore we investigated the possibility that C-DIMs may also
induce autophagy in breast cancer cells. Treatment of MDA-MB-231 and MDA-MB-
453 cells with C-DIMs resulted in an accumulation of light chain associated-protein 3

(LC3)-II compared to LC3-I protein and this is a characteristic marker of autophagy
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which is also observed in cells treated with a vitamin D analog and paclitaxel analogs in
breast cancer cells. Transient transfection of green fluorescent protein-LC3 also
revealed that treatment with C-DIMs induced a redistribution of LC3 to autophagosomes
after C-DIM treatment. In addition, the autofluorescent drug monodansylcadaverine
(MDC), a specific autophagolysosome marker, accumulated in vacuoles after C-DIM
treatment. Western blot analysis of lysates from cells treated with C-DIMs showed the
Beclin 1/Bcl-2 protein ratio increased suggesting that C-DIM compounds may represent
a new mechanism-based agent for treating drug-resistant ER-negative breast tumors
through induction of autophagic cell death.
3.2. Introduction

Autophagy is an evolutionarily conserved mechanism of survival triggered by
stress-associated damage or nutrient deprivation and is characterized by the formation of
double-membrane bound cytoplasmic vesicles called autophagosomes [519].
Autophagosomes subsequently fuse with lysosomes to form autophagolysosomes and
the vacuolar content is then degraded by lysosomal enzymes. Under nutrient-deprived
conditions, autophagy is a form of cell survival and a means to generate ATP and amino
acids from degraded proteins and organelles. Autophagy, however, can only be
considered a short-term mechanism of survival since degradation of most organelles will
eventually lead to cell death [147]. Type II autophagic cell death is a non-apoptotic
form of programmed cell death and is morphologically characterized by the
accumulation of autophagic vacuoles in cells lacking hallmarks of apoptosis such as

nuclear condensation and cell fragmentation [161].
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Both autophagy and autophagic cell death are regulated by the autophagy-related
gene (Atg) family. Atg6/Beclin 1 is involved in the class III PI3K complex, which is
essential for autophagosome formation and Beclin 1 overexpression-induced autophagy
and inhibited tumorigenicity in breast cancer cells [165,520]. The anti-apoptotic protein
Bcl-2 has an inhibitory action on Beclin 1 and the subsequent formation of
autophagosomes [521]. Atg8/Light-chain associated-protein 3 (LC3) is also critical for
autophagosome formation and becomes lipidated during activation of autophagy [522].
LC3 can be present as either an 18 kDa cytosolic protein, LC3-1, or cleaved to a 16 kDa
LC3-II derivative that localizes to autophagosomal membranes, the latter form serving
as a marker protein for autophagic vacuoles [166]. Atg5 and Atgl2 are ubiquitinated by
El-like enzymes Atg7 and AtglO and are involved in the recruitment of proteins to
autophagosomal membranes [523,524]. Although the same autophagy-related genes
play a role in autophagy and autophagic cell death, both Atg5 and Atg6/Beclin 1 are
upregulated in autophagic cell death and remain low in autophagy [172].

Autophagic (Type II) cell death is considered a controversial death pathway.
Although autophagy may be induced in cells, it may be a mechanism of promoting cell
survival, not cell death. Initial evidence supporting the concept of Type II non-apoptotic
cell death was illustrated when cell death could be induced in several cell lines treated
with caspase inhibitors [171]. In addition, autophagic cell death is a
pathophysiologically relevant process since it is associated with retinal degeneration and
degeneration of neurons in certain pathologies [525,526]. Although apoptosis has long

been considered the central form of cell death evaded by tumor cells, Type II cell death
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may also be relevant since reduction of autophagy is observed in tumor cells and is
associated with tumor promotion since Beclin 1 is a haploinsufficient tumor suppressor
gene [165,527-530]. Moreover, autophagy may be causally linked to the ability of
tumor cells to evade immune surveillance since autophagy has been linked to antigen
processing [531].

Autophagic cell death has been reported to be induced by a number of
chemotherapeutic agents in various types of cancers [532-537]. Sulforaphane is a
phytochemical present in cruciferous vegetables and induced autophagic cell death in
human prostate cancer cells [532]. Autophagic cell death was the predominant form of
cell death induced by taxol, taxol derivatives and tamoxifen in breast cancer cells
[533,534]. 1S—Deoxy—AI2’14—prostaglandin J2 induced autophagic cell death in pancreatic
cancer cells [535]. Autophagic cell death was also induced in response to radiation
treatment in breast, colon and prostate cancer cell lines [536]. Temozolide and arsenic
trioxide induced autophagic cell death in glioma cells [537].

Studies in this laboratory have investigated the mechanisms of cell death induced
by a new series of anticancer agents that are derivatives of phytochemicals found in
crucifers. Epidemiology studies have positively linked consumption of cruciferous
vegetables to decreased risk of certain types of cancer [123-127]. Mechanisms of
growth inhibition induced by DIM, an oligomerization product of the cruciferous
phytochemical indole-3-carbinol, have shown anticancer and antitumorigenic effects in
vitro and in vivo [130-135]. The mechanisms of growth inhibition induced by DIM have

been well-studied and include GO/G1 cell cycle arrest, induction of ER stress, induction
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of apoptosis, aryl hydrocarbon receptor (AhR)-dependent antiestrogenicity and
downregulation of the androgen receptor (AR) [131,134,416,419,420,423,425,426,538].
C-substituted DIMs (C-DIMs) represent a new class of anticancer agents that activate
receptor-dependent and receptor-independent pathways in a cell-context dependent
manner. In colon, pancreatic, ovarian, prostate, bladder and breast cancer cells, C-DIMs
activate nuclear receptors PPARY and Nur77 [455-458,460,468,511]. In ER-negative
breast cancer cells, the effect of PPARYy-active C-DIMs on the cell cycle, induction of
the pro-apoptotic protein NAG-1 and activation of kinases is primarily receptor-
independent. Although C-DIMs modulated Bax and Bcl-2 protein expression, PARP
was not cleaved, suggesting a caspase-independent form of cell death. The mechanism
of cell death induced by C-DIMs in breast cancer cells therefore required further
examination.

In the present study, mechanisms of cell death induced by PPARY-active C-DIMs
in breast cancer cells were investigated. Treatment of ER-negative MDA-MB-231 and
MDA-MB-453 cells with C-DIMs did not activate caspases or increase Annexin V
staining indicating that apoptotic cell death was not activated. Measurement of LDH
release and propidium iodide (PI) staining suggested that necrosis was not the
predominant form of cell death induced in breast cancer cells treated with C-DIMs. In
contrast, autophagolysosomes were positively stained with monodansylcadaverine
(MDC) after treatment with C-DIMs and there was a significant increase in LC3-II/LC3-
I and Beclin 1/Bcl-2 protein ratios. In addition, after treatment with C-DIMs transfected

GFP-LC3 localized to autophagosomal membranes of cells. These data support
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autophagic cell death as a novel mechanism induced by C-DIMs in ER-negative breast
cancer cells.
3.3. Materials and Methods
3.3.1. Cells, chemicals and other materials

NADH, zVAD-fmk and propidium iodide (PI) were obtained from Sigma
Chemical Co. (St. Louis, MO). Monodansylcadaverine (MDC) was purchased from
Fluka (Buchs, Switzerland). The human breast cancer cell lines MDA-MB-231 and
MDA-MB-453 were obtained from American Type Culture Collection (ATCC,
Manassas, VA). MDA-MB-231 cells were maintained in DMEM:F-12 supplemented
with 0.22% sodium bicarbonate, 10% fetal bovine serum (FBS), and 2 ml/L antibiotic
solution (Sigma Chemical Co., St. Louis, MO). MDA-MB-453 cells were maintained in
RPMI supplemented with 0.22% sodium bicarbonate, 10% fetal bovine serum (FBS),
and 2 ml/L antibiotic solution (Sigma Chemical Co., St. Louis, MO). Cells were grown
in 150 cm? culture plates in an air/CO, (95:5) atmosphere at 37°C and passaged every 5
days. Beclin 1 (H-300) and Bcl-2 (N-19) antibodies were purchased from Santa Cruz
Biotechnology (Santa Cruz, CA). The LC3 antibody was purchased from MBL
International (Wobrum, MA). Horseradish peroxidase substrate for Western blot
analysis was purchased from NEN Life Science Products (Boston, MA).

3.3.2. Cell proliferation assay

MDA-MB-231 and MDA-MB-453 cells were seeded at a density of 3-5 x

10%well in 12-well plates and media was replaced the next day with DMEM:F-12 media

containing 2.5% charcoal-stripped FBS and pre-treated with 20 uM zVAD-fmk or
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vehicle control for 30 minutes. Cells were then co-treated with zZVAD-fmk or vehicle
control and DMSO, 10 uM DIM-C-pPhCF;, DIM-C-pPhtBu or DIM-C-pPhCgHs for 48
h. Cells were then counted using a Coulter Z1 cell counter. Each experiment was
completed in triplicate and results are expressed as means * SE for each determination.
3.3.3. Annexin 'V staining

MDA-MB-231 and MDA-MB-453 cells were seeded at a density of 2.5-5 x
10°/well in 6-well plates and media was replaced the next day with DMEM:F-12 media
containing 2.5% charcoal-stripped FBS and DMSO, 10 uM DIM-C-pPhCF;, DIM-C-
pPhtBu, DIM-C-pPhCgHs for 48 h. Cells were also treated for 24 h with 10 uM MG132.
Cells were then harvested according to the Annexin-V-FITC protocol provided by BD
Biosciences.  Briefly, floating cells were transferred to an Eppendorf tube and
centrifuged for 2 minutes at 3000 g. The adherent cells were trypsinized and transferred
to the same Eppendorf which was spun and the supernatant was removed. Cells were
resuspended in 85 pL of 1X Annexin V binding buffer and 10 pL of PI solution (5
ug/mL). Five pL of Annexin V-FITC conjugate was added to each sample and then
incubated in the dark for 15 minutes before analysis by flow cytometry. Cells early in
apoptosis positively stained for Annexin V whereas cells in the later stages of apoptosis
stained positively for Annexin V and propidium iodide due to late apoptotic cells having
leaky plasma membranes.

3.3.4. PI and Hoechst staining
Vybrant Apoptosis Assay Kit #7 was used from Molecular Probes (Eugene, OR)

according to the manufacturer’s directions. Briefly, monolayers of cells were cultured
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for 48 h in 2-well Coverglass Chamber slides. Slides were washed with culture medium
without serum or phenol red, and labeled with Hoechst 33343 and propidium iodide at a
final concentration of 5 ug/mL and 1.0 pg/mL, respectively. The slides were incubated
for 30 min on ice and visualized using a BioRad Radiance 2000 Multiphoton microscope.
At least 3 areas per well were analyzed. Two wells were analyzed per treatment and per
time point.
3.3.5. LDH assay

MDA-MB-231 and MDA-MB-453 cells were treated for 48 h with DMSO or C-
DIMs as indicated. An extra 3 wells were treated for 1 h or until all cells had lysed with
0.3% Triton X in PBS. For each sample, 200 uL of 1.22 mM pyruvate in 50 mM
phosphate buffer and 4 pL of 12.4 mg/mL NADH dissolved in 50 mM phosphate buffer
were each added to a 96-well plate. 20 pL of supernatant from treated cells was then
added and the plate was incubated at 37 degrees for 30 min. The LDH concentration
was measured at 390 nm and the treated groups were compared to Triton X, which was
considered 100 % LDH release.

3.3.6. MDC staining

Monolayers of cells were cultured for 48 h in 2-well Coverglass Chamber slides
and treated as indicated. Slides were washed with culture medium without serum or
phenol red. Cytoplasmic vacuoles were stained with MDC according to the method
described elsewhere [539]. Briefly, cells were exposed to 50 uM of MDC for 10

minutes at 37 degrees and visualized using a BioRad Radiance 2000 Multiphoton
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microscope. At least 3 areas per well were analyzed. Two wells were analyzed per
treatment and per time point.
3.3.7. Western blots

MDA-MB-231 and MDA-MB-453 cells were seeded in DMEM:F-12 media
containing 2.5% charcoal-stripped FBS for 24 h and then treated with either the vehicle
(DMSO) or the indicated compounds. In experiments where indicated, cells were pre-
treated for 30 min with 10uM of the proteasome inhibitor MG132. Whole cell lysates
were obtained using high salt buffer [S0 mM HEPES, 500 mM NacCl, 1.5 mM MgCl,, 1
mM EGTA, 10% glycerol and 1% Triton X-100 pH 7.5 and 5 pL/mL of Protease
Inhibitor Cocktail]. Protein samples were incubated at 100°C for 2 minutes, separated
on 10-15% SDS-PAGE at 120 V for 3-4 h in 1 X running buffer [25 mM Tris-base, 192
mM glycine, and 0.1% SDS (pH 8.3)] and transferred to a polyvinylidene difluoride
(PVDF) membrane at 0.9 A for 90 minutes at 4°C in 1 X transfer buffer (48 mM Tris-
HCI, 39 mM glycine, and 0.025% SDS). The PVDF membrane was blocked in 5%
TBST-Blotto [10 mM Tris-HCI, 150 mM NaCl (pH 8.0), and 0.025% Triton X-100 and
5% non-fat dry milk] with gentle shaking for 30 min and incubated in fresh 5% TBST-
Blotto with 1:200-1:1000 primary antibody overnight at 4°C with gentle shaking. After
washing with TBST for 10 min, the PVDF membrane was incubated with secondary
antibody (1:5000) in 5%TBST-Blotto for 2 h. The membrane was washed with TBST
for 10 min and incubated with 10 mL of chemiluminescence substrate for 1.0 min and

exposed to Kodak X-OMAT AR autoradiography film. Band intensities were evaluated
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by scanning laser densitometry (Sharp Electronic Corporation, Mahwah, NJ) using Zero-
D Scanalytics software (Scanalytics Corporation, Billerica, MA).
3.3.8. GFP-LC3 localization

Monolayers of cells were cultured for 48 h in 2-well Coverglass Chamber slides
and treated as indicated. The GFP-LC3 plasmid was kindly provided by Dr. Tamotsu
Yoshimori (Osaka University, Osaka, Japan). MDA-MB-231 cells were transfected with
500-600 ng/well of GFP-LC3 plasmid using Lipofectamine transfection reagent
(Invitrogen, Carlsbad, CA) according to the manufacturer’s protocol. MDA-MB-453
cells were transfected with 600 ng/well of GFP-LC3 plasmid using Geneluice
transfection reagent (EMD Biosciences, Madison, WI) according to the manufacturer’s
protocol. Cells with GFP-LC3 expression were counterstained with Hoechst DNA dye
from Molecular Probes (Eugene, OR). Slides were examined by fluorescence
microscopy using a Zeiss Stallion Dual Detector Imaging System. A 3 dimensional
image of cells was captured in z Z-stack. Optical slices of cells were imaged containing
GFP fluorescence, the Hoechst-stained DNA and DIC image. The entire z-stack was
compiled and subjected to deconvolution. Cells were examined in more than five fields

per slide on multiple slides. Data represents the average of all the fields.
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3.3.9. Statistical analysis

Statistical differences between different groups were determined by ANOVA and
Fisher’s test for significance using SuperAnova software. The data are presented as
mean * standard error for at least 3 separate determinations for each treatment.

3.4. Results

PPARY-active C-DIMs activate caspase-dependent apoptosis in colon cancer
cells [468], however, previous studies reported that C-DIMs did not induce caspase-
dependent PARP cleavage in ER-negative MDA-MB-231 and MDA-MB-453 cells. To
verify that the cell death pathway induced by C-DIMs was independent of caspase
activation, MDA-MB-231 and MDA-MB-453 cells were co-treated with a pan-caspase
inhibitor, zZVAD-fmk. There was no statistically significant reversal of C-DIM-induced
cell death after with treatment with zVAD-fmk (Figure 3.1), suggesting that C-DIM
compounds did not induce caspase-dependent cell death in ER-negative breast cancer
cells.

MDA-MB-231 and MDA-MB-453 cells were treated with C-DIMs for 48 h, co-
stained with Annexin V-FITC conjugate which is a marker of apoptosis and propidium
iodide (PI) and analyzed by flow cytometry (Figure 3.2). PI is a DNA dye that is
impermeable to cells with intact membranes and is a marker of late apoptotic or necrotic
cells that have lost membrane integrity. Early apoptotic cells stain positive for Annexin
V whereas cells in the later stages of apoptosis stain positively for both Annexin V and
PI. The majority of cells treated with solvent control DMSO clustered in the quadrant

negative for both Annexin V and PI. After treatment with the apoptosis-inducing
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Figure 3.1: Influence of pan-caspase inhibitor zZVAD-fmk on growth inhibition induced by C-
DIMs. MDA-MB-231 [A] and MDA-MB-453 [B] cells were treated for 48 h with 10 uM DIM-C-
pPhCF;, DIM-C-pPhtBu or DIM-C-pPhC¢Hs and with or without 20 uM zVAD-fmk. Cells were
counted as described in Materials & Methods. Results of all proliferation studies are presented as
means + SE for at least three separate determinations for each treatment group. Significantly (p<0.05)
decreased growth (compared to DMSO) in cells treated with C-DIMs alone is indicated (*).
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Figure 3.2: FACS analysis of cells co-stained with Annexin V and PI. MDA-MB-231 [A]
and MDA-MB-453 [B] cells were treated for 48 h or 24 h with 10 uM MG132. Floating and
adherent cells were incubated with Annexin V and PI and analyzed by flow cytometry as
described in Materials & Methods. Results of all proliferation studies are presented as means +

SE for at least three separate determinations for each treatment group. Significance (p<0.05)
compared to DMSO is indicated (*).
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compound MG132, there was a slight increase in MDA-MB-231 cells staining positively
for Annexin V alone and a statistically significant increase in cells staining positive for
Annexin V and PI, suggesting that cells treated with MG132 were in the late stages of
apoptosis. In contrast, after treatment of MDA-MB-231 with C-DIMs, there was a
decrease in the number of cells staining positively for Annexin V alone and an increase
in cells staining positive for Annexin V and PI. There was also an increase in both
MDA-MB-231 and MDA-MB-453 cells staining for PI alone after treatment with DIM-
C-pPhCF3. There was a statistically significant increase in MDA-MB-453 cells staining
positively for Annexin V alone or both Annexin V and PI, signifying that these cells
were exhibiting the prototypical characteristics of early and late stages of apoptosis. In
contrast, MDA-MB-453 cells treated with C-DIMs exhibited an increase in cells staining
for Annexin V and PI (Figure 3.2B). The failure of C-DIMs to induce Annexin V alone
indicates that the ER-negative breast cancer cells do not undergo the early stages of
apoptosis. The increased number of cells staining positive for both Annexin V and PI
are indicative of C-DIM-induced loss of cell membrane integrity but do not allow us to
identify which specific cell death pathway is activated.

Only a few cells were stained with PI after treatment of MDA-MB-231 cells with
C-DIMs and no PI staining was observed in MDA-MB-453 cells treated with C-DIMs
(Figures 3.3A and 3.3B). These results contrast with previous results in MDA-MB-231
cells treated with 5,5’-dibromoDIM where positive PI staining was observed [425].
LDH release from cells was significantly elevated after treatment with the lytic agent,

Triton X in both cell lines however, among the three PPARY-active C-DIMs only
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Figure 3.3: Necrosis detection by PI staining and LDH release. MDA-MB-231 [A] and MCF-7
[B] cells were treated for 24 h with DMSO or 10 uM DIM-C-pPhCF;, DIM-C-pPhtBu or DIM-C-
pPhC¢Hs. Two fluorescent DNA dyes Hoechst and propidium iodide, were loaded into cells and
incubated on ice for 30 min and visualized using confocal microscopy as described in the Materials
and Methods. The same microscopic field of MDA-MB-231 [A] or MDA-MB-453 [B] cells stained
with Hoechst and propidium iodide are shown and are representative of other cell areas with the same
treatment. At least 3 areas were scanned for each well and two wells were analyzed per treatment
and per time point. LDH release after treatment with C-DIMs in MDA-MB-231 [C] and MDA-MB-
453 cells [D]. Cells were treated for 48 h or 1 h with 0.1% Triton X and the supernatants were
analyzed for LDH as described in the Materials and Methods. Triton X served as a positive for 100%
cell lysis and LDH release. Results are presented as the means + SE for at least three separate
determinations for each treatment group. Statistical significance of treatments compared to DMSO
(p<0.05) are represented by an asterisk.
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DIM-C-pPhCF; significantly increased levels of LDH release in MDA-MB-453 cells
and the C-DIMs did not induce LDH release in MDA-MB-231 cells. Thus only DIM-C-
pPhCF; significantlly induced necrosis in one of the two cell lines suggesting that
necrosis was not the predominant death pathway induced by PPARY-active C-DIMs in
ER-negative breast cancer cells.

Several drugs that are cytotoxic to cancer cell lines induce autophagic cell death
[532-537,540-544] and therefore the effects of C-DIMs on MDC localization, a positive
marker for autophagolysosomes, was investigated. The C-DIMs clearly induce MDC in
vacuoles in MDA-MB-231 cells whereas in cells treated with DMSO a smaller number
of vacuoles was observed indicating low basal levels of autophagy in these cells (Figure
3.4A). Thus, treatment with C-DIMs increased the number and/or size of vacuoles in
this cell line. MDC was also localized in vacuoles in MDA-MB-453 cells treated with
DIM-C-pPhtBu and DIM-C-pPhCg¢Hs (Figure 3.4B) and after treatment with DIM-C-
pPhtBu, large MDC-stained vacuoles were observed in both cell lines. These results
suggest that C-DIMs induced autophagy in MDA-MB-231 and MDA-MB-453 cells.

LC3 is critical for autophagosome formation and after induction of autophagy
LC3-I is lipidated to LC3-II which localizes to autophagosomal membranes and the ratio
of LC3-II to LC3-I protein expression is an indicator of autophagosome formation [166].
After treatment of MDA-MB-231 cells with C-DIMs the cleaved form of LC3 was
increased and this was particularly evident in MDA-MB-231 cells treated with DIM-C-
pPhtBu and DIM-C-pPhC¢Hs (Figure 3.5A). In MDA-MB-453 cells, the cleaved LC3-1I

protein accumulated only after treatment with DIM-C-pPhtBu and DIM-C-pPhCeHs
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A MDA-MB-231

DIM-C-pPhCF, DIM-C-pPhtBu DIM-C-pPhC¢H;
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Figure 3.4: Detection of lysosomal activity with monodansylcadaverine (MDC) staining.
MDA-MB-231 [A] and MDA-MB-453 cells [B] were treated with DMSO or 10 uM DIM-C-
pPhCF;, DIM-C-pPhtBu or DIM-C-pPhC¢Hs for 24 h. MDC was loaded into cells and
incubated at 37 degrees for 10 minutes and visualized using confocal microscopy as described in
the Materials and Methods. At least 5 areas were scanned for each well and images represented
are characteristic of treatment replicates.
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(Figure 3.5C). Densitometric analyses of LC3-II to LC3-I protein expression in MDA-
MB-231 (Figure 3.5A) and MDA-MB-453 (Figure 3.5C) cells revealed a statistically
significant increase in the LC3-II/LC3-I ratio and this is consistent with increased
autophagosome formation. Confocal microscopy images of a GFP-LC3 construct
transiently transfected into the two cell lines showed that in untreated or DMSO treated
cells there was a diffuse GFP staining pattern whereas after treatment with C-DIMs,
GFP-LC3 was primarily localized in vacuoles (Figures 3.5B and 3.5D). In MDA-MB-
231 cells there was an increase in the number of vacuoles positively stained for GFP-
LC3 after treatment with DIM-C-pPhtBu and DIM-C-pPhC¢Hs compared to DMSO
(Figure 3.5B). The effect of DIM-C-pPhCF; was less pronounced than with the other
two compounds in MDA-MB-231 cells and this was consistent with the higher necrotic
activity of this compound (Figure 3.2). In MDA-MB-453 cells, the size of the vacuoles
was substantially increased after treatment with DIM-C-pPhtBu whereas only the
number of vacuoles increased in cells after treatment with DIM-C-pPhC¢Hs (Figure
3.5D). These data suggest that C-DIM compounds activated the autophagic cell death
pathways in MDA-MB-231 and MDA-MB-453 cells.

Although the same autophagy-related genes (Atg5, Atgb, Atg7) play a role in
autophagy and autophagic cell death, both Atg5 and Atg6/Beclin 1 are upregulated in
autophagic cell death and remain low in autophagy [172]. The anti-apoptotic protein
Bcl-2 has an inhibitory action on Beclin 1 and the subsequent induction of autophagy
[521] and therefore the effects of C-DIMs on expression of these proteins were further

investigated. Treatment of MDA-MB-231 cells with C-DIMs increased Beclin 1 and
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Figure 3.5: LC3 cleavage and translocation after treatment with C-DIMs. MDA-MB-231 [A]
and MDA-MB-453 cells [B] were treated for 24 h with DMSO or 10 DIM-C-pPhCF;, DIM-C-
pPhtBu or DIM-C-pPhC¢Hs and whole cell lysates were analyzed as described in Materials &
Methods. Experiments were carried out in triplicate and results shown are typical of LC3 protein
levels for treatment replicates. Densitometric analyses of LC3-II (cleaved form) and LC3-I protein
expression in MDA-MB-231 [A] and MDA-MB-453 [B] cells was carried as described in the
Materials and Methods and results are expressed as means * SE for 3 replicate determinations for
each treatment group. *Significantly different from DMSO (p<0.05). Translocation of transiently
transfected GFP-LC3 plasmid. GFP-LC3 was transiently transfected into MDA-MB-231 [C] and
MDA-MB-453 [D] and cells were treated with DMSO or 10 uM C-DIMs as outlined in the
Materials and Methods. Confocal microscopy images of live cells were captured after treatment
with C-DIMs for 24 h and differential interference contrast (DIC) and DIC/GFP overlay images of
the same microscopic field are illustrated. At least 3 areas were scanned per well and the images
depicted are representative of treatment replicates.
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Figure 3.6: Modulation of autophagy-related gene Beclin 1 and Bcl-2 protein expression. MDA-
MB-231 [A] and MDA-MB-453 [B] cells were treated for 24 h with DMSO or C-DIMs and whole cell
lysates were isolated and analyzed by Western blot analysis according to procedures outlined in the
Materials and Methods. Densitometric analyses of Beclin 1 and Bcl-2 protein expression in MDA-MB-
231 [C] and MDA-MB-453 [D] cells was carried as described in the Materials and Methods and results
are expressed as means * SE for 3 replicate determinations for each treatment group. *Significantly
different from DMSO (p<0.05).
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decreased Bcl-2 protein levels (Figure 3.6A) and densitometric analyses of these
proteins showed that C-DIMs increased Beclin 1/Bcl-2 ratios compared to that observed
for DMSO (Figure 3.6C). Beclin 1 protein levels increased only after treatment with
DIM-C-pPhtBu and DIM-C-pPhC¢Hs and Bcl-2 protein was decreased in MDA-MB-453
cells treated with all 3 C-DIM compounds (Figure 3.6B). However, a statistically
significant increase in Beclin 1/Bcl-2 protein ratios was only observed in cells treated
with DIM-C-pPhtBu and DIM-C-pPhCeHs (Figure 3.6D). These results suggest that
PPARY-active C-DIMs induce cell death (Figure 3.1) in ER-negative breast cancer cells
through activation of the autophagic death pathway and this demonstrates the versatility
of this novel class of anticancer drugs which activate receptor-independent apoptotic and
autophagic cell death in different cancer cell lines.
3.5. Discussion

C-DIMs inhibit ER-negative MDA-MB-231 and MDA-MB-453 breast cancer
cell growth and tumor growth in athymic nude mice bearing MDA-MB-231 cells as
xenografts. C-DIMs represent a novel series of compounds that exert their growth
inhibitory and antitumorigenic effects in a cell context-dependent manner. C-DIMs
transactivate PPARY in a number of cancer cell types including ovarian, bladder, colon,
pancreatic and ER-negative and ER-positive breast cancer cells [455-458,460,511].
PPARY agonists inhibit cancer growth by molecular mechanisms that include G, cell
cycle arrest, induction of apoptosis and terminal differentiation [447,448,453,454].
PPARY-active C-DIMs and other PPARY agonists also activate PPARY-independent

growth inhibitory pathways including induction of NAG-1, ER stress and apoptosis
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[458,489,503,545-548]. C-DIMs induce NAG-1 which is proapoptotic in some cancer
cell lines, however, in MDA-MB-231 and MDA-MB-453 cells these compounds
induced NAG-1 but not apoptosis. In addition, induction of other receptor-dependent
and independent proapoptotic and differentiation pathways such as ER stress and
caveolin 1 was not observed in ER-negative breast cancer cells. The precise mechanism
of cell death induced by C-DIMs in ER-negative breast cancer cells treated with C-DIMs
still remains elusive.

EB1089 is a vitamin D analog that induced caspase-independent cell death in
ER-positive MCF-7 and ER-negative MDA-MB-231 and MDA-MB-453 breast cancer
cells and similar results were observed for C-DIMs which also induced caspase-
independent cell death since growth inhibition could not be reversed after co-treatment
with the pan-caspase inhibitor zVAD-fmk (Figure 3.1). We also confirmed that C-DIMs
did not induce Annexin V staining indicative of early apoptotic cells in ER-negative
breast cancer cells, whereas the proapoptotic agent MG132 did induce cells staining with
Annexin V alone (Figure 3.2). These results coupled with previous studies showing that
C-DIMs also did not induce caspase-dependent PARP cleavage in these cell lines
confirm that these compounds do not induce cell death through activation of apoptotic
pathways. Other chemotherapeutic agents also induce non-apoptotic cell death in breast
cancer cells. For example, the cytotoxic drug paclitaxel and related analogs induced cell
death in breast cancer cells, however, only a small percentage of cells were undergoing
apoptosis [534]. Thus, the current studies suggest that an alternative form of cell death

is induced by C-DIMs in ER-negative breast cancer cells and this contrasts with the
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induction of caspase-dependent apoptosis in ER-positive MCF-7 cells treated with C-
DIMs [456].

Necrosis is an alternative form of cell death and although initially considered an
uncontrolled form of cell demise, there is increasing evidence supporting the concept of
programmed necrosis [549]. For instance, DNA damaging agents induced programmed
cell death in Bax”Bak” cells but only in those cells actively proliferating and these
observations suggested an intrinsic cellular control point that decides cellular fate [550].
This form of cell death is particularly appealing for chemotherapeutic agents since many
tumor cells have dysfunctional apoptotic pathways and therefore apoptosis-inducing
agents are not always effective for treating cancer [549]. In MDA-MB-231 cells,
minimal staining of PI and a statistically significant release of LDH was observed only
after treatment with DIM-C-pPhCFs; however, no signs of necrosis were seen after
treatment of these cells with DIM-C-pPhtBu or DIM-C-pPhCgHs (Figures 3.3A and 3C).
The lack of LDH release and PI staining in MDA-MB-453 cells treated with C-DIMs
(Figures 3.3B and 3.3D) suggested that necrosis was not induced by all 3 compounds.
These results also indicate significant differences between C-DIMs and the structurally-
related ring-substituted DIMs where 5,5’-dibromoDIM induced necrotic cell death in
ER-negative breast cancer cells whereas DIM-C-pPhtBu and DIM-C-pPhC¢Hs did not
activate this cell death pathway in the same cell line [425].

Autophagic cell death is an alternative form of programmed cell death where
cells lack the hallmarks of apoptosis but there is an accumulation of autophagic vacuoles

in the cytoplasm [161]. Structurally diverse chemotherapeutic agents have been reported
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to induce autophagic cell death in various cancer cell lines [532-537]. For example, the
PPARY agonist PGJ2 induced autophagic cell death in prostate cancer cells [535] and the
cruciferous phytochemical sulforaphane induced autophagic cell death in prostate cancer
cells [532]. Therefore we also examined the effects of C-DIMs on activation of
autophagy in MDA-MB-231 and MDA-MB-453 breast cancer cells. There are several
biochemical methods for detecting autophagic activity including acidic dyes that label
vacuoles which exhibit lysosomal activity [539]. Autophagic cell death in prostate
cancer cells treated with sulforaphane exhibited lysosomotropic staining of cytoplasmic
vacuoles with acridine orange [532]. Other chemotherapeutic candidate drugs induce
signs of autophagy in breast cancer cells [533,534,543,551]. Prenylated flavones
inhibited cell growth and induced autophagy in both ER-positive MCF-7 and ER-
negative MDA-MB-231 breast cancer cells and this response was typified by the
formation of cytoplasmic vacuoles that stained with the autophagic marker MDC [551].
The vitamin D analog EB1089 also inhibited cell growth in MCF-7 breast cancer cells
and increased uptake of MDC into cytoplasmic vacuoles [543]. These observations were
similar to effects of C-DIMs on ER-negative breast cancer cells which also exhibited
increased uptake of MDC into vacuoles (Figure 3.4) suggesting that these compounds
induce autophagy. Therapeutic agents such as EB1089 and prenylated flavones typically
induce punctate lysosomotropic staining whereas treatment with DIM-C-pPhtBu in
particular induced formation of very large MDC-stained vacuoles (Figure 3.4). These
differences in staining may be due in part to differences in the size of autophagosomes in

the size of autophagosomes in various cancer cell lines [552].
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LC3, a critical protein involved in the early stage of autophagosome formation,
becomes lipidated upon induction of autophagy [522]. Induction of LC3-II protein
expression, an increase in the ratio of LC3-II/LC3-I expression and translocation of LC3
to autophagosomal membranes are diagnostic molecular markers indicative of autophagy
[166]. For example, breast cancer cells treated with camptothecin and paclitaxel analogs
both increased the ratio of LC3-II/LC3-I protein expression [534,553]. Treatment of
MDA-MB-231 and MDA-MB-453 cells with C-DIMs also induced a statistically
significant increase in the LC3-II/LC3-I protein expression ratio (Figures 3.5A and 3.5B),
which is consistent with the induction of autophagy by these compounds. With the
exception of DIM-C-p-PhCF; in MDA-MB-453 cells, treatment with C-DIMs also
induced translocation of GFP-LC3 from the cytoplasm to autophagosomal membranes
(Figures 3.5C and 3.5D). Chemotherapeutic agents EB1089 or radiation that induce
autophagic cell death typically induce GFP-LC3 staining patterns in breast cancer cells
similar to those observed in this study with C-DIMs [536,543].

An important difference between autophagy as a survival mechanism versus
autophagic cell death involves the Atg5 and Atg6/Beclin 1 genes, which are upregulated
in autophagic cell death and remain low in autophagy [172]. The anti-apoptotic protein
Bcl-2 is also critically involved as a negative regulator of the induction of autophagy by
Beclin 1 [521]. Ceramide [554], camptothecin [555] and EB1089 [543] induce
autophagic cell death in breast cancer cells and all of these agents increase Beclin 1
protein expression. These observations are similar to the significant increase of Beclin 1

protein levels and Beclin 1/Bcl-2 ratios in MDA-MB-231 and MDA-MB-453 cells after
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treatment with C-DIMs (Figure 3.6) and suggest that these ER-negative breast cancer
cells are undergoing autophagic cell death in response to C-DIMs.

In summary, results of this study demonstrate the C-DIM compounds clearly
decrease ER-negative breast cancer cell survival and like some other cancer
chemotherapeutic drugs induce autophagic cell death. These results are in contrast to the
mechanisms of action of C-DIMs in colon, pancreatic, ovarian, prostate and bladder
cancer cell lines where these same compounds induce both PPARY-dependent and
independent growth inhibitory and proapoptotic responses [456-458,460,468,489,511].
The mechanisms associated with the cell context-dependent differences in the anticancer
activities of C-DIMs and their mechanisms of induction of autophagic cell death in ER-
negative breast cancer cells are currently being further investigated. The unusual
activity of C-DIMs is also being exploited for the clinical treatment of ER-
negative/highly invasive breast tumors that normally only respond to highly cytotoxic

drugs which induce serious toxic side effects.
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CHAPTER IV

INHIBITION OF BREAST CANCER CELL GROWTH AND INDUCTION OF
CELL DEATH BY 1,1-BIS(3'-INDOLYL)METHANE (DIM) AND 5,5'-
DIBROMODIM*

4.1. Synopsis

1,1-Bis(3'-indolyl)methane (DIM) and the 5,5'-dibromo ring substituted DIM
(5,5'-diBrDIM) inhibited growth of MCF-7 and MDA-MB-231 breast cancer cells, and
ICs values were 10 - 20 and 1 - 5 uM, respectively, in both cell lines. DIM and 5,5'-
diBrDIM did not induce p21 or p27 protein levels or alter expression of Spl or Sp3
proteins in either cell line. In contrast, 10 uM 5,5'-diBrDIM downregulated cyclin D1
protein in MCF-7 and MDA-MB-231 cells 12 and 24 hr after treatment. DIM (20 uM)
also decreased cyclin D1 in MCF-7 (24 hr) and MDA-MB-231 (12 hr), and the
DIM/5,5'-diBrDIM-induced degradation of cyclin D1 was blocked by the proteasome
inhibitor MG132. Both DIM and 5,5'-diBrDIM induced apoptosis in MCF-7 cells and
this was accompanied by decreased Bcl-2, release of mitochondrial cytochrome c, and
decreased mitochondrial membrane potential as determined by the red/green
fluorescence of JC-1. DIM and 5,5'-diBrDIM induced extensive necrosis in MDA-MB-
231 cells; however, this was accompanied by decreased mitochondrial membrane

potential primarily in cells treated with 5,5'-diBrDIM but not DIM. Thus, DIM and 5,5'-

*Reprinted with permission from Cancer Letters. Vanderlaag K, Samudio I,
Burghardt R, Barhoumi S, Safe S. Inhibition of breast cancer cell growth and
induction of cell death by 1,1-bis(3'-indolyl)methane (DIM) and 5,5'-dibromoDIM,
2006, 236(2): 198-212.
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diBrDIM induce cell death in MCF-7 and MDA-MB-231 cells by overlapping and
different pathways, and the ring-substituted DIM represents a novel class of uncharged
mitochondrial poisons that inhibit breast cancer cell and tumor growth.
4.2. Introduction

Epidemiology studies indicate that increased consumption of cruciferous
vegetables is associated with decreased rates of multiple cancers [126] [123-125,127].
Phytochemicals identified in these vegetables exhibit anticarcinogenic activity in
laboratory animal and cell culture studies, and one of these compounds is indole-3-
carbinol (I3C) which occurs as a glycoside conjugate, glucobrassican [reviewed in
[417,556,557]]. I3C conjugates are hydrolyzed in the acid environment of the gut and
form several condensation and rearrangement products including 1,1-bis(3'-
indolyl)methane (DIM) [128,129]. Several studies show that cruciferous vegetables (or
their extracts), I3C and DIM exhibit antitumorigenic activity in in vivo rodent models
and inhibit growth of cancer cells lines in vitro [130-135,416,426,558-565]. For
example, I3C inhibited growth and/or formation of 7,12-dimethylbenz[a]anthracene
(DMBA)-induced and spontaneous age-dependent mammary tumors and decreased the
incidence of spontaneous endometrial tumors in rodent models [130,133,561,562].
Studies in this laboratory have investigated the chemotherapeutic effects of DIM and
ring-substituted DIMs on mammary tumor growth in DMBA-induced female Sprague-
Dawley rats. At doses of 5 mg/kg/every second day, DIM inhibited tumor growth, and
several ring-substituted DIMs, including the 5,5'-dibromo analog (5,5'-diBrDIM), were

antitumorigenic at doses < 1 mg/kg/every second day [131,434,435].
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The in vivo antiestrogenic effects of DIM and ring-substituted DIMs were also
observed in estrogen receptor (ER)-positive MCF-7 and T47D breast cancer cells. The
DIM compounds bind the aryl hydrocarbon receptor (AhR) in the UM range
[131,434,435], and the results suggest that the observed antiestrogenic responses may be
due, in part, to inhibitory AhR-ER crosstalk. However, there is also evidence that DIM
inhibits growth of ER-negative breast cancer cells and other ER-independent cancer cell
lines. These responses are accompanied by cell context-dependent induction of
apoptosis, p2l expression, and/or inhibition of G¢/G; — S phase progression
[132,134,416,417,426,563,565]. Many of these studies used a relatively high
concentration (50 uM) of DIM, and the data suggest that DIM acts primarily through
AhR-independent pathways. The major objectives of this study were (a) to investigate
growth inhibition and apoptosis induced by DIM and 5,5'-diBrDIM in Ah-responsive
(MCF-7) and non-responsive (MDA-MB-231) breast cancer cell lines, (b) to determine
the effect of lower doses (< 20 uM) of these compounds on critical cell cycle genes and
apoptosis, and (c) to determine potential differences in the effects of DIM and 5,5'-
diBrDIM in MCF-7 and MDA-MB-231 cells. The results of this study show that 1 - 20
UM DIM and 5,5'-diBrDIM significantly inhibited growth of both MCF-7 and MDA-
MB-231 cells; this was accompanied by minimal effects on expression of p21 or p27
proteins but both compounds induced proteasome-dependent degradation of cyclin DI.
DIM and 5,5'-diBrDIM also induced the release of cytochrome ¢ and decreased Bcl-2
protein in MCF-7 and MDA-MB-231 cells; however, induction of PARP cleavage by

these compounds was observed only in MCF-7 cells. The major difference between
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DIM and 5,5'-diBrDIM in both cell lines was the rapid and persistent decrease in
mitochondrial membrane potential (MMP) by 5,5'-diBrDIM, suggesting that the ring-
substituted DIMs may be a new class of mitochondrial poisons for treatment of breast
cancer.
4.3. Materials and Methods
4.3.1. Cells, chemicals and other materials

MGI32 and JC-1 (5,5,6,6"-tetrachloro-1,1',3,3'-tetracthylbenzimidazolyl-
carbocyanine iodide) and B-actin antibody (A1978) were obtained from Sigma Chemical
Co. (St. Louis, MO). The human breast cancer cell lines MDA-MB-231 and MCF-7
were obtained from American Type Culture Collection (ATCC, Manassas, VA). MDA-
MB-231 cells were maintained in DME:F-12 supplemented with 0.22% sodium
bicarbonate, 10% fetal bovine serum (FBS), and 2 ml/L antibiotic solution (Sigma
Chemical Co., St. Louis, MO). MCF-7 cells were maintained in DME:F-12
supplemented with 0.22% sodium bicarbonate, 5% fetal bovine serum (FBS), and 2 ml/L
antibiotic solution (Sigma Chemical Co., St. Louis, MO). Cells were grown in 150 cm?
culture plates in an air/CO; (95:5) atmosphere at 37°C and passaged every 5 days. The
following antibodies were purchased from Santa Cruz Biotechnology (Santa Cruz, CA):
p21 (C-19), p27 (C-19), cyclin D1 (M-20), Sp1 (PEP-2), Sp3 (D-20), Ah receptor (N-19),
Bcl-2 (C-2), PARP (F-2), and cytochrome ¢ (A-8). Horseradish peroxidase substrate for

Western blot analysis was purchased from NEN Life Science Products (Boston, MA).
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4.3.2. Cell proliferation assays

Cells were plated at a density of 5 x 10%/well in 12-well plates, and culture media
was replaced the next day with DME:F-12 media containing 2.5% charcoal-stripped
FBS and either vehicle (DMSO) or the indicated ligand and concentration. Fresh media
and compounds were added every 48 hr. Cells were counted at the indicated times using
a Coulter Z1 cell counter. Each experiment was completed in triplicate and results are
expressed as means t SE for each determination.

4.3.3. Western blots

MDA-MB-231 and MCF-7 cells were seeded in DME:F-12 media containing
2.5% charcoal-stripped FBS for 24 hr and then treated with either the vehicle (DMSO)
or the indicated compounds. In experiments where indicated, cells were pre-treated for
30 min with 10 uM of the proteasome inhibitor MG132. Whole cell lysates were
obtained using high salt buffer [SO mM HEPES, 500 mM NaCl, 1.5 mM MgCl,, 1 mM

EGTA, 10% glycerol and 1% Triton X-100 pH 7.5 and 5 uL/mL of Protease Inhibitor

Cocktail]. Protein samples were incubated at 100°C for 2 minutes, separated on 10%
SDS-PAGE at 120 V for 3-4 hr in 1 X running buffer [25 mM Tris-base, 192 mM
glycine, and 0.1% SDS (pH 8.3)] and transferred to a polyvinylidene difluoride (PVDF)
membrane at 0.1 V for 16 hr at 4°C in 1 X transfer buffer (48 mM Tris-HCI, 39 mM
glycine, and 0.025% SDS). The PVDF membrane was blocked in 5% TBST-Blotto [10
mM Tris-HCI, 150 mM NaCl (pH 8.0), and 0.05% Triton X-100 and 5% non-fat dry
milk] with gentle shaking for 30 min and incubated in fresh 5% TBST-Blotto with

1:1000 primary antibody for 5-6 hr with gentle shaking. After washing with TBST for
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10 min, the PVDF membrane was incubated with secondary antibody (1:5000) in
5%TBST-Blotto for 2 hr. The membrane was washed with TBST for 10 min and
incubated with 10 mL of chemiluminescence substrate for 1.0 min and exposed to
Kodak X-OMAT AR autoradiography film. Band intensities were evaluated by
scanning laser densitometry (Sharp Electronic Corporation, Mahwah, NJ) using Zero-D
Scanalytics software (Scanalytics Corporation, Billerica, MA). Quantitation of band
intensities in DMSO and treatment groups was normalized to the loading control protein,
B-actin. The fold-induction was determined by comparing band intensities in the treated
vs. DMSO control groups.
4.3.4. Mitochondrial membrane potential

Monolayers of cells were cultured for 48 hr in 2-well Coverglass Chamber slides.
Cells were treated with DMSO (vehicle control), 10 uM 5,5-diBrDIM, or 20 uM DIM
for different time intervals (6, 12 or 24 hr). Slides were then washed with culture
medium without serum or phenol red, and labeled with JC-1 [566-568] at a final
concentration of 5 ug/mL for 10 min at 37°C. Following washing, cells were analyzed
using a Meridian Ultima confocal microscope (Meridian Instruments, Okemos,MI).
Excitation of JC-1 was done using a 488 nm wavelength and emission was collected
using a dichroic 560nm SP in combination with 2 filters 530 nm/30 BP and 585 nm/42
BP. At least 8 areas per well were scanned. Two wells were analyzed per treatment and

time point. Two experiments were conducted on different days.
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4.3.5. Apoptosis assay

Vybrant Apoptosis Assay Kit #7 was used from Molecular Probes (Eugene, OR)
according to the manufacturer’s directions. Briefly, monolayers of cells were cultured
for 48 hr in 2-well Coverglass Chamber slides. Slides were washed with culture medium
without serum or phenol red, and labeled with Hoechst 33343, YO-PRO-1 and
propidium iodide at a final concentration of 5 pg/mL, 100 nM and 1.0 pg/mL,
respectively. The slides were incubated for 30 min on ice and visualized using a
Meridian InSIGHT Point Confocal Microscope. At least 3 areas per well were analyzed.
Two wells were analyzed per treatment and per time point. Short-term 50% EtOH
treatment was initially utilized to ensure all 3 dyes could be visualized under conditions
of necrosis. Hoechst 33343 is a vital blue fluorescing DNA stain that is membrane
permeable and brightly stains the condensed chromatin of apoptotic cells, whereas nuclei
of live cells exhibits lower fluorescence. The red propidium iodide is another DNA
staining dye that only stains nuclei of cells with compromised plasma membrane and
thus does not stain normal or apoptotic cells. The green fluorescent YO-PRO-1 dye can
enter apoptotic cells in contrast to the propidium iodide and therefore apoptotic cells
show green fluorescence only while dead cells show primarily red propidium iodide
fluorescence and some green fluorescence.

4.3.6. Statistical analysis

Treatment-induced effects on the mitochondrial membrane potential as well as

relative Western blot band intensities were statistically analyzed by ANOVA and

Fisher's test for significance using SuperAnova software. The densitometric mean band
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intensities of treatment groups are presented as the mean fold-induction normalized to
the vehicle control (DMSO) + SE for at least 3 separate determinations for each
treatment. The MMP data are presented as the normalized ration (to vehicle control) of
Jaggr/JC-1 £ SE for a minimum of 8§ separate determinations for each treatment.
4.4. Results

MCEF-7 and MDA-MB-231 breast cancer cells express the Ah [569]; although,
MDA-MB-231 cells are Ah-nonresponsive and this may be due, in part, to
overexpression of heat shock protein 90 which blocks ligand-dependent activation of the
Ah [570]. One of the objectives of this study is to determine the role of the Ah receptor
in mediating the growth inhibitory effects of DIM and 5,5'-diBrDIM in Ah-responsive
MCF-7 and Ah-nonresponsive MDA-MB-231 cells. Preliminary cell proliferation
studies in MCF-7 and MDA-MB-231 cells using bromo-, methyl- and chloro-
substituents at 4,5,6,7 positions indicated that 5,5'-diBrDIM was the most active ring-
substituted DIM, and this study investigated the growth inhibition and apoptosis induced
by DIM and 5,5'-diBrDIM. The ICs values for growth inhibition by 5,5'-diBrDIM were
< 5 uM in both cell lines, whereas the corresponding ICsy's for DIM were 10 - 20 uM
(Figure 4.1). These in vitro differences between DIM and 5,5'-diBrDIM in breast cancer
cell growth inhibition were comparable to their corresponding anticarcinogenic effects in
DMBA-induced rat mammary tumor growth [19, 27, 28]. Based on the growth

inhibitory effects of these compounds in both Ah responsive (MCEF-7)
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Figure 4.1: Inhibition of breast cancer cell growth by DIM and 5.5'-diBrDIM. MCF-7 [A] and

MDA-MB-231 [B] cells. Cells were cultured for six days and treated every second day with DMSO
(solvent control) or different concentrations of DIM or 5,5'-diBrDIM and the number of cells was
determined as described in the Materials and Methods. Results are expressed as means + SE for at least
3 separate determinations for each treatment group, significant (p < 0.05) growth inhibition was
observed for = 5 (MCF-7 cells) or =2 10 uM (MDA-MB-231 cells) for DIM or < 5 uM 5,5'-diBrDIM in

both cell lines.




173

and non-responsive (MDA-MB-231) cells, it is evident that the antimitogenic activities
of DIM and 5,5'-diBrDIM do not require a functional AhR.

Several studies report that I3C and DIM inhibit Go/G; — S phase progression
through modulation of key cell cycle regulatory proteins [134,416,417,563]. Results
illustrated in Figures 4.2 and 4.3 summarize the effects of 1 - 10 uM 5,5'-diBrDIM and 5
- 20 uM DIM on p21, p27 and cyclin D1 levels in MDA-MB-231 and MCF-7 cells,
respectively. Both MDA-MB-231 and MCF-7 cells express the Ah receptor, and levels
were similar in DMSO (Figure 4.2B) and various treatment groups. The Ah receptor
band staining was more intense using extracts from MDA-MB-231 cells. In MDA-MB-
231 cells (Figure 4.2A), both compounds did not induce concentration-dependent
changes on either p21 or p27 levels after treatment for 12 or 24 hr, whereas cyclin D1
protein levels were decreased by 5,5'-diBrDIM and DIM after treatment for 24 hr. A
similar approach was used for MCF-7 cells (Figure 4.3); 10 uM 5,5'-diBrDIM decreased
cyclin D1 levels (12 and 24 hr), and similar results were observed for 20 uM DIM after
treatment for 24 hr. p27 levels were unaffected by 5,5'-diBrDIM or DIM, and p21
protein was increased by DIM (10 and 20 uM) and decreased by 5,5'-diBrDIM (5 and 10
UM) only at the 12 and 24 hr time points, respectively. In addition, other cell cycle
proteins (cdk2, cdk4, cdk6) are unaffected by the treatments (data not shown).

Hong and coworkers [134] previously reported that 50 uM DIM induced p21
mRNA and protein levels for up to 72 hr in MCF-7 and MDA-MB-231 cells, and this
was associated with enhanced Spl and Sp3 interactions with GC-rich motifs in the p21

promoter. Treatment of MCF-7 and MDA-MB-231 cells with 1 - 10 uM 5,5'-diBrDIM
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Figure 4.2: Effects of DIM and 5.5'-diBrDIM on cell cycle genes in MDA-MB-231 cells. [A]
Western blot analysis. The effects of DMSO (D) (solvent control), DIM and 5,5'-diBrDIM on cyclin
D1, p27 and p21 protein levels were determined by Western blot analysis of whole cell lysates from the
different treatment groups as described in the Materials and Methods. Quantitation of cyclin D1 [B]
and p27/p21 [C] protein levels. Based on results obtained for three separate experiments for each
treatment, the levels of cyclin D1, p21 and p27 relative to DMSO (D) treatment were quantitated and
results are expressed as means + SE. Significant (p < 0.05) inhibition of cyclin D1 protein levels is
indicated by an asterisk. The loading control was [B-actin.
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Figure 4.3: Effects of DIM and 5.5'-diBrDIM on cyclin D1, p21 and p27 protein expression in
MCEF-7 cells. [A] Western blot analysis. MCF-7 cells were treated with DMSO (D) or different
concentrations of DIM or 5,5'-diBrDIM for 12 or 24 hr, and whole cell lysates were analyzed by
Western blot analysis as described in the Materials and Methods. Quantitation of cyclin D1 [B] and
p27/p21 [C] protein levels. Levels of cyclin D1, p21 and p27 proteins in treatment groups were
determined in 3 separate experiments as described in [A] and mean values * SE relative to DMSO
(D) are presented. Significant (p < 0.05) changes in levels relative to DMSO are indicated by an

asterisk. The loading control was B-actin.
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or 5 - 20 uM DIM (Figure 4.4) caused minimal changes in Spl or Sp3 levels in either
cell line. Cellular responses to 50 uM DIM and higher concentrations of 5,5'-diBrDIM
(= 20 uM) were not feasible in this study due to high cytotoxicity observed in the breast
cancer cell lines within 24 hr after treatment (data not shown). Nevertheless, these data
show that the growth-inhibitory activity of DIM or 5,5-diBrDIM at the doses and
conditions used in this study was not related to modulation of Sp1/Sp3 ratios.

Carter and coworkers [571] have reported in a microarray experiment that DIM
downregulates cyclin D1 gene expression in human keratinocytes and, in MCF-7 cells, a
structurally-related series of methylene-substituted DIM compounds induce proteasome-
dependent degradation of cyclin D1 [459]. Therefore, the effects of DIM and 5,5'-
diBrDIM on activation of proteasome-dependent degradation of cyclin DI was
investigated in MCF-7 and MDA-MB-231 cells. The proteasome inhibitor MG132
significantly inhibited downregulation of cyclin D1 protein in MCF-7 cells treated with
10 uM 5,5'-diBrDIM (12 and 24 hr) or 20 uM DIM (24 hr) (Figure 4.5A). Cyclin D1
downregulation was also reversed by MG-132 in MDA-MB-231 cells treated with 10
uM 5,5'-diBrDIM (12 and 24 hr) or 20 uM DIM (12 hr). These results suggest that DIM
and 5,5'-diBrDIM (ring-substituted DIM) induce proteasome-dependent downregulation
of cyclin D1 in MCF-7 and MDA-MB-231 cells as previously reported for methylene-
substituted DIMs in the former cell line [459].

Previous studies with I3C and/or DIM indicate that these compounds activate
multiple pathways in breast and other cancer cell lines, and these include induction of

apoptosis, modulation of Bcl-2/Bax levels, and alteration of MMP by I3C and/or DIM in
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Figure 4.4: Sp1 and Sp3 protein levels in MCF-7 and MDA-MB-231 cells treated with DIM or
5,5'-diBrDIM. [A] MCF-7 cells and [B] MDA-MB-231 cells. The treatment protocols were
identical to those described in Figures 2 and 3, and Sp1/Sp3 protein levels were determined by
Western blot analysis and quantitated [relative to DMSO (D) treatment]. Results illustrated in the
Figure are derived from the same whole cell lysates used for Western blot analytical data illustrated
in Figures 2 and 3. Results of triplicate analysis (means + SD) for Spl and Sp3 levels in both cell
lines showed that Sp1 (5 uM DIM) and Sp3 (5 uM DIM) levels were increased (< 50%) in MCF-7
but not MDA-MB-231 cells (data not shown). The loading control was B-actin.
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Figure 4.5: Effects of MG-132 on DIM-/5,5'-diBrDIM-induced downregulation of cyclin D1
protein in MCF-7 [A] and MDA-MB-231 [B] cells. Cells were treated with DMSO (D), 10 uM
5,5'-diBrDIM, 20 uM DIM, 10 uM MG-132, or their combinations (as indicated) for 12 or 24 hr, and
whole cell lysates were examined by Western blot analysis as described in the Materials and
Methods. Each treatment group was replicated (3X), and results are expressed as means * SE relative
to DMSO (control). Significantly (p < 0.05) decreased cyclin D1 (¥) or inhibition of this decrease by
MG-132 (**) are indicated. The loading control was (3-actin.
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MCEF-7 and tumorigenic MCF10Cala cells [132,426,563,565,572]. We therefore further
investigated the effects of 5,5'-diBrDIM and DIM on parameters associated with
mitochondrial damage and cell death pathways. MDA-MB-231 cells were treated for 48
and 96 hr with 5 or 10 uM 5,5'-diBrDIM, 5, 10 or 20 uM DIM, and cell lysates were
analyzed for PARP cleavage, Bcl-2 and cytochrome c protein levels (Figure 4.6A).
PARP cleavage was not observed in any of the treatment groups; however, after 96 hr
both DIM and 5,5'-diBrDIM caused a decrease in Bcl-2 and an increase in cytochrome ¢
levels. After treatment of MDA-MBA-231 cells with 10 uM 5,5'-diBrDIM for 96 hr,
there was extensive cell death and minimal protein was available for analysis (Figure
4.6A). As a control for this experiment, both cycloheximide (CHX) and the proteasome
inhibitor MG-132 induced PARP cleavage in MDA-MB-231 cells (Figure 4.6B). A
similar protocol was used for MCF-7 cells treated with DIM and 5,5'-diBrDIM for 48
and 72 hr (Figure 4.6C). 5,5'-diBrDIM (10 uM) induced PARP cleavage and increased
cytochrome c levels after 48 hr and these responses as well as decreased Bcl-2 protein
were observed after 72 hr. Comparable effects (but less pronounced) were also observed
for DIM. The same mitochondrial responses were also investigated in MCF-7 and
MDA-MB-231 cells treated for only 24 hr with higher concentrations of DIM (40 uM)
and 5,5'-diBrDIM (20 uM) which were cytotoxic after > 30 hr treatment (Figure 4.6D).
The results demonstrated that PARP cleavage, decreased Bcl-2 and increased
cytochrome c protein levels could be observed within 24 hr in MCF-7 cells, whereas

only Bcl-2 was affected in MDA-MB-231 cells at this time point. Despite the temporal
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differences in the various indicators of cell death pathways in MCF-7 and MDA-MB-
231 cells, nuclear staining of these cells

treated with DIM or 5,5'-diBrDIM showed specific treatment-related effects (Figure 4.7).
MDA-MB-231 and MCF-7 cells were treated for 24 hr with 5 - 10 uM 5,5'-diBrDIM and
20 uM DIM, and normal, necrotic and apoptotic cells were distinguished by confocal
microscopy using a fluorescent triple-dye assay. In MCE-7 cells (Figure 4.7A),
treatment with 5,5'-diBrDIM (5 uM) and DIM (20 uM) for 24 hr increased the number
of apoptotic cells, which were represented by an increase in the number of cells
exhibiting both blue (Hoechst dye) and green (YO-PRO-1) fluorescence. Minimal
necrosis (propidium iodide staining) was observed. Cells treated with 10 uM 5,5'-
diBrDIM were primarily detached from this dish and could not be further evaluated. In
contrast, the predominant cell death pathway in MDA-MB-231 cells treated with 5 - 10
UM 5.5'-diBrDIM was necrosis (Figure 4.7B) as evidenced by the intense propidium
iodide nuclear staining. DIM (20 uM) induced blue and green staining with Hoechst and
YO-PRO-1 dyes but no propidium iodide staining which indicated induction of
apoptosis in MDA-MB-231 cells. Ethanol was used as a reference toxicant which
induced blue, green and red staining with all three dyes.

We also examined decreased MMP in MCF-7 and MDA-MB-231 cells after
treatment with DIM or 5,5'-diBrDIM using JC-1 which forms aggregates on the inner
mitochondrial membrane of cells with higher MMP [566-568]. 5,5'-DiBrDIM induced a
time-dependent decrease in MMP in MCF-7 cells; however, DIM induced an initial

increase (6 and 12 hr) and only a slight decrease in MMP after 24 hr (Figures 4.8A and
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Figure 4.6: Effects of DIM and 5,5'-diBrDIM on MDA-MB-231 and MCF-7 cell mitochondrial
proteins. [A] Mitochondrial proteins in MDA-MB-231 cells after treatment for 48 hr or 96 hr. Cells
were treated with different concentrations of DIM or 5,5'-diBrDIM for 48 or 96 hr, and whole cell
lysates or cytosolic fractions (for cytochrome ¢ analysis) were isolated and examined by Western blot
analysis as described in the Materials and Methods. Ten uM 5,5'-diBrDIM was cytotoxic to MDA-
MB-231 cells after treatment for 96 hr, and decreased band intensities were due to the low yield of
cells. [B] Treatment with cycloheximide (CHX) and MG-132. As a positive control for PARP
cleavage, MDA-MB-231 cells were treated with 10 uM cycloheximide or MG-132, respectively, for
20 hr, and whole cell lysates were examined by Western blot analysis as described in the Materials
and Methods. [C] Mitochondrial proteins in MCF-7 cells after treatment for 48 or 72 hr. Whole cell
lysates or cytosolic fractions (for cytochrome c release) were isolated from the different treatment
groups were examined by Western blot analysis as described in [A]. [D] Treatment of cells for 24
hr. MCF-7 and MDA-MB-231 cell mitochondrial proteins were determined after treatment with up
to 40 and 20 uM DIM and 5,5'-diBrDIM, respectively, for 24 hr. Whole cell lysates or cytosolic
fractions (for cytochrome c analysis) were examined by Western blot analysis as described in the
Materials and Methods.
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Figure 4.7: Characterization of 5.5'-diBrDIM and DIM-induced cell death in MCF-7 [A] and
MDA-MB-231 [B] cells. MCF-7 and MDA-MB-231 cells were treated for 24 hr with DMSO, 5
or 10 uM 5,5’-diBrDIM, or 20 uM DIM. Three fluorescent DNA dyes Hoechst, YO-PRO-1 and
propidium iodide, were loaded into cells and incubated on ice for 30 min and visualized using
confocal microscopy as described in the Materials and Methods. Necrotic cells are identified by
propidium iodide staining, whereas apoptotic cells exhibit green YO-PRO-1 and bright blue
Hoechst fluorescence. The same microscopic field of MCF-7 [A] or MDA-MB-231 [B] cells
stained with Hoechst, YO-PRO-1 and propidium iodide are shown and are representative of other
cell areas with the same treatment. At least 3 areas were scanned for each well and two wells were
analyzed per treatment and per time point. Five uM 5,5'-diBrDIM- and 20 uM DIM-treated MCF-
7 cells exhibited minimal necrosis. The majority of cells treated with 10 uM 5,5'-diBrDIM
detached from the dish and it was not possible to identify the cell death pathway using this assay.
In MDA-MB-231 cells, 50% EtOH treatment was initially utilized as a positive control for necrotic
cells and visualization of all three fluorescent dyes. MDA-MB-231 cells treated with 5 and 10 uM
5,5'-diBrDIM exhibited numerous propidium iodide stained cells, whereas cells treated with 20 uM
DIM primarily showed YO-PRO-1 staining.
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4.8B). 5,5'-DiBrDIM induced a highly significant decrease in the MMP in MDA-MB-
231 cells 6, 12 and 24 hr after treatment, whereas DIM had only minimal effects on the
MMP in MDA-MB-231 cells (Figures 4.8C and 4.8D). These results suggest that,
although both DIM and 5,5'-diBrDIM induce downregulation of cyclin DI protein,
growth inhibition and necrosis in MDA-MB-231 cells, their effects on MMP are not the
same, suggesting some differences in their mechanisms of action in which direct
mitochondrial targeting is the predominant pathway for the ring-substituted 5,5'-
diBrDIM.
4.5. Discussion

I3C and DIM exhibit anticarcinogenic activities in cancer cells and in in vivo
models, and contribute to the chemoprotective effects associated with consumption of
cruciferous vegetables [123-127,130-135,416,426,434,435,558-565]. DIM exhibits
multiple activities and interacts directly with the trout ER, human androgen receptor and
Ah [134,434,435]. Ligands that activate the Ah inhibit growth of breast, prostate,
endometrial and pancreatic cancer cells [131,573-576], and both DIM and 5,5'-diBrDIM
inhibited DMBA-induced rat mammary tumor growth at doses < 5 or < 1 mg/kg every
second day, respectively [131,435]. Hong and coworkers [134] reported that DIM
inhibited growth of Ah-responsive and non-responsive MCF-7 and MDA-MB-231 breast
cancer cells and similar growth inhibitory responses were also observed for DIM and
ring-substituted DIMs (Figure 4.1). MCF-7 cells were responsive to growth inhibition
by these compounds and this may be due, in part, to activation of the AhR. However,

the results observed in MDA-MB-231 cells treated with DIM and ring-substituted DIMs
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Figure 4.8: Time-dependent mitochondrial membrane depolarization after treatment of
MCE-7 [A, B] or MDA-MB-231 [C, D] cells with 5,5’-diBrDIM and DIM. MCF-7 and MDA-
MB-231 cells were treated for 6, 12 or 24 hr with DMSO, 10 pM 5,5’-diBrDIM and 20 uM DIM,
and cells were loaded with the potential-sensitive JC-1 dye and visualized as described in the
Materials and Methods. The ratio of Jaggr/JC-1 for each treatment was normalized to DMSO and
these results are shown for MCF-7 [A] and MDA-MB-231[C] cells as the mean * SE for at least 8
replicate determinations for each treatment group. Representative fluorescent images are also
depicted in [B] and [D] for MCF-7 and MDA-MB-231 cells, respectively. Significance (p<0.05) is
denoted by an asterisk (¥).
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(Figure 4.1) indicate that growth inhibition and cytotoxicity observed after treatment
with DIM or ring-substituted DIMs is AhR-independent.

It was reported that concentrations of DIM = 50 uM induced p21 mRNA and
protein levels in MCF-7 and MDA-MB-231 cells, and this was associated with enhanced
binding of Spl and Sp3 to GC-rich elements in the p21 gene promoter [134]. In this
study, 20 uM DIM was cytotoxic in MDA-MB-231 and cytostatic in MCF-7 cells
(Figure 4.1) and 10 uM concentrations of the ring-substituted DIMs were cytotoxic in
both cell lines (Figure 4.1). Higher concentrations of DIM (40 uM) or 5,5'-diBrDIM (20
UM) could only be used in short term (24 hr) studies since these concentrations resulted
in 100% cell death and detachment from the cell culture wells within 48 hr after
treatment. DIM had minimal effects on p21 or p27 levels in MDA-MB-231 and MCF-7
cells (Figures 4.2 and 4.3), and a < 3-fold increase in p21 protein was observed only in
MCEF-7 cells treated with 10 or 20 uM DIM for 12 hr. We did not observe any changes
in Spl or Sp3 levels in MCF-7 or MDA-MB-231 cells treated with 1 - 10 uM 5,5'-
diBrDIM or 5 - 20 uM DIM (Figure 4.3) which were also growth inhibitory (Figure 4.1).
These results suggest that the cytotoxic and cytostatic effects of DIM (< 20 uM) or 5,5'-
diBrDIM (< 10 pM) in MCF-7 and MDA-MB-231 cells are independent of changes in
Spl, Sp3 and p21 expression as previously reported [134]; however, this does not
exclude the reported effects of higher concentrations (e.g. 50 uM) of DIM on Spl, Sp3
and p21 levels. The major effects of DIM and 5,5'-diBrDIM on cell cycle proteins

associated with G; — S phase progression was decreased cyclin D1 protein expression
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in both cell lines (Figures 4.2 and 4.3). Downregulation of cyclin D1 protein by DIM
and 5,5'-diBrDIM in MCF-7 and MDA-MB-231 cells was blocked by the proteasome
inhibitor MG-132 (Figure 4.5) as previously reported for methylene substituted DIMs in
the former cell line [459]. These results indicate that both ring- and methylene-
substituted DIM compounds which are di- or triarylmethane analogs, respectively, may
exhibit common pathways for inducing proteasome-dependent degradation of cyclin D1,
and we are currently investigating the mechanisms of this process.

Previous studies show that I3C and DIM also affect mitochondrial function
[132,426,563,565,572] and treatment of MDA-MB-231 or MCF-7 cells with 50 uM
DIM decreased Bcl-2 and increased Bax protein levels and the percentage of apoptotic
cells [426]. In this study, we also observed decreased Bcl-2 protein and this was
accompanied by increased levels of cytochrome c released into the cytosol in both cell
lines treated with DIM or 5,5'-diBrDIM (Figure 4.6). In contrast, PARP cleavage was
induced only in MCF-7 and not in MDA-MB-231 cells (Figure 4.6) and we previously
also observed induction of PARP cleavage by methylene-substituted DIMs in MCF-7
cells [35]. Lipophilic cations [577-579] and other lipophilic chemicals such as 15-
deoxy—Alz’14—prostaglandin J2 [535] target the mitochondria in some cell lines and induce
mitochondrial membrane depolarization and increased mitochondrial membrane
permeability. Cell death pathways induced by DIM and 5,5'-dibrDIM were investigated
in MCF-7 and MDA-MB-231 cells using Hoechst 33343 dye, the green fluorescent YO-
PRO-1 dye that can enter apoptotic cells, and propidium iodide which stains necrotic cell

nuclei. DIM and 5,5'-diBrDIM induced YO-PRO-1 staining but no propidium iodide
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staining in MCF-7 cells (Figure 4.7A) which is indicative of apoptosis. The results are
consistent with the induction of PARP cleavage by the same compounds in MCF-7 cells
(Figure 4.6). In contrast, only DIM induced apoptosis in MDA-MB-231 cells (Figure
4.7B) and treatment with 5,5'-dibrDIM resulted in propidium iodide-stained cells and
necrosis. These results demonstrate that DIM and 5,5'-diBrDIM induce overlapping and
different cell death pathways that are cell context-dependent.

Rahman and coworkers [563] also showed that I3C induced the loss of MMP in
MCEF-7 cells, and this may be due, part, to DIM which is formed in cell culture from
spontaneous dimerization of I3C [580]. Results in Figure 4.8 illustrate the effects of
DIM and 5,5'-diBrDIM on the fluorescence of JC-1, a dye that accumulates and
oligomerizes in the inner mitochondrial membrane and exhibits a distinct red
fluorescence. This response is associated with permeabilization of various
mitochondrial pores/channels and release of pro-apoptotic/necrotic factors [577-579].
Using confocal microscopy and a potential-sensitive dye, it was evident that 5,5-
diBrDIM decreased the ratio of red/green fluorescence indicative of decreased MMP,
whereas the effects of DIM were minimal (Figure 4.8). DIM and 5,5-'diBrDIM induced
apoptosis in MCF-7 cells; however, only the latter compound decreased MMP
throughout the 24 hr treatment. 5,5'-diBrDIM primarily induced necrosis of MDA-MB-
231 cells, and MMP was decreased after treatment with 5,5'-diBrDIM but not DIM,
suggesting that introduction of the ring substituents significantly enhanced the

mitochondriotoxic effects of this compound.
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In summary, results of this study indicate that DIM and 5,5'-diBrDIM inhibit
growth of MCF-7 and MDA-MB-231 breast cancer cells through multiple pathways
including activation of proteasome-dependent degradation of cyclin D1, induction of cell
necrosis, apoptosis and decreased MMP, and these effects were essentially Ah receptor-
independent. For most responses, 5,5'-diBrDIM was significantly more potent than DIM,
and 5,5'-diBrDIM significantly decreased MMP in both MDA-MB-231 and MCEF-7 cells,
whereas DIM had minimal effects on MMP. Preliminary results also indicate that other
ring-substituted DIMs decrease MMP in breast cancer cells (data not shown). Current
studies are focused on development of 5,5'-diBrDIM and related compounds as a new
class of mitochondrial poisons and on determining their specific mechanisms of

mitochondrial toxicity in different cancer cell lines.
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CHAPTER V

SUMMARY

Cancer is the second-leading cause of death in the United States and 1 in 2 men
and lin 2 women are expected to develop cancer in their lifetime. Breast cancer
accounts for one third of all new cancer cases in women in the US and over 41,000 are
expected in 2006. Due to the high incidence of breast cancer, there is a great need to
develop more effective treatments for this disease.

Cancer can be defined as abnormal cells that grow uncontrollably and have the
ability to invade normal tissues and many cytotoxic chemotherapeutic agents kill cancer
cells by targeting rapidly dividing cells. This therapeutic approach causes many adverse
side effects to normal cells that are also rapidly proliferating. Current chemotherapeutic
drug design strategies have focused on identifying targets specific to cancer cells, which
include the 6 hallmarks of cancer: self-sufficiency in growth signals, insensitivity to
anti-growth signals, evading apoptosis, limitless replicative potential, sustained
angiogenesis and tissue invasion and metastasis.

Breast cancer can be classified into 2 different categories: early stage ER-
positive breast cancer and later stage ER-negative breast cancer. ER-positive breast
cancer is defined by tumor cells that express ER and respond to the mitogenic effects of
estrogen. This type of breast cancer can be treated effectively by drugs such as selective
estrogen receptor modulators (SERMs) or aromatase inhibitors that exploit the estrogen-
induced growth signaling pathway. SERMs inhibit E2 binding to ER and aromatase

inhibitors interefere with the conversion of testosterone to estrogen. Although both are
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effective, prolonged use of SERMs is associated with an increased risk of endometrial
cancer and aromatase inhibitors can increase bone loss.

Epidemiology studies have linked increased consumption of cruciferous
vegetables to decreased incidence of several cancers including breast cancer. DIM is the
dimerization production of the cruciferous phytochemical indole-3-carbinol (I3C) and
has both I3C and DIM exhibit growth inhibitory and antitumorigenic effects in vitro and
in vivo cancer models. My research has investigated the mechanisms of growth
inhibition in breast cancer cells for two series of substituted DIMs: methylene-
substituted DIMs and ring-substituted DIMs. Both series of compound exhibit great
potential for treating breast cancer and these C-DIM analogs are active against ER-
positive and ER-negative breast cancer cells/tumors in both in vitro and in vivo models.

1,1-Bis(3’-indolyl)-1-(p-substitutedphenyl)methanes containing para
trifluoromethyl (DIM-C-pPhCF;), t-butyl (DIM-C-pPhtBu) and phenyl (DIM-C-
pPhCg¢Hs) groups activate peroxisome proliferator-activated receptor Y (PPARY) in ER-
negative MDA-MB-231 and MDA-MB-453 breast cancer cells. These PPARYy-active
compounds inhibit breast cancer cell proliferation, however, inhibition of Gy/G; to S
phase progression and cyclin D1 downregulation was observed in MDA-MB-231 but not
MDA-MB-453 cells. Nonsteroidal anti-inflammatory drug-activated gene 1 (NAG-1), a
transforming growth factor B-like peptide, was also induced by these compounds and
response was dependent on cell-context dependent activation of kinase pathways.
Despite the induction of NAG-1 and downregulation of the antiapoptotic protein

survivin in both MDA-MB-231 and MDA-MB-453 cells treated with these methylene-
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substituted diindolylmethanes (C-DIMs), this was not accompanied by apoptosis.
Nevertheless the cytotoxicity observed for the C-DIMs in vitro was complemented by
inhibition of tumor growth in athymic nude mice bearing MDA-MB-231 cells as
xenografts and treated with DIM-C-pPhCgHs (40 mg/kg/d).

Although C-DIMs inhibited breast cancer cell growth, the mechanism of
inhibition required further investigation into apoptotic, necrotic and autophagic cell
death. C-DIM-induced cell death could not be reversed by zVAD-fmk, a pan-caspase
inhibitor in either cell line. Treatment of MDA-MB-231 and MDA-MB-453 cells with
C-DIMs did not elevate annexin V-propidium iodide (PI) staining patterns consistent
with apoptosis, suggesting that C-DIMs did not induce Type I (apoptotic) programmed
cell death. Cell necrosis (Type III cell death), as indicated by propidium iodide (PI)
staining and lactate dehydrogenase (LDH) release, was also negative after treatment of
MDA-MB-453 cells with C-DIMs. Autophagic (Type II) cell death is an important cell
death pathway in breast cancer cells after treatment with several chemotherapeutic
agents including tamoxifen, EB1089 and sulforaphane, and therefore we investigated the
possibility that C-DIMs may also induce autophagy in breast cancer cells. Treatment of
MDA-MB-231 and MDA-MB-453 cells with C-DIMs resulted in an accumulation of
light chain associated-protein 3 (LC3)-II compared to LC3-I protein and this is a
characteristic marker of autophagy which is also observed in breast cancer cells treated
with a vitamin D analog and paclitaxel analogs. Transient transfection of MDA-MB-231
and MDA-MB-453 cells with green fluorescent protein-LC3 also revealed that treatment

with C-DIMs induced a redistribution of LC3 to autophagosomes after C-DIM treatment.



194

In addition, the autofluorescent drug monodansylcadaverine (MDC), a specific
autophagolysosome marker, accumulated in vacuoles after C-DIM treatment. Western
blot analysis of lysates from cells treated with C-DIMs showed the Beclin 1/Bcl-2
protein ratio increased, suggesting that C-DIM compounds may represent a new
mechanism-based agent for treating drug-resistant ER-negative breast tumors through
induction of autophagic cell death.

The growth inhibitory effects of ring-substituted DIMs were investigated in both
ER-positive MCF-7 and ER-negative MDA-MB-231 breast cancer cells. DIM and the
5,5'-dibromo ring substituted DIM (5,5'-diBrDIM) inhibited growth of MCF-7 and
MDA-MB-231 breast cancer cells, and ICsy values were 10 - 20 and 1 - 5 uM,
respectively, in both cell lines. DIM and 5,5'-diBrDIM did not induce p21 or p27
protein levels or alter Spl or Sp3 protein expression in either cell line. In contrast, 10
uM 5,5'-diBrDIM downregulated cyclin D1 protein in MCF-7 and MDA-MB-231 cells
12 and 24 h after treatment. DIM (20 uM) also decreased cyclin D1 in MCF-7 (24 hr)
and MDA-MB-231 (12 hr), and the DIM/5,5'-diBrDIM-induced degradation of cyclin
D1 was blocked by the proteasome inhibitor MG132. Both DIM and 5,5'-diBrDIM
induced apoptosis in MCF-7 cells and this was accompanied by decreased Bcl-2, release
of mitochondrial cytochrome c, and decreased mitochondrial membrane potential as
determined by the red/green fluorescence of JC-1. DIM and 5,5'-diBrDIM induced
extensive necrosis in MDA-MB-231 cells; however, this was accompanied by decreased
mitochondrial membrane potential primarily in cells treated with 5,5'-diBrDIM but not

DIM. Thus, DIM and 5,5-diBrDIM induce cell death in MCF-7 and MDA-MB-231
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cells by overlapping and different pathways, and the ring-substituted DIM represents a
novel class of uncharged mitochondrial poisons that inhibit breast cancer cell and tumor
growth.

In summary, ring-substituted DIMs are highly effective drugs for treatment of
breast cancer and are more potent than DIM both in vitro and in vivo models. 5,5’-
diBrDIM inhibited growth in both ER-negative and ER-positive breast cancer and acted
as a mitochondrial poison. The PPARYy-active C-DIMs inhibit growth in ER-negative
breast cancer cells and are antitumorigenic in mouse xenografts and therefore represent a
new class of anticancer agents that exhibit immense therapeutic potential for treating
invasive ER-negative breast cancer. These compounds exert their growth inhibitory
effects through a variety of pathways including cell cycle arrest, induction of TGF-B-like
peptides and autophagic cell death. In addition, the C-DIMs investigated in this study
exhibit distinctive preferences in terms of cellular targets: DIM-C-pPhCF; is the most
potent PPARY agonist and inducer of p21; DIM-C-pPhtBu is the best mitochondrial
poison; and DIM-C-pPhC¢Hs induces the TGF-B-like peptide NAG-1 to the greatest
extent. In summary, the substituted DIMs target multiple mechanisms in a cell-context
dependent manner and this property contributes to the great therapeutic potential for

application of these compounds in the treatment of invasive breast cancer.



(1]

(2]

(3]

[4]

[5]

[6]

[7]

[8]

[9]

196

REFERENCES
National Cancer Institute. What you need to know about breast cancer.
http://www.cancer.gov. Accessed 9/2/06.
A.Jemal, R. Siegel, E. Ward, T. Murray, J. Xu, C. Smigal et al., Cancer
statistics, 2006, CA Cancer J. Clin. 56, (2006) 106-130.
S. D. Hursting, T. J. Slaga, S. M. Fischer, J. DiGiovanni, J. M. Phang,
Mechanism-based cancer prevention approaches: targets, examples, and the use
of transgenic mice, J. Natl. Cancer Inst. 91, (1999) 215-225.
A. G. Knudson, Jr., Mutation and cancer: statistical study of retinoblastoma,
Proc. Natl. Acad. Sci. U.S.A 68, (1971) 820-823.
P. Kenemans, R. A. Verstraeten, R. H. Verheijen, Oncogenic pathways in
hereditary and sporadic breast cancer, Maturitas 49, (2004) 34-43.
G. W. Robinson, A. B. Karpf, K. Kratochwil, Regulation of mammary gland
development by tissue interaction, J. Mammary. Gland. Biol. Neoplasia. 4,
(1999) 9-19.
J. Russo, Y. F. Hu, X. Yang, I. H. Russo, Developmental, cellular, and
molecular basis of human breast cancer, J. Natl. Cancer Inst. Monogr (2000)
17-37.
B. S. Wiseman, Z. Werb, Stromal effects on mammary gland development and
breast cancer, Science 296, (2002) 1046-1049.
L. Hennighausen, G. W. Robinson, Think globally, act locally: the making of a

mouse mammary gland, Genes Dev. 12, (1998) 449-455.



[10]

[11]

[12]

[13]

[14]

[15]

[16]

197

V. Djonov, A. C. Andres, A. Ziemiecki, Vascular remodelling during the
normal and malignant life cycle of the mammary gland, Microsc. Res. Tech. 52,
(2001) 182-189.

J. Russo, L. H. Russo, Role of hormones in breast development: the menopausal
breast, in: B.G. Wren (Ed.), Progress in the management of menopause,
Parthenon, London, 2006, pp1-10.

I. H. Russo, J. Russo, Role of hormones in mammary cancer initiation and
progression, J. Mammary. Gland. Biol. Neoplasia. 3, (1998) 49-61.

I. J. Laidlaw, R. B. Clarke, A. Howell, A. W. Owen, C. S. Potten, E. Anderson,
The proliferation of normal human breast tissue implanted into athymic nude
mice is stimulated by estrogen but not progesterone, Endocrinology 136,
(1995) 164-171.

R. B. Clarke, A. Howell, E. Anderson, Estrogen sensitivity of normal human
breast tissue in vivo and implanted into athymic nude mice: analysis of the
relationship between estrogen-induced proliferation and progesterone receptor
expression, Breast Cancer Res. Treat. 45, (1997) 121-133.

J. Russo, R. Rivera, I. H. Russo, Influence of age and parity on the
development of the human breast, Breast Cancer Res. Treat. 23, (1992) 211-
218.

R. B. Clarke, A. Howell, C. S. Potten, E. Anderson, Dissociation between
steroid receptor expression and cell proliferation in the human breast, Cancer

Res. 57, (1997) 4987-4991.



[17]

[18]

[19]

[20]

[21]

[22]

[23]

198

Y. J. Topper, C. S. Freeman, Multiple hormone interactions in the
developmental biology of the mammary gland, Physiol Rev. 60, (1980) 1049-
1106.

X. Liu, G. W. Robinson, L. Hennighausen, Activation of Stat5a and Stat5b by
tyrosine phosphorylation is tightly linked to mammary gland differentiation,
Mol. Endocrinol. 10, (1996) 1496-1506.

N. D. Horseman, W. Zhao, E. Montecino-Rodriguez, M. Tanaka, K.
Nakashima, S. J. Engle et al., Defective mammopoiesis, but normal
hematopoiesis, in mice with a targeted disruption of the prolactin gene, EMBO
J. 16, (1997) 6926-6935.

J. W. Pollard, L. Hennighausen, Colony stimulating factor 1 is required for
mammary gland development during pregnancy, Proc. Natl. Acad. Sci. U.S.A
91, (1994) 9312-9316.

S. E. Singletary, C. Allred, P. Ashley, L. W. Bassett, D. Berry, K. I. Bland et
al., Revision of the American Joint Committee on Cancer staging system for
breast cancer, J. Clin. Oncol. 20, (2002) 3628-3636.

D. C. Allred, P. Brown, D. Medina, The origins of estrogen receptor alpha-
positive and estrogen receptor alpha-negative human breast cancer, Breast
Cancer Res. 6, (2004) 240-245.

D. C. Allred, S. K. Mohsin, S. A. Fuqua, Histological and biological evolution

of human premalignant breast disease, Endocr. Relat Cancer 8, (2001) 47-61.



[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

199

L. A. Habel, J. L. Stanford, Hormone receptors and breast cancer, Epidemiol.
Rev. 15, (1993) 209-219.

S. H. Moolgavkar, N. E. Day, R. G. Stevens, Two-stage model for
carcinogenesis: Epidemiology of breast cancer in females, J. Natl. Cancer Inst.
65, (1980) 559-569.

L. Yan, X. Yang, N. E. Davidson, Role of DNA methylation and histone
acetylation in steroid receptor expression in breast cancer, J. Mammary. Gland.
Biol. Neoplasia. 6, (2001) 183-192.

M. Stoner, B. Saville, M. Wormke, D. Dean, R. Burghardt, S. Safe, Hypoxia
induces proteasome-dependent degradation of estrogen receptor alpha in ZR-75
breast cancer cells, Mol. Endocrinol. 16, (2002) 2231-2242.

G. Cipollini, S. Tommasi, A. Paradiso, P. Aretini, F. Bonatti, I. Brunetti et al.,
Genetic alterations in hereditary breast cancer, Ann. Oncol. 15 Suppl 1, (2004)
17-113.

S. A. Narod, W. D. Foulkes, BRCA1 and BRCA2: 1994 and beyond, Nat. Rev.
Cancer 4, (2004) 665-676.

J. M. Hall, M. K. Lee, B. Newman, J. E. Morrow, L. A. Anderson, B. Huey et
al., Linkage of early-onset familial breast cancer to chromosome 17q21,
Science 250, (1990) 1684-1689.

R. Wooster, S. L. Neuhausen, J. Mangion, Y. Quirk, D. Ford, N. Collins et al.,
Localization of a breast cancer susceptibility gene, BRCAZ2, to chromosome

13q12-13, Science 265, (1994) 2088-2090.



[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

200

R. Hashizume, M. Fukuda, I. Maeda, H. Nishikawa, D. Oyake, Y. Yabuki et al.,
The RING heterodimer BRCA1-BARDI is a ubiquitin ligase inactivated by a
breast cancer-derived mutation, J. Biol. Chem. 276, (2001) 14537-14540.

A. L. Borresen-Dale, TP53 and breast cancer, Hum. Mutat. 21, (2003) 292-300.
D. Malkin, F. P. Li, L. C. Strong, J. F. Fraumeni, Jr., C. E. Nelson, D. H. Kim
et al., Germ line p53 mutations in a familial syndrome of breast cancer,
sarcomas, and other neoplasms, Science 250, (1990) 1233-1238.

M. Gasco, L. G. Yulug, T. Crook, TP53 mutations in familial breast cancer:
functional aspects, Hum. Mutat. 21, (2003) 301-306.

A. Hirao, Y. Y. Kong, S. Matsuoka, A. Wakeham, J. Ruland, H. Yoshida et al.,
DNA damage-induced activation of p53 by the checkpoint kinase Chk?2,
Science 287, (2000) 1824-1827.

N. M. Lindor, M. H. Greene, The concise handbook of family cancer
syndromes. Mayo Familial Cancer Program, J. Natl. Cancer Inst. 90, (1998)
1039-1071.
D. M. Radford, B. A. Zehnbauer, Inherited breast cancer, Surg. Clin. North Am.
76, (1996) 205-220.

I. C. Bennett, M. Gattas, B. T. Teh, The management of familial breast cancer,
Breast 9, (2000) 247-263.

P. K. Verkasalo, J. Kaprio, M. Koskenvuo, E. Pukkala, Genetic predisposition,
environment and cancer incidence: a nationwide twin study in Finland, 1976-

1995, Int. J. Cancer 83, (1999) 743-749.



[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

201

R. A. Eeles, M. R. Stratton, D. E. Goldgar, D. F. Easton, The genetics of
familial breast cancer and their practical implications, Eur. J. Cancer 30A,
(1994) 1383-1390.

Y. M. Coyle, The effect of environment on breast cancer risk, Breast Cancer
Res. Treat. 84, (2004) 273-288.

A. Tannenbaum, H. Silverstone, Nutrition in relation to cancer, Adv. Cancer
Res. 1, (1953) 451-501.

H. Bartsch, J. Nair, R. W. Owen, Dietary polyunsaturated fatty acids and
cancers of the breast and colorectum: emerging evidence for their role as risk
modifiers, Carcinogenesis 20, (1999) 2209-2218.

B. MacMabhon, P. Cole, T. M. Lin, C. R. Lowe, A. P. Mirra, B. Ravnihar et al.,
Age at first birth and breast cancer risk, Bull. World Health Organ 43, (1970)
209-221.

J. L. Kelsey, M. D. Gammon, The epidemiology of breast cancer, CA Cancer J.
Clin. 41, (1991) 146-165.

P. Bruzzi, E. Negri, C. La Vecchia, A. Decarli, D. Palli, F. Parazzini et al.,
Short term increase in risk of breast cancer after full term pregnancy, BMJ 297,
(1988) 1096-1098.

G. Kvale, 1. Heuch, G. E. Eide, A prospective study of reproductive factors and
breast cancer. I. Parity, Am. J. Epidemiol. 126, (1987) 831-841.

B. E. Henderson, R. K. Ross, H. L. Judd, M. D. Krailo, M. C. Pike, Do regular

ovulatory cycles increase breast cancer risk?, Cancer 56, (1985) 1206-1208.



[50]

[51]

[52]

[53]

[54]

[55]

[56]

202

Breast cancer and hormone replacement therapy: collaborative reanalysis of
data from 51 epidemiological studies of 52,705 women with breast cancer and
108,411 women without breast cancer. Collaborative Group on Hormonal
Factors in Breast Cancer, Lancet 350, (1997) 1047-1059.

T. J. Key, M. C. Pike, The role of oestrogens and progestagens in the
epidemiology and prevention of breast cancer, Eur. J. Cancer Clin. Oncol. 24,
(1988) 29-43.

J. E. Rossouw, G. L. Anderson, R. L. Prentice, A. Z. LaCroix, C. Kooperberg,
M. L. Stefanick et al., Risks and benefits of estrogen plus progestin in healthy
postmenopausal women: principal results From the Women's Health Initiative
randomized controlled trial, JAMA 288, (2002) 321-333.

R. T. Chlebowski, S. L. Hendrix, R. D. Langer, M. L. Stefanick, M. Gass, D.
Lane et al., Influence of estrogen plus progestin on breast cancer and
mammography in healthy postmenopausal women: the Women's Health
Initiative Randomized Trial, JAMA 289, (2003) 3243-3253.

E. Thurfjell, Breast density and the risk of breast cancer, N. Engl. J. Med. 347,
(2002) 866.

R. T. Chlebowski, A. McTiernan, Biological significance of interventions that
change breast density, J. Natl. Cancer Inst. 95, (2003) 4-5.

C. L Li, N. S. Weiss, J. L. Stanford, J. R. Daling, Hormone replacement
therapy in relation to risk of lobular and ductal breast carcinoma in middle-

aged women, Cancer 88, (2000) 2570-2577.



[57]

[58]

[59]

[60]

[61]

[62]

[63]

203

J. R. Daling, K. E. Malone, D. R. Doody, L. F. Voigt, L. Bernstein, R. J. Coates
et al., Relation of regimens of combined hormone replacement therapy to
lobular, ductal, and other histologic types of breast carcinoma, Cancer 95,
(2002) 2455-2464.

L. Persson, J. Yuen, L. Bergkvist, C. Schairer, Cancer incidence and mortality
in women receiving estrogen and estrogen-progestin replacement therapy--
long-term follow-up of a Swedish cohort, Int. J. Cancer 67, (1996) 327-332.
C. Schairer, M. Gail, C. Byrne, P. S. Rosenberg, S. R. Sturgeon, L. A. Brinton
et al., Estrogen replacement therapy and breast cancer survival in a large
screening study, J. Natl. Cancer Inst. 91, (1999) 264-270.

K. Nanda, L. A. Bastian, K. Schulz, Hormone replacement therapy and the risk
of death from breast cancer: a systematic review, Am. J. Obstet. Gynecol. 186,
(2002) 325-334.

C. Jones, D. Ingram, E. Mattes, R. Hahnel, The effect of hormone replacement
therapy on prognostic indices in women with breast cancer, Med. J. Aust. 161,
(1994) 106-110.

J. Cheek, J. Lacy, S. Toth-Fejel, K. Morris, K. Calhoun, R. F. Pommier, The
impact of hormone replacement therapy on the detection and stage of breast
cancer, Arch. Surg. 137, (2002) 1015-1019.

C. Antoine, F. Liebens, B. Carly, A. Pastijn, S. Rozenberg, Influence of HRT
on prognostic factors for breast cancer: a systematic review after the Women's

Health Initiative trial, Hum. Reprod. 19, (2004) 741-756.



[64]

[65]

[66]

[67]

[68]

[69]

[70]

[71]

204

R. L. Prentice, D. B. Thomas, On the epidemiology of oral contraceptives and
disease, Adv. Cancer Res. 49, (1987) 285-401.

P. A. Marchbanks, J. A. McDonald, H. G. Wilson, S. G. Folger, M. G. Mandel,
J. R. Daling et al., Oral contraceptives and the risk of breast cancer, N. Engl. J.
Med. 346, (2002) 2025-2032.

B. V. Stadel, G. L. Rubin, L. A. Webster, J. J. Schlesselman, P. A. Wingo, Oral
contraceptives and breast cancer in young women, Lancet 2, (1985) 970-973.
M. Kumle, E. Weiderpass, T. Braaten, I. Persson, H. O. Adami, E. Lund, Use
of oral contraceptives and breast cancer risk: The Norwegian-Swedish
Women's Lifestyle and Health Cohort Study, Cancer Epidemiol. Biomarkers
Prev. 11, (2002) 1375-1381.

N. C. Lee, L. Rosero-Bixby, M. W. Oberle, C. Grimaldo, A. S. Whatley, E. Z.
Rovira, A case-control study of breast cancer and hormonal contraception in
Costa Rica, J. Natl. Cancer Inst. 79, (1987) 1247-1254.

A. M. Kaunitz, Depot medroxyprogesterone acetate contraception and the risk
of breast and gynecologic cancer, J. Reprod. Med. 41, (1996) 419-427.

B. S. Hulka, L. E. Chambless, D. C. Deubner, W. E. Wilkinson, Breast cancer
and estrogen replacement therapy, Am. J. Obstet. Gynecol. 143, (1982) 638-
644.

J. E. Buring, C. H. Hennekens, R. J. Lipnick, W. Willett, M. J. Stampfer, B.
Rosner et al., A prospective cohort study of postmenopausal hormone use and

risk of breast cancer in US women, Am. J. Epidemiol. 125, (1987) 939-947.



[72]

[73]

[74]

[75]

[76]

[77]

[78]

205

J. C. Dinger, L. A. Heinemann, S. Moehner, D. M. Thai, A. Assmann, Breast
Cancer Risk associated with different HRT formulations: A register-based
case-control study, BMC. Womens Health 6, (2006) 13.

L. A. Brinton, R. Hoover, J. F. Fraumeni, Jr., Menopausal oestrogens and
breast cancer risk: an expanded case-control study, Br. J. Cancer 54, (1986)
825-832.

P. A. Wingo, P. M. Layde, N. C. Lee, G. Rubin, H. W. Ory, The risk of breast
cancer in postmenopausal women who have used estrogen replacement therapy,
JAMA 257, (1987) 209-215.

V. Beral, Breast cancer and hormone-replacement therapy in the Million
Women Study, Lancet 362, (2003) 419-427.

P. A. van den Brandt, D. Spiegelman, S. S. Yaun, H. O. Adami, L. Beeson, A.
R. Folsom et al., Pooled analysis of prospective cohort studies on height,
weight, and breast cancer risk, Am. J. Epidemiol. 152, (2000) 514-527.

T. Colton, E. R. Greenberg, K. Noller, L. Resseguie, C. Van Bennekom, T.
Heeren et al., Breast cancer in mothers prescribed diethylstilbestrol in
pregnancy. Further follow-up, JAMA 269, (1993) 2096-2100.

L. Titus-Ernstoff, E. E. Hatch, R. N. Hoover, J. Palmer, E. R. Greenberg, W.
Ricker et al., Long-term cancer risk in women given diethylstilbestrol (DES)

during pregnancy, Br. J. Cancer 84, (2001) 126-133.



206

[79] I. Romieu, M. Hernandez-Avila, E. Lazcano-Ponce, J. P. Weber, E. Dewailly,
Breast cancer, lactation history, and serum organochlorines, Am. J. Epidemiol.
152, (2000) 363-370.

[80] M. S. Wolff, P. G. Toniolo, E. W. Lee, M. Rivera, N. Dubin, Blood levels of
organochlorine residues and risk of breast cancer, J. Natl. Cancer Inst. 85,
(1993) 648-652.

[81] A.P.Hoyer, P. Grandjean, T. Jorgensen, J. W. Brock, H. B. Hartvig,
Organochlorine exposure and risk of breast cancer, Lancet 352, (1998) 1816-
1820.

[82] O. Raaschou-Nielsen, M. Pavuk, A. Leblanc, P. Dumas, W. J. Philippe, A.
Olsen et al., Adipose organochlorine concentrations and risk of breast cancer
among postmenopausal Danish women, Cancer Epidemiol. Biomarkers Prev.
14, (2005) 67-74.

[83] N. Krieger, M. S. Wolff, R. A. Hiatt, M. Rivera, J. Vogelman, N. Orentreich,
Breast cancer and serum organochlorines: a prospective study among white,
black, and Asian women, J. Natl. Cancer Inst. 86, (1994) 589-599.

[84] M. D. Gammon, M. S. Wolff, A. I. Neugut, S. M. Eng, S. L. Teitelbaum, J. A.
Britton et al., Environmental toxins and breast cancer on Long Island. II.
Organochlorine compound levels in blood, Cancer Epidemiol. Biomarkers Prev.
11, (2002) 686-697.

[85] E. Pukkala, Cancer incidence among Finnish oil refinery workers, 1971-1994, J.

Occup. Environ. Med. 40, (1998) 675-679.



[86]

[87]

[88]

[89]

[90]

[91]

207

P.R. Band, N. D. Le, R. Fang, M. Deschamps, R. P. Gallagher, P. Yang,
Identification of occupational cancer risks in British Columbia. A population-
based case-control study of 995 incident breast cancer cases by menopausal
status, controlling for confounding factors, J. Occup. Environ. Med. 42, (2000)
284-310.

P. F. Coogan, R. W. Clapp, P. A. Newcomb, R. Mittendorf, G. Bogdan, J. A.
Baron et al., Variation in female breast cancer risk by occupation, Am. J. Ind.
Med. 30, (1996) 430-437.

A. Anttila, E. Pukkala, M. Sallmen, S. Hernberg, K. Hemminki, Cancer
incidence among Finnish workers exposed to halogenated hydrocarbons, J.
Occup. Environ. Med. 37, (1995) 797-806.

K. P. Cantor, P. A. Stewart, L. A. Brinton, M. Dosemeci, Occupational
exposures and female breast cancer mortality in the United States, J. Occup.
Environ. Med. 37, (1995) 336-348.

M. B. Martin, R. Reiter, T. Pham, Y. R. Avellanet, J. Camara, M. Lahm et al.,
Estrogen-like activity of metals in MCF-7 breast cancer cells, Endocrinology
144, (2003) 2425-2436.

K. Conway, S. N. Edmiston, L. Cui, S. S. Drouin, J. Pang, M. He et al.,
Prevalence and spectrum of p53 mutations associated with smoking in breast

cancer, Cancer Res. 62, (2002) 1987-1995.



[92]

[93]

[94]

[95]

[96]

[97]

[98]

208

E. Yamasaki, B. N. Ames, Concentration of mutagens from urine by absorption
with the nonpolar resin XAD-2: cigarette smokers have mutagenic urine, Proc.
Natl. Acad. Sci. U.S.A 74, (1977) 3555-3559.

H. P. Shu, E. N. Bymun, Systemic excretion of benzo(a)pyrene in the control
and microsomally induced rat: the influence of plasma lipoproteins and
albumin as carrier molecules, Cancer Res. 43, (1983) 485-490.

J. A. Baron, P. A. Newcomb, M. P. Longnecker, R. Mittendorf, B. E. Storer, R.
W. Clapp et al., Cigarette smoking and breast cancer, Cancer Epidemiol.
Biomarkers Prev. 5, (1996) 399-403.

C. Braga, E. Negri, C. La Vecchia, R. Filiberti, S. Franceschi, Cigarette
smoking and the risk of breast cancer, Eur. J. Cancer Prev. 5, (1996) 159-164.
J. Key, S. Hodgson, R. Z. Omar, T. K. Jensen, S. G. Thompson, A. R. Boobis
et al., Meta-analysis of studies of alcohol and breast cancer with consideration
of the methodological issues, Cancer Causes Control 17, (2006) 759-770.

N. Hamajima, K. Hirose, K. Tajima, T. Rohan, E. E. Calle, C. W. Heath, Jr. et
al., Alcohol, tobacco and breast cancer--collaborative reanalysis of individual
data from 53 epidemiological studies, including 58,515 women with breast
cancer and 95,067 women without the disease, Br. J. Cancer 87, (2002) 1234-
1245.

American Cancer Society. Cancer Basics. http://www.cancer.org. Accessed

9/1/2006.



[99]

[100]

[101]

[102]

[103]

[104]

[105]

209

Drug Information Summaries. National Cancer Institute. Drug Information
Summaries. http://www.nci.nih.gov/cancertopics/druginfo/alphalist. Accessed
9/13/2006.

Y. Zhang, P. Talalay, C. G. Cho, G. H. Posner, A major inducer of
anticarcinogenic protective enzymes from broccoli: isolation and elucidation of
structure, Proc. Natl. Acad. Sci. U.S.A 89, (1992) 2399-2403.

S. J. Jackson, K. W. Singletary, Sulforaphane inhibits human MCF-7 mammary
cancer cell mitotic progression and tubulin polymerization, J. Nutr. 134, (2004)
2229-2236.

E. Tseng, E. A. Scott-Ramsay, M. E. Morris, Dietary organic isothiocyanates
are cytotoxic in human breast cancer MCF-7 and mammary epithelial MCF-
12A cell lines, Exp. Biol. Med. (Maywood. ) 229, (2004) 835-842.

M. C. Myzak, P. A. Karplus, F. L. Chung, R. H. Dashwood, A novel
mechanism of chemoprotection by sulforaphane: inhibition of histone
deacetylase, Cancer Res. 64, (2004) 5767-5774.

J. W. Fahey, X. Haristoy, P. M. Dolan, T. W. Kensler, I. Scholtus, K. K.
Stephenson et al., Sulforaphane inhibits extracellular, intracellular, and
antibiotic-resistant strains of Helicobacter pylori and prevents benzo[a]pyrene-
induced stomach tumors, Proc. Natl. Acad. Sci. U.S.A 99, (2002) 7610-7615.
L. Wang, D. Liu, T. Ahmed, F. L. Chung, C. Conaway, J. W. Chiao, Targeting
cell cycle machinery as a molecular mechanism of sulforaphane in prostate

cancer prevention, Int. J. Oncol. 24, (2004) 187-192.



[106]

[107]

[108]

[109]

[110]

[111]

[112]

[113]

[114]

210

D. M. Schreinemachers, R. B. Everson, Aspirin use and lung, colon, and breast
cancer incidence in a prospective study, Epidemiology 5, (1994) 138-146.

J. Mead, R. Alfin-Slater, D. Howton, G. Popjak, Prostaglandins, Thromboxanes,
and Prostacyclins, Plenum Press, New York 1986.

C. M. Ulrich, J. Bigler, J. D. Potter, Non-steroidal anti-inflammatory drugs for
cancer prevention: promise, perils and pharmacogenetics, Nat. Rev. Cancer 6,
(2006) 130-140.

R. A. Gupta, R. N. Dubois, Colorectal cancer prevention and treatment by
inhibition of cyclooxygenase-2, Nat. Rev. Cancer 1, (2001) 11-21.

C. L. Sun, J. M. Yuan, W. P. Koh, M. C. Yu, Green tea, black tea and breast
cancer risk: a meta-analysis of epidemiological studies, Carcinogenesis 27,
(2006) 1310-1315.

J. Terao, M. Piskula, Q. Yao, Protective effect of epicatechin, epicatechin
gallate, and quercetin on lipid peroxidation in phospholipid bilayers, Arch.
Biochem. Biophys. 308, (1994) 278-284.

P. Greenwald, Cancer chemoprevention, BMJ 324, (2002) 714-718.

H. Tanaka, M. Hirose, M. Kawabe, M. Sano, Y. Takesada, A. Hagiwara et al.,
Post-initiation inhibitory effects of green tea catechins on 7,12-
dimethylbenz[a]anthracene-induced mammary gland carcinogenesis in female
Sprague-Dawley rats, Cancer Lett. 116, (1997) 47-52.

R. L. Thangapazham, A. K. Singh, A. Sharma, J. Warren, J. P. Gaddipati, R. K.

Maheshwari, Green tea polyphenols and its constituent epigallocatechin gallate



[115]

[116]

[117]

[118]

[119]

[120]

211

inhibits proliferation of human breast cancer cells in vitro and in vivo, Cancer
Lett. (2006) .

D. P. Rose, J. M. Connolly, Effects of dietary omega-3 fatty acids on human
breast cancer growth and metastases in nude mice, J. Natl. Cancer Inst. 85,
(1993) 1743-1747.

L. J. Vatten, K. Solvoll, E. B. Loken, Frequency of meat and fish intake and
risk of breast cancer in a prospective study of 14,500 Norwegian women, Int. J.
Cancer 46, (1990) 12-15.

M. J. Stampfer, W. C. Willett, G. Colditz, F. E. Speizer, Intake of cholesterol,
fish and specific types of fat in relation to risk of breast cancer, in: W.E. Lands
(Ed.), Proceedings of the AOCS Short Course on Polyunsaturated Fatty Acids
and Eicosanoids, American Oil Chemists' Society, Champaign, 1987, pp248-
252.

K. L. Irwin, N. C. Lee, H. B. Peterson, G. L. Rubin, P. A. Wingo, M. G.
Mandel, Hysterectomy, tubal sterilization, and the risk of breast cancer, Am. J.
Epidemiol. 127, (1988) 1192-1201.

S. Saez, N. Falette, C. Guillot, F. Meggouh, M. F. Lefebvre, M. Crepin,
William L. McGuire Memorial Symposium. 1,25(OH)2D3 modulation of
mammary tumor cell growth in vitro and in vivo, Breast Cancer Res. Treat. 27,
(1993) 69-81.

T. Oikawa, Y. Yoshida, M. Shimamura, H. Ashino-Fuse, T. Iwaguchi, T.

Tominaga, Antitumor effect of 22-oxa-1 alpha,25-dihydroxyvitamin D3, a



[121]

[122]

[123]

[124]

[125]

[126]

[127]

212

potent angiogenesis inhibitor, on rat mammary tumors induced by 7,12-
dimethylbenz[a]anthracene, Anticancer Drugs 2, (1991) 475-480.

R. G. Mehta, R. M. Moriarty, R. R. Mehta, R. Penmasta, G. Lazzaro, A.
Constantinou et al., Prevention of preneoplastic mammary lesion development
by a novel vitamin D analogue, lalpha-hydroxyvitamin D5, J. Natl. Cancer Inst.
89, (1997) 212-218.

S. Segaert, R. Bouillon, Vitamin D and regulation of gene expression, Curr.
Opin. Clin. Nutr. Metab Care 1, (1998) 347-354.

J. H. Cohen, A. R. Kiristal, J. L. Stanford, Fruit and vegetable intakes and
prostate cancer risk, J. Natl. Cancer Inst. 92, (2000) 61-68.

L. N. Kolonel, J. H. Hankin, A. S. Whittemore, A. H. Wu, R. P. Gallagher, L.
R. Wilkens et al., Vegetables, fruits, legumes and prostate cancer: a multiethnic
case-control study, Cancer Epidemiol. Biomarkers Prev. 9, (2000) 795-804.

A. R. Kristal, J. W. Lampe, Brassica vegetables and prostate cancer risk: a
review of the epidemiological evidence, Nutr. Cancer 42, (2002) 1-9.

G. Murillo, R. G. Mehta, Cruciferous vegetables and cancer prevention, Nutr.
Cancer 41, (2001) 17-28.

S. M. Zhang, D. J. Hunter, B. A. Rosner, E. L. Giovannucci, G. A. Colditz, F.
E. Speizer et al., Intakes of fruits, vegetables, and related nutrients and the risk
of non-Hodgkin's lymphoma among women, Cancer Epidemiol. Biomarkers

Prev. 9, (2000) 477-485.



[128]

[129]

[130]

[131]

[132]

[133]

[134]

213

L. F. Bjeldanes, J. Y. Kim, K. R. Grose, J. C. Bartholomew, C. A. Bradfield,
Aromatic hydrocarbon responsiveness-receptor agonists generated from indole-
3-carbinol in vitro and in vivo: comparisons with 2,3,7,8-tetrachlorodibenzo-p-
dioxin, Proc. Natl. Acad. Sci. U.S.A 88, (1991) 9543-9547.

K. R. Grose, L. F. Bjeldanes, Oligomerization of indole-3-carbinol in aqueous
acid, Chem. Res. Toxicol. 5, (1992) 188-193.

H. L. Bradlow, J. Michnovicz, N. T. Telang, M. P. Osborne, Effects of dietary
indole-3-carbinol on estradiol metabolism and spontaneous mammary tumors
in mice, Carcinogenesis 12, (1991) 1571-1574.

I. Chen, A. McDougal, F. Wang, S. Safe, Aryl hydrocarbon receptor-mediated
antiestrogenic and antitumorigenic activity of diindolylmethane,
Carcinogenesis 19, (1998) 1631-1639.

S. R. Chinni, Y. Li, S. Upadhyay, P. K. Koppolu, F. H. Sarkar, Indole-3-
carbinol (I3C) induced cell growth inhibition, G1 cell cycle arrest and
apoptosis in prostate cancer cells, Oncogene 20, (2001) 2927-2936.

C. J. Grubbs, V. E. Steele, T. Casebolt, M. M. Juliana, 1. Eto, L. M. Whitaker et
al., Chemoprevention of chemically-induced mammary carcinogenesis by
indole-3-carbinol, Anticancer Res. 15, (1995) 709-716.

C. Hong, H. A. Kim, G. L. Firestone, L. F. Bjeldanes, 3,3'-Diindolylmethane
(DIM) induces a G(1) cell cycle arrest in human breast cancer cells that is
accompanied by Spl-mediated activation of p21(WAF1/CIP1) expression,

Carcinogenesis 23, (2002) 1297-1305.



[135]

[136]

[137]

[138]

[139]

[140]

[141]

[142]

[143]

214

T. Tanaka, T. Kojima, Y. Morishita, H. Mori, Inhibitory effects of the natural
products indole-3-carbinol and sinigrin during initiation and promotion phases
of 4-nitroquinoline 1-oxide-induced rat tongue carcinogenesis, Jpn. J. Cancer
Res. 83, (1992) 835-842.

G. Melino, R. A. Knight, P. Nicotera, How many ways to die? How many
different models of cell death?, Cell Death. Differ. 12 Suppl 2, (2005) 1457-
1462.

S. Van Cruchten, B. W. Van Den, Morphological and biochemical aspects of
apoptosis, oncosis and necrosis, Anat. Histol. Embryol. 31, (2002) 214-223.

G. Majno, I. Joris, Apoptosis, oncosis, and necrosis. An overview of cell death,
Am. J. Pathol. 146, (1995) 3-15.

G. Prindull, Apoptosis in the embryo and tumorigenesis, Eur. J. Cancer 31A,
(1995) 116-123.

N. Festjens, T. Vanden Berghe, P. Vandenabeele, Necrosis, a well-orchestrated
form of cell demise: signalling cascades, important mediators and concomitant
immune response, Biochim. Biophys. Acta 1757, (2006) 1371-1387.

P. Meier, A. Finch, G. Evan, Apoptosis in development, Nature 407, (2000)
796-801.

J. Savill, V. Fadok, Corpse clearance defines the meaning of cell death, Nature
407, (2000) 784-788.

M. O. Hengartner, The biochemistry of apoptosis, Nature 407, (2000) 770-776.



[144]

[145]

[146]

[147]

[148]

[149]

[150]

[151]

[152]

215

J. P. Thiery, Epithelial-mesenchymal transitions in tumour progression, Nat.
Rev. Cancer 2, (2002) 442-454.

Z.Jin, W. S. El Deiry, Overview of cell death signaling pathways, Cancer Biol.
Ther. 4, (2005) 139-163.

E. Gottlieb, S. M. Armour, M. H. Harris, C. B. Thompson, Mitochondrial
membrane potential regulates matrix configuration and cytochrome c release
during apoptosis, Cell Death. Differ. 10, (2003) 709-717.

E. L. Eskelinen, Doctor Jekyll and Mister Hyde: autophagy can promote both
cell survival and cell death, Cell Death. Differ. 12 Suppl 2, (2005) 1468-1472.
J. Henry-Mowatt, C. Dive, J. C. Martinou, D. James, Role of mitochondrial
membrane permeabilization in apoptosis and cancer, Oncogene 23, (2004)
2850-2860.

J. C. Sharpe, D. Arnoult, R. J. Youle, Control of mitochondrial permeability by
Bcl-2 family members, Biochim. Biophys. Acta 1644, (2004) 107-113.

T. J. McDonnell, N. Deane, F. M. Platt, G. Nunez, U. Jaeger, J. P. McKearn et
al., bcl-2-immunoglobulin transgenic mice demonstrate extended B cell
survival and follicular lymphoproliferation, Cell 57, (1989) 79-88.

K. Schorr, M. Li, S. Krajewski, J. C. Reed, P. A. Furth, Bcl-2 gene family and
related proteins in mammary gland involution and breast cancer, J. Mammary.
Gland. Biol. Neoplasia. 4, (1999) 153-164.

P. A. Parone, D. James, J. C. Martinou, Mitochondria: regulating the inevitable,

Biochimie 84, (2002) 105-111.



[153]

[154]

[155]

[156]

[157]

[158]

[159]

[160]

[161]

[162]

216

A. Degterev, M. Boyce, J. Yuan, A decade of caspases, Oncogene 22, (2003)
8543-8567.

J. D. Hood, D. A. Cheresh, Role of integrins in cell invasion and migration, Nat.
Rev. Cancer 2, (2002) 91-100.

N. Roy, M. S. Mahadevan, M. McLean, G. Shutler, Z. Yaraghi, R. Farahani et
al., The gene for neuronal apoptosis inhibitory protein is partially deleted in
individuals with spinal muscular atrophy, Cell 80, (1995) 167-178.

G. S. Salvesen, C. S. Duckett, IAP proteins: blocking the road to death's door,
Nat. Rev. Mol. Cell Biol. 3, (2002) 401-410.

H. Jin, J. Varner, Integrins: roles in cancer development and as treatment
targets, Br. J. Cancer 90, (2004) 561-565.

G. L. Abelev, N. L. Lazarevich, Control of differentiation in progression of
epithelial tumors, Adv. Cancer Res. 95, (2006) 61-113.

S. Ghosh, M. J. May, E. B. Kopp, NF-kappa B and Rel proteins: evolutionarily
conserved mediators of immune responses, Annu. Rev. Immunol. 16, (1998)
225-260.

A. E. Majeski, J. F. Dice, Mechanisms of chaperone-mediated autophagy, Int. J.
Biochem. Cell Biol. 36, (2004) 2435-2444.

J. Debnath, E. H. Baehrecke, G. Kroemer, Does autophagy contribute to cell
death?, Autophagy. 1, (2005) 66-74.

A.J. Meijer, P. Codogno, Regulation and role of autophagy in mammalian

cells, Int. J. Biochem. Cell Biol. 36, (2004) 2445-2462.



[163]

[164]

[165]

[166]

[167]

[168]

[169]

217

T. M. Harding, K. A. Morano, S. V. Scott, D. J. Klionsky, Isolation and
characterization of yeast mutants in the cytoplasm to vacuole protein targeting
pathway, J. Cell Biol. 131, (1995) 591-602.

W. Yuan, D. L. Tuttle, Y. J. Shi, G. S. Ralph, W. A. Dunn, Jr., Glucose-
induced microautophagy in Pichia pastoris requires the alpha-subunit of
phosphofructokinase, J. Cell Sci. 110 ( Pt 16), (1997) 1935-1945.

X. H. Liang, S. Jackson, M. Seaman, K. Brown, B. Kempkes, H. Hibshoosh et
al., Induction of autophagy and inhibition of tumorigenesis by beclin 1, Nature
402, (1999) 672-676.

Y. Kabeya, N. Mizushima, T. Ueno, A. Yamamoto, T. Kirisako, T. Noda et al.,
LC3, a mammalian homologue of yeast Apg8p, is localized in autophagosome
membranes after processing, EMBO J. 19, (2000) 5720-5728.

B. Levine, J. Yuan, Autophagy in cell death: an innocent convict?, J. Clin.
Invest 115, (2005) 2679-2688.

M. Thumm, R. Egner, B. Koch, M. Schlumpberger, M. Straub, M. Veenhuis et
al., Isolation of autophagocytosis mutants of Saccharomyces cerevisiae, FEBS
Lett. 349, (1994) 275-280.

P. Boya, R. A. Gonzalez-Polo, N. Casares, J. L. Perfettini, P. Dessen, N.
Larochette et al., Inhibition of macroautophagy triggers apoptosis, Mol. Cell

Biol. 25, (2005) 1025-1040.



[170]

[171]

[172]

[173]

[174]

[175]

[176]

218

J.J. Lum, D. E. Bauer, M. Kong, M. H. Harris, C. Li, T. Lindsten et al.,
Growth factor regulation of autophagy and cell survival in the absence of
apoptosis, Cell 120, (2005) 237-248.

L. Yu, A. Alva, H. Su, P. Dutt, E. Freundt, S. Welsh et al., Regulation of an
ATG7-beclin 1 program of autophagic cell death by caspase-8, Science 304,
(2004) 1500-1502.

S. Shimizu, T. Kanaseki, N. Mizushima, T. Mizuta, S. Arakawa-Kobayashi, C.
B. Thompson et al., Role of Bcl-2 family proteins in a non-apoptotic
programmed cell death dependent on autophagy genes, Nat. Cell Biol. 6,
(2004) 1221-1228.

A. Cano, M. A. Perez-Moreno, 1. Rodrigo, A. Locascio, M. J. Blanco, M. G.
del Barrio et al., The transcription factor snail controls epithelial-mesenchymal
transitions by repressing E-cadherin expression, Nat. Cell Biol. 2, (2000) 76-83.
S. Y. Proskuryakov, A. G. Konoplyannikov, V. L. Gabai, Necrosis: a specific
form of programmed cell death?, Exp. Cell Res. 283, (2003) 1-16.

F. K. Chan, J. Shisler, J. G. Bixby, M. Felices, L. Zheng, M. Appel et al., A
role for tumor necrosis factor receptor-2 and receptor-interacting protein in
programmed necrosis and antiviral responses, J. Biol. Chem. 278, (2003)
51613-51621.

N. Holler, R. Zaru, O. Micheau, M. Thome, A. Attinger, S. Valitutti et al., Fas
triggers an alternative, caspase-8-independent cell death pathway using the

kinase RIP as effector molecule, Nat. Immunol. 1, (2000) 489-495.



[177]

[178]

[179]

[180]

[181]

[182]

[183]

[184]

219

G. M. Hur, J. Lewis, Q. Yang, Y. Lin, H. Nakano, S. Nedospasov et al., The
death domain kinase RIP has an essential role in DNA damage-induced NF-
kappa B activation, Genes Dev. 17, (2003) 873-882.

M. G. Nievers, R. Q. Schaapveld, A. Sonnenberg, Biology and function of
hemidesmosomes, Matrix Biol. 18, (1999) 5-17.

W. X. Zong, C. B. Thompson, Necrotic death as a cell fate, Genes Dev. 20,
(2006) 1-15.

V. A. Fadok, D. L. Bratton, S. C. Frasch, M. L. Warner, P. M. Henson, The
role of phosphatidylserine in recognition of apoptotic cells by phagocytes, Cell
Death. Differ. 5, (1998) 551-562.

I. Rabinovitz, A. M. Mercurio, The integrin alpha6bbeta4 functions in
carcinoma cell migration on laminin-1 by mediating the formation and
stabilization of actin-containing motility structures, J. Cell Biol. 139, (1997)
1873-1884.

D. Hanahan, R. A. Weinberg, The hallmarks of cancer, Cell 100, (2000) 57-70.
A. Bennasroune, A. Gardin, D. Aunis, G. Cremel, P. Hubert, Tyrosine kinase
receptors as attractive targets of cancer therapy, Crit Rev. Oncol. Hematol. 50,
(2004) 23-38.

P. Blume-Jensen, T. Hunter, Oncogenic kinase signalling, Nature 411, (2001)

355-365.



[185]

[186]

[187]

[188]

[189]

[190]

[191]

220

D. Graus-Porta, R. R. Beerli, J. M. Daly, N. E. Hynes, ErbB-2, the preferred
heterodimerization partner of all ErbB receptors, is a mediator of lateral
signaling, EMBO J. 16, (1997) 1647-1655.

N. E. Hynes, H. A. Lane, ERBB receptors and cancer: the complexity of
targeted inhibitors, Nat. Rev. Cancer 5, (2005) 341-354.

P. M. Siegel, E. D. Ryan, R. D. Cardiff, W. J. Muller, Elevated expression of
activated forms of Neu/ErbB-2 and ErbB-3 are involved in the induction of
mammary tumors in transgenic mice: implications for human breast cancer,
EMBO J. 18, (1999) 2149-2164.

U. Vogt, K. Bielawski, C. M. Schlotter, U. Bosse, B. Falkiewicz, A. J.
Podhajska, Amplification of erbB-4 oncogene occurs less frequently than that
of erbB-2 in primary human breast cancer, Gene 223, (1998) 375-380.

C.T. Guy, M. A. Webster, M. Schaller, T. J. Parsons, R. D. Cardiff, W. J.
Muller, Expression of the neu protooncogene in the mammary epithelium of
transgenic mice induces metastatic disease, Proc. Natl. Acad. Sci. U.S.A 89,
(1992) 10578-10582.

P. P. Di Fiore, J. H. Pierce, M. H. Kraus, O. Segatto, C. R. King, S. A.
Aaronson, erbB-2 is a potent oncogene when overexpressed in NIH/3T3 cells,
Science 237, (1987) 178-182.

J. R. Sainsbury, A. J. Malcolm, D. R. Appleton, J. R. Farndon, A. L. Harris,
Presence of epidermal growth factor receptor as an indicator of poor prognosis

in patients with breast cancer, J. Clin. Pathol. 38, (1985) 1225-1228.



[192]

[193]

[194]

[195]

[196]

[197]

[198]

[199]

[200]

221

E. Surmacz, M. A. Guvakova, M. K. Nolan, R. F. Nicosia, L. Sciacca, Type I
insulin-like growth factor receptor function in breast cancer, Breast Cancer Res.
Treat. 47, (1998) 255-267.

L. Sepp-Lorenzino, Structure and function of the insulin-like growth factor I
receptor, Breast Cancer Res. Treat. 47, (1998) 235-253.

S. E. Hankinson, W. C. Willett, G. A. Colditz, D. J. Hunter, D. S. Michaud, B.
Deroo et al., Circulating concentrations of insulin-like growth factor-I and risk
of breast cancer, Lancet 351, (1998) 1393-1396.

H. Werner, D. LeRoith, The role of the insulin-like growth factor system in
human cancer, Adv. Cancer Res. 68, (1996) 183-223.

R. Baserga, C. Sell, P. Porcu, M. Rubini, The role of the IGF-I receptor in the
growth and transformation of mammalian cells, Cell Prolif. 27, (1994) 63-71.
G. Furstenberger, H. J. Senn, Insulin-like growth factors and cancer, Lancet
Oncol. 3, (2002) 298-302.

E. Surmacz, Function of the IGF-I receptor in breast cancer, J. Mammary.
Gland. Biol. Neoplasia. 5, (2000) 95-105.

C. Dillon, B. Spencer-Dene, C. Dickson, A crucial role for fibroblast growth
factor signaling in embryonic mammary gland development, J. Mammary.
Gland. Biol. Neoplasia. 9, (2004) 207-215.

C. J. Powers, S. W. McLeskey, A. Wellstein, Fibroblast growth factors, their

receptors and signaling, Endocr. Relat Cancer 7, (2000) 165-197.



[201]

[202]

[203]

[204]

[205]

[206]

222

C. Dickson, B. Spencer-Dene, C. Dillon, V. Fantl, Tyrosine kinase signalling in
breast cancer: fibroblast growth factors and their receptors, Breast Cancer Res.
2, (2000) 191-196.

G. Peters, S. Brookes, R. Smith, M. Placzek, C. Dickson, The mouse homolog
of the hst/k-FGF gene is adjacent to int-2 and is activated by proviral insertion
in some virally induced mammary tumors, Proc. Natl. Acad. Sci. U.S.A 86,
(1989) 5678-5682.

C. A. MacArthur, D. B. Shankar, G. M. Shackleford, Fgf-8, activated by
proviral insertion, cooperates with the Wnt-1 transgene in murine mammary
tumorigenesis, J. Virol. 69, (1995) 2501-2507.

G. Peters, S. Brookes, R. Smith, C. Dickson, Tumorigenesis by mouse
mammary tumor virus: evidence for a common region for provirus integration
in mammary tumors, Cell 33, (1983) 369-377.

B. E. Welm, K. W. Freeman, M. Chen, A. Contreras, D. M. Spencer, J. M.
Rosen, Inducible dimerization of FGFR1: development of a mouse model to
analyze progressive transformation of the mammary gland, J. Cell Biol. 157,
(2002) 703-714.

E. S. Ngan, Z. Q. Ma, S. S. Chua, F. J. DeMayo, S. Y. Tsai, Inducible
expression of FGF-3 in mouse mammary gland, Proc. Natl. Acad. Sci. U.S.A

99, (2002) 11187-11192.



[207]

[208]

[209]

[210]

[211]

[212]

[213]

[214]

[215]

223

F. Penault-Llorca, F. Bertucci, J. Adelaide, P. Parc, F. Coulier, J. Jacquemier et
al., Expression of FGF and FGF receptor genes in human breast cancer, Int. J.
Cancer 61, (1995) 170-176.

J. Adnane, P. Gaudray, C. A. Dionne, G. Crumley, M. Jaye, J. Schlessinger et
al., BEK and FLG, two receptors to members of the FGF family, are amplified
in subsets of human breast cancers, Oncogene 6, (1991) 659-663.

S. Jaakkola, P. Salmikangas, S. Nylund, J. Partanen, E. Armstrong, S.
Pyrhonen et al., Amplification of fgfr4 gene in human breast and gynecological
cancers, Int. J. Cancer 54, (1993) 378-382.

J. W. Shay, W. E. Wright, Senescence and immortalization: role of telomeres
and telomerase, Carcinogenesis 26, (2005) 867-874.

M. Tessema, U. Lehmann, H. Kreipe, Cell cycle and no end, Virchows Arch.
444, (2004) 313-323.

M. Malumbres, M. Barbacid, To cycle or not to cycle: a critical decision in
cancer, Nat. Rev. Cancer 1, (2001) 222-231.

S. J. Elledge, Cell cycle checkpoints: preventing an identity crisis, Science 274,
(1996) 1664-1672.

D. O. Morgan, Cyclin-dependent kinases: engines, clocks, and microprocessors,
Annu. Rev. Cell Dev. Biol. 13, (1997) 261-291.

C. J. Sherr, G1 phase progression: cycling on cue, Cell 79, (1994) 551-555.



[216]

[217]

[218]

[219]

[220]

[221]

[222]

[223]

[224]

224

M. Ohtsubo, A. M. Theodoras, J. Schumacher, J. M. Roberts, M. Pagano,
Human cyclin E, a nuclear protein essential for the G1-to-S phase transition,
Mol. Cell Biol. 15, (1995) 2612-2624.

F. Girard, U. Strausfeld, A. Fernandez, N. J. Lamb, Cyclin A is required for the
onset of DNA replication in mammalian fibroblasts, Cell 67, (1991) 1169-1179.
M. Arellano, S. Moreno, Regulation of CDK/cyclin complexes during the cell
cycle, Int. J. Biochem. Cell Biol. 29, (1997) 559-573.

A. Feki, I. Irminger-Finger, Mutational spectrum of p5S3 mutations in primary
breast and ovarian tumors, Crit Rev. Oncol. Hematol. 52, (2004) 103-116.

S.J. Weintraub, C. A. Prater, D. C. Dean, Retinoblastoma protein switches the
E2F site from positive to negative element, Nature 358, (1992) 259-261.

C. J. Sherr, J. M. Roberts, Inhibitors of mammalian G1 cyclin-dependent
kinases, Genes Dev. 9, (1995) 1149-1163.

G. J. Hannon, D. Beach, pI5INK4B is a potential effector of TGF-beta-induced
cell cycle arrest, Nature 371, (1994) 257-261.

W. S. El Deiry, T. Tokino, V. E. Velculescu, D. B. Levy, R. Parsons, J. M.
Trent et al., WAF]1, a potential mediator of pS3 tumor suppression, Cell 75,
(1993) 817-825.

L. Reynisdottir, K. Polyak, A. lavarone, J. Massague, Kip/Cip and Ink4 Cdk
inhibitors cooperate to induce cell cycle arrest in response to TGF-beta, Genes

Dev. 9, (1995) 1831-1845.



[225]

225

A. B. Pardee, G1 events and regulation of cell proliferation, Science 246,

(1989) 603-608.

[226] R. E. Scott, Differentiation, differentiation/gene therapy and cancer, Pharmacol.

[227]

[228]

[229]

Ther. 73, (1997) 51-65.

P. Minoo, W. Sullivan, L. R. Solomon, T. E. Martin, D. O. Toft, R. E. Scott,
Loss of proliferative potential during terminal differentiation coincides with the
decreased abundance of a subset of heterogeneous ribonuclear proteins, J. Cell
Biol. 109, (1989) 1937-1946.

H. Jiang, J. Lin, Z. Z. Su, M. Herlyn, R. S. Kerbel, B. E. Weissman et al., The
melanoma differentiation-associated gene mda-6, which encodes the cyclin-
dependent kinase inhibitor p21, is differentially expressed during growth,
differentiation and progression in human melanoma cells, Oncogene 10, (1995)
1855-1864.

M. L. Wier, R. E. Scott, Defective control of terminal differentiation and its

role in carcinogenesis in the 3T3 T proadipocyte stem cell line, Cancer Res. 45,

(1985) 3339-3346.

[230] J. Massague, The transforming growth factor-beta family, Annu. Rev. Cell Biol.

[231]

6, (1990) 597-641.
J. Massague, S. Cheifetz, M. Laiho, D. A. Ralph, F. M. Weis, A. Zentella,

Transforming growth factor-beta, Cancer Surv. 12, (1992) 81-103.



[232]

[233]

[234]

[235]

[236]

[237]

[238]

[239]

226

D. F. Pierce, Jr., A. E. Gorska, A. Chytil, K. S. Meise, D. L. Page, R. J. Coffey,
Jr. et al., Mammary tumor suppression by transforming growth factor beta 1
transgene expression, Proc. Natl. Acad. Sci. U.S.A 92, (1995) 4254-4258.
R.J. Coffey, Jr., C. C. Bascom, N. J. Sipes, R. Graves-Deal, B. E. Weissman,
H. L. Moses, Selective inhibition of growth-related gene expression in murine
keratinocytes by transforming growth factor beta, Mol. Cell Biol. 8, (1988)
3088-3093.

A. Zentella, J. Massague, Transforming growth factor beta induces myoblast
differentiation in the presence of mitogens, Proc. Natl. Acad. Sci. U.S.A 89,
(1992) 5176-5180.

P. S. Steeg, Q. Zhou, Cyclins and breast cancer, Breast Cancer Res. Treat. 52,
(1998) 17-28.

A. Borg, M. Ferno, C. Peterson, Predicting the future of breast cancer, Nat.
Med. 9, (2003) 16-18.

C. H. Spruck, K. A. Won, S. I. Reed, Deregulated cyclin E induces
chromosome instability, Nature 401, (1999) 297-300.

M. Lacroix, R. A. Toillon, G. Leclercq, p53 and breast cancer, an update,
Endocr. Relat Cancer 13, (2006) 293-325.

T. Norberg, J. Lennerstrand, M. Inganas, J. Bergh, Comparison between p53
protein measurements using the luminometric immunoassay and
immunohistochemistry with detection of p53 gene mutations using cDNA

sequencing in human breast tumors, Int. J. Cancer 79, (1998) 376-383.



[240]

[241]

[242]

[243]

[244]

[245]

[246]

227

J. Donovan, J. Slingerland, Transforming growth factor-beta and breast cancer:
Cell cycle arrest by transforming growth factor-beta and its disruption in cancer,
Breast Cancer Res. 2, (2000) 116-124.

J. C. Sabourin, A. Martin, J. Baruch, J. B. Truc, A. Gompel, P. Poitout, bcl-2
expression in normal breast tissue during the menstrual cycle, Int. J. Cancer 59,
(1994) 1-6.

D. J. Allan, A. Howell, S. A. Roberts, G. T. Williams, R. J. Watson, J. D.
Coyne et al., Reduction in apoptosis relative to mitosis in histologically normal
epithelium accompanies fibrocystic change and carcinoma of the
premenopausal human breast, J. Pathol. 167, (1992) 25-32.

A. Gandhi, P. A. Holland, W. F. Knox, C. S. Potten, N. J. Bundred, Evidence
of significant apoptosis in poorly differentiated ductal carcinoma in situ of the
breast, Br. J. Cancer 78, (1998) 788-794.

P. Lipponen, S. Aaltomaa, V. M. Kosma, K. Syrjanen, Apoptosis in breast
cancer as related to histopathological characteristics and prognosis, Eur. J.
Cancer 30A, (1994) 2068-2073.

S. Bodis, K. P. Siziopikou, S. J. Schnitt, J. R. Harris, D. E. Fisher, Extensive
apoptosis in ductal carcinoma in situ of the breast, Cancer 77, (1996) 1831-
1835.

G. Evan, T. Littlewood, A matter of life and cell death, Science 281, (1998)

1317-1322.



[247]

[248]

[249]

[250]

[251]

[252]

[253]

228

D. M. Thomas, H. S. Yang, K. Alexander, P. W. Hinds, Role of the
retinoblastoma protein in differentiation and senescence, Cancer Biol. Ther. 2,
(2003) 124-130.

M. M. Keane, S. A. Ettenberg, G. A. Lowrey, E. K. Russell, S. Lipkowitz, Fas
expression and function in normal and malignant breast cell lines, Cancer Res.
56, (1996) 4791-4798.

M. Mottolese, S. Buglioni, C. Bracalenti, M. A. Cardarelli, L. Ciabocco, D.
Giannarelli et al., Prognostic relevance of altered Fas (CD95)-system in human
breast cancer, Int. J. Cancer 89, (2000) 127-132.

T. Reimer, C. Herrnring, D. Koczan, D. Richter, B. Gerber, D. Kabelitz et al.,
FasL:Fas ratio--a prognostic factor in breast carcinomas, Cancer Res. 60,
(2000) 822-828.

S. Krajewski, M. Krajewska, B. C. Turner, C. Pratt, B. Howard, J. M. Zapata et
al., Prognostic significance of apoptosis regulators in breast cancer, Endocr.
Relat Cancer 6, (1999) 29-40.

R. Alsabeh, C. S. Wilson, C. W. Ahn, M. A. Vasef, H. Battifora, Expression of
bcl-2 by breast cancer: a possible diagnostic application, Mod. Pathol. 9,
(1996) 439-444.

S. Krajewski, S. Tanaka, S. Takayama, M. J. Schibler, W. Fenton, J. C. Reed,
Investigation of the subcellular distribution of the bcl-2 oncoprotein: residence
in the nuclear envelope, endoplasmic reticulum, and outer mitochondrial

membranes, Cancer Res. 53, (1993) 4701-4714.



[254]

[255]

[256]

[257]

[258]

[259]

[260]

[261]

229

R. C. Bargou, P. T. Daniel, M. Y. Mapara, K. Bommert, C. Wagener, B.
Kallinich et al., Expression of the bcl-2 gene family in normal and malignant
breast tissue: low bax-alpha expression in tumor cells correlates with resistance
towards apoptosis, Int. J. Cancer 60, (1995) 854-859.

P. N. Span, V. C. Tjan-Heijnen, P. Manders, D. van Tienoven, J. Lehr, F. C.
Sweep, High survivin predicts a poor response to endocrine therapy, but a good
response to chemotherapy in advanced breast cancer, Breast Cancer Res. Treat.
98, (2006) 223-230.

M. Vakkala, P. Paakko, Y. Soini, Expression of caspases 3, 6 and 8 is increased
in parallel with apoptosis and histological aggressiveness of the breast lesion,
Br. J. Cancer 81, (1999) 592-599.

R. Kumar, R. K. Vadlamudi, L. Adam, Apoptosis in mammary gland and
cancer, Endocr. Relat Cancer 7, (2000) 257-269.

D. M. Sohn, S. Y. Kim, M. J. Baek, C. W. Lim, M. H. Lee, M. S. Cho et al.,
Expression of survivin and clinical correlation in patients with breast cancer,
Biomed. Pharmacother. 60, (2006) 289-292.

L. Hayflick, The limited in vitro lifetime of human diploid cell strains, Exp.
Cell Res. 37, (1965) 614-636.

W. E. Wright, J. W. Shay, The two-stage mechanism controlling cellular
senescence and immortalization, Exp. Gerontol. 27, (1992) 383-389.

J. Campisi, Cancer and ageing: rival demons?, Nat. Rev. Cancer 3, (2003) 339-

349.



[262]

[263]

[264]

[265]

[266]

[267]

[268]

[269]

[270]

230

R. S. Maser, R. A. DePinho, Connecting chromosomes, crisis, and cancer,
Science 297, (2002) 565-569.

A. K. Meeker, J. L. Hicks, C. A. Iacobuzio-Donahue, E. A. Montgomery, W. H.
Westra, T. Y. Chan et al., Telomere length abnormalities occur early in the
initiation of epithelial carcinogenesis, Clin. Cancer Res. 10, (2004) 3317-3326.
B. S. Herbert, W. E. Wright, J. W. Shay, Telomerase and breast cancer, Breast
Cancer Res. 3, (2001) 146-149.

T. M. Bryan, T. R. Cech, Telomerase and the maintenance of chromosome
ends, Curr. Opin. Cell Biol. 11, (1999) 318-324.

J. Feng, W. D. Funk, S. S. Wang, S. L. Weinrich, A. A. Avilion, C. P. Chiu et
al., The RNA component of human telomerase, Science 269, (1995) 1236-1241.
A. G. Bodnar, M. Ouellette, M. Frolkis, S. E. Holt, C. P. Chiu, G. B. Morin et
al., Extension of life-span by introduction of telomerase into normal human
cells, Science 279, (1998) 349-352.

G. McMahon, VEGF receptor signaling in tumor angiogenesis, Oncologist. 5
Suppl 1, (2000) 3-10.

M. Klagsbrun, J. Folkman, Angiogenesis, in: M.B. Sporn, A.B. Roberts (Eds.),
Peptide Growth Factors and Their Receptors, Springer, New York, 1990,
pp549-586.

M. Klagsbrun, P. A. D'Amore, Vascular endothelial growth factor and its

receptors, Cytokine Growth Factor Rev. 7, (1996) 259-270.



[271]

[272]

[273]

[274]

[275]

[276]

231

N. Ferrara, K. Alitalo, Clinical applications of angiogenic growth factors and
their inhibitors, Nat. Med. 5, (1999) 1359-1364.

D. Shweiki, A. Itin, D. Soffer, E. Keshet, Vascular endothelial growth factor
induced by hypoxia may mediate hypoxia-initiated angiogenesis, Nature 359,
(1992) 843-845.

D. Shweiki, M. Neeman, A. Itin, E. Keshet, Induction of vascular endothelial
growth factor expression by hypoxia and by glucose deficiency in multicell
spheroids: implications for tumor angiogenesis, Proc. Natl. Acad. Sci. U.S.A
92, (1995) 768-772.

G. P. Pidgeon, M. P. Barr, J. H. Harmey, D. A. Foley, D. J. Bouchier-Hayes,
Vascular endothelial growth factor (VEGF) upregulates BCL-2 and inhibits
apoptosis in human and murine mammary adenocarcinoma cells, Br. J. Cancer
85, (2001) 273-278.

J. I. Huh, A. Calvo, J. Stafford, M. Cheung, R. Kumar, D. Philp et al.,
Inhibition of VEGF receptors significantly impairs mammary cancer growth in
C3(1)/Tag transgenic mice through antiangiogenic and non-antiangiogenic
mechanisms, Oncogene 24, (2005) 790-800.

S. W. McLeskey, C. A. Tobias, P. R. Vezza, A. C. Filie, F. G. Kern, J. Hanfelt,
Tumor growth of FGF or VEGF transfected MCF-7 breast carcinoma cells
correlates with density of specific microvessels independent of the transfected

angiogenic factor, Am. J. Pathol. 153, (1998) 1993-2006.



[277]

[278]

[279]

[280]

[281]

[282]

[283]

[284]

232

G. Finkenzeller, K. Weindel, W. Zimmermann, G. Westin, D. Marme,
Activated Neu/ErbB-2 induces expression of the vascular endothelial growth
factor gene by functional activation of the transcription factor Sp 1,
Angiogenesis. 7, (2004) 59-68.

G. E. Konecny, Y. G. Meng, M. Untch, H. J. Wang, 1. Bauerfeind, M. Epstein
et al., Association between HER-2/neu and vascular endothelial growth factor
expression predicts clinical outcome in primary breast cancer patients, Clin.
Cancer Res. 10, (2004) 1706-1716.

A. M. Mercurio, R. E. Bachelder, J. Chung, K. L. O'Connor, I. Rabinovitz, L.
M. Shaw et al., Integrin laminin receptors and breast carcinoma progression, J.
Mammary. Gland. Biol. Neoplasia. 6, (2001) 299-309.

S. M. Frisch, E. Ruoslahti, Integrins and anoikis, Curr. Opin. Cell Biol. 9,
(1997) 701-706.

E. Rodriguez-Boulan, W. J. Nelson, Morphogenesis of the polarized epithelial
cell phenotype, Science 245, (1989) 718-725.

H. Colognato, P. D. Yurchenco, Form and function: the laminin family of
heterotrimers, Dev. Dyn. 218, (2000) 213-234.

A. M. Mercurio, Laminin receptors: achieving specificity through cooperation,
Trends Cell Biol. 5, (1995) 419-423.

A. van der Flier, A. Sonnenberg, Function and interactions of integrins, Cell

Tissue Res. 305, (2001) 285-298.



[285]

[286]

[287]

[288]

[289]

[290]

[291]

[292]

233

A. E. Aplin, A. K. Howe, R. L. Juliano, Cell adhesion molecules, signal
transduction and cell growth, Curr. Opin. Cell Biol. 11, (1999) 737-744.

S. K. Sastry, K. Burridge, Focal adhesions: a nexus for intracellular signaling
and cytoskeletal dynamics, Exp. Cell Res. 261, (2000) 25-36.

Y. Kang, J. Massague, Epithelial-mesenchymal transitions: twist in
development and metastasis, Cell 118, (2004) 277-279.

A. Vincent-Salomon, J. P. Thiery, Host microenvironment in breast cancer
development: epithelial-mesenchymal transition in breast cancer development,
Breast Cancer Res. 5, (2003) 101-106.

E. Janda, K. Lehmann, 1. Killisch, M. Jechlinger, M. Herzig, J. Downward et
al., Ras and TGF[beta] cooperatively regulate epithelial cell plasticity and
metastasis: dissection of Ras signaling pathways, J. Cell Biol. 156, (2002) 299-
313.

W. Guo, F. G. Giancotti, Integrin signalling during tumour progression, Nat.
Rev. Mol. Cell Biol. 5, (2004) 816-826.

J. Comijn, G. Berx, P. Vermassen, K. Verschueren, L. van Grunsven, E.
Bruyneel et al., The two-handed E box binding zinc finger protein SIP1
downregulates E-cadherin and induces invasion, Mol. Cell 7, (2001) 1267-1278.
M. A. Nieto, The snail superfamily of zinc-finger transcription factors, Nat.

Rev. Mol. Cell Biol. 3, (2002) 155-166.



[293]

[294]

[295]

[296]

[297]

[298]

[299]

[300]

234

J. Yang, S. A. Mani, J. L. Donaher, S. Ramaswamy, R. A. Itzykson, C. Come
et al., Twist, a master regulator of morphogenesis, plays an essential role in
tumor metastasis, Cell 117, (2004) 927-939.

M. P. Sheetz, D. Felsenfeld, C. G. Galbraith, D. Choquet, Cell migration as a
five-step cycle, Biochem. Soc. Symp. 65, (1999) 233-243.

R. S. Cotran, V. Kumar, T. Collins, Robbins Pathological Basis of Disease,
Saunders, Philadelphia 1999.

L. E. Collier, S. M. Wilhelm, A. Z. Eisen, B. L. Marmer, G. A. Grant, J. L.
Seltzer et al., H-ras oncogene-transformed human bronchial epithelial cells
(TBE-1) secrete a single metalloprotease capable of degrading basement
membrane collagen, J. Biol. Chem. 263, (1988) 6579-6587.

W. G. Stetler-Stevenson, A. E. Yu, Proteases in invasion: matrix
metalloproteinases, Semin. Cancer Biol. 11, (2001) 143-152.

L. M. Shaw, Integrin function in breast carcinoma progression, J. Mammary.
Gland. Biol. Neoplasia. 4, (1999) 367-376.

K. Friedrichs, P. Ruiz, F. Franke, 1. Gille, H. J. Terpe, B. A. Imhof, High
expression level of alpha 6 integrin in human breast carcinoma is correlated
with reduced survival, Cancer Res. 55, (1995) 901-906.

E. Tagliabue, C. Ghirelli, P. Squicciarini, P. Aiello, M. I. Colnaghi, S. Menard,
Prognostic value of alpha 6 beta 4 integrin expression in breast carcinomas is
affected by laminin production from tumor cells, Clin. Cancer Res. 4, (1998)

407-410.



[301]

[302]

[303]

[304]

[305]

[306]

[307]

[308]

[309]

235

G. J. Mizejewski, Role of integrins in cancer: survey of expression patterns,
Proc. Soc. Exp. Biol. Med. 222, (1999) 124-138.

M. Tubiana-Hulin, How to maximize the efficacy of taxanes in breast cancer,
Cancer Treat. Rev. 31 Suppl 4, (2005) S3-S9.

C. T. Chung, R. W. Carlson, Goals and objectives in the management of
metastatic breast cancer, Oncologist. 8, (2003) 514-520.

R. E. Coleman, Current and future status of adjuvant therapy for breast cancer,
Cancer 97, (2003) 880-886.

Ovarian ablation in early breast cancer: overview of the randomised trials.
Early Breast Cancer Trialists' Collaborative Group, Lancet 348, (1996) 1189-
1196.

Tamoxifen for early breast cancer: an overview of the randomised trials. Early
Breast Cancer Trialists' Collaborative Group, Lancet 351, (1998) 1451-1467.
J. R. Gralow, Optimizing the treatment of metastatic breast cancer, Breast
Cancer Res. Treat. 89 Suppl 1, (2005) S9-S15.

J. Bonneterre, A. Buzdar, J. M. Nabholtz, J. F. Robertson, B. Thurlimann, M.
von Euler et al., Anastrozole is superior to tamoxifen as first-line therapy in
hormone receptor positive advanced breast carcinoma, Cancer 92, (2001) 2247-
2258.

H. Mouridsen, M. Gershanovich, Y. Sun, R. Perez-Carrion, C. Boni, A.
Monnier et al., Phase III study of letrozole versus tamoxifen as first-line

therapy of advanced breast cancer in postmenopausal women: analysis of



[310]

[311]

[312]

[313]

[314]

[315]

[316]

[317]

236

survival and update of efficacy from the International Letrozole Breast Cancer
Group, J. Clin. Oncol. 21, (2003) 2101-2109.

G. Bonadonna, E. Brusamolino, P. Valagussa, A. Rossi, L. Brugnatelli, C.
Brambilla et al., Combination chemotherapy as an adjuvant treatment in
operable breast cancer, N. Engl. J. Med. 294, (1976) 405-410.

D. E. Lebwohl, R. Canetta, New developments in chemotherapy of advanced
breast cancer, Ann. Oncol. 10 Suppl 6, (1999) 139-146.

S. Gluck, Adjuvant chemotherapy for early breast cancer: optimal use of
epirubicin, Oncologist. 10, (2005) 780-791.

A. C. Wollff, Liposomal anthracyclines and new treatment approaches for
breast cancer, Oncologist. 8 Suppl 2, (2003) 25-30.

D. L. Ahmann, D. J. Schaid, H. F. Bisel, R. G. Hahn, J. H. Edmonson, J. N.
Ingle, The effect on survival of initial chemotherapy in advanced breast cancer:
polychemotherapy versus single drug, J. Clin. Oncol. 5, (1987) 1928-1932.

J. Crown, M. O'Leary, The taxanes: an update, Lancet 355, (2000) 1176-1178.
B. S. Reichman, A. D. Seidman, J. P. Crown, R. Heelan, T. B. Hakes, D. E.
Lebwohl et al., Paclitaxel and recombinant human granulocyte colony-
stimulating factor as initial chemotherapy for metastatic breast cancer, J. Clin.
Oncol. 11, (1993) 1943-1951.

C. A. Hudis, A. D. Seidman, J. P. Crown, C. Balmaceda, R. Freilich, T. A.
Gilewski et al., Phase II and pharmacologic study of docetaxel as initial

chemotherapy for metastatic breast cancer, J. Clin. Oncol. 14, (1996) 58-65.



[318]

[319]

[320]

[321]

[322]

[323]

237

J. Crown, Phase III randomized trials of docetaxel in patients with metastatic
breast cancer, Semin. Oncol. 26, (1999) 33-38.

S. E. Jones, J. Erban, B. Overmoyer, G. T. Budd, L. Hutchins, E. Lower et al.,
Randomized phase III study of docetaxel compared with paclitaxel in
metastatic breast cancer, J. Clin. Oncol. 23, (2005) 5542-5551.

W. W. Bokkel Huinink, A. M. Prove, M. Piccart, W. Steward, T. Tursz, J.
Wanders et al., A phase II trial with docetaxel (Taxotere) in second line
treatment with chemotherapy for advanced breast cancer. A study of the
EORTC Early Clinical Trials Group, Ann. Oncol. 5, (1994) 527-532.

J. M. Nabholtz, C. Falkson, D. Campos, J. Szanto, M. Martin, S. Chan et al.,
Docetaxel and doxorubicin compared with doxorubicin and cyclophosphamide
as first-line chemotherapy for metastatic breast cancer: results of a randomized,
multicenter, phase III trial, J. Clin. Oncol. 21, (2003) 968-975.

J. Baselga, L. Norton, J. Albanell, Y. M. Kim, J. Mendelsohn, Recombinant
humanized anti-HER?2 antibody (Herceptin) enhances the antitumor activity of
paclitaxel and doxorubicin against HER2/neu overexpressing human breast
cancer xenografts, Cancer Res. 58, (1998) 2825-2831.

D. J. Slamon, G. M. Clark, S. G. Wong, W. J. Levin, A. Ullrich, W. L.
McGuire, Human breast cancer: correlation of relapse and survival with

amplification of the HER-2/neu oncogene, Science 235, (1987) 177-182.



[324]

[325]

[326]

[327]

[328]

[329]

238

J. G. Klijn, P. M. Berns, P. I. Schmitz, J. A. Foekens, The clinical significance
of epidermal growth factor receptor (EGF-R) in human breast cancer: a review
on 5232 patients, Endocr. Rev. 13, (1992) 3-17.

N. U. Lin, E. P. Winer, New targets for therapy in breast cancer: small
molecule tyrosine kinase inhibitors, Breast Cancer Res. 6, (2004) 204-210.

J. M. Knowlden, I. R. Hutcheson, H. E. Jones, T. Madden, J. M. Gee, M. E.
Harper et al., Elevated levels of epidermal growth factor receptor/c-erbB2
heterodimers mediate an autocrine growth regulatory pathway in tamoxifen-
resistant MCF-7 cells, Endocrinology 144, (2003) 1032-1044.

M. A. Cobleigh, C. L. Vogel, D. Tripathy, N. J. Robert, S. Scholl, L.
Fehrenbacher et al., Multinational study of the efficacy and safety of
humanized anti-HER2 monoclonal antibody in women who have HER2-
overexpressing metastatic breast cancer that has progressed after chemotherapy
for metastatic disease, J. Clin. Oncol. 17, (1999) 2639-2648.

D. J. Slamon, B. Leyland-Jones, S. Shak, H. Fuchs, V. Paton, A. Bajamonde et
al., Use of chemotherapy plus a monoclonal antibody against HER2 for
metastatic breast cancer that overexpresses HER2, N. Engl. J. Med. 344, (2001)
783-792.

E. Tokunaga, E. Oki, K. Nishida, T. Koga, A. Egashira, M. Morita et al.,
Trastuzumab and breast cancer: developments and current status, Int. J. Clin.

Oncol. 11, (2006) 199-208.



[330]

[331]

[332]

[333]

[334]

[335]

[336]

239

A. Agrawal, E. Gutteridge, J. M. Gee, R. 1. Nicholson, J. F. Robertson,
Overview of tyrosine kinase inhibitors in clinical breast cancer, Endocr. Relat
Cancer 12 Suppl 1, (2005) S135-S144.

G. Yang, K. Q. Cai, J. A. Thompson-Lanza, R. C. Bast, Jr., J. Liu, Inhibition of
breast and ovarian tumor growth through multiple signaling pathways by using
retrovirus-mediated small interfering RNA against Her-2/neu gene expression,
J. Biol. Chem. 279, (2004) 4339-4345.

N. G. Anderson, T. Ahmad, K. Chan, R. Dobson, N. J. Bundred, ZD1839
(Iressa), a novel epidermal growth factor receptor (EGFR) tyrosine kinase
inhibitor, potently inhibits the growth of EGFR-positive cancer cell lines with
or without erbB2 overexpression, Int. J. Cancer 94, (2001) 774-782.

J. Folkman, Angiogenesis in cancer, vascular, rheumatoid and other disease,
Nat. Med. 1, (1995) 27-31.

H. S. Rugo, Bevacizumab in the treatment of breast cancer: rationale and
current data, Oncologist. 9 Suppl 1, (2004) 43-49.

K. D. Miller, Recent translational research: antiangiogenic therapy for breast
cancer - where do we stand?, Breast Cancer Res. 6, (2004) 128-132.

P. C. Brooks, A. M. Montgomery, M. Rosenfeld, R. A. Reisfeld, T. Hu, G.
Klier et al., Integrin alpha v beta 3 antagonists promote tumor regression by

inducing apoptosis of angiogenic blood vessels, Cell 79, (1994) 1157-1164.



[337]

[338]

[339]

[340]

[341]

[342]

[343]

240

P. C. Brooks, S. Stromblad, R. Klemke, D. Visscher, F. H. Sarkar, D. A.
Cheresh, Antiintegrin alpha v beta 3 blocks human breast cancer growth and
angiogenesis in human skin, J. Clin. Invest 96, (1995) 1815-1822.

L. F. Brown, B. Berse, R. W. Jackman, K. Tognazzi, A. J. Guidi, H. F. Dvorak
et al., Expression of vascular permeability factor (vascular endothelial growth
factor) and its receptors in breast cancer, Hum. Pathol. 26, (1995) 86-91.

M. D. Pegram, D. M. Reese, Combined biological therapy of breast cancer
using monoclonal antibodies directed against HER2/neu protein and vascular
endothelial growth factor, Semin. Oncol. 29, (2002) 29-37.

N. Ferrara, Role of vascular endothelial growth factor in the regulation of
angiogenesis, Kidney Int. 56, (1999) 794-814.

K. J. Kim, B. Li, J. Winer, M. Armanini, N. Gillett, H. S. Phillips et al.,
Inhibition of vascular endothelial growth factor-induced angiogenesis
suppresses tumour growth in vivo, Nature 362, (1993) 841-844.

M. A. Cobleigh, V. K. Langmuir, G. W. Sledge, K. D. Miller, L. Haney, W. F.
Novotny et al., A phase I/II dose-escalation trial of bevacizumab in previously
treated metastatic breast cancer, Semin. Oncol. 30, (2003) 117-124.

K. D. Miller, L. I. Chap, F. A. Holmes, M. A. Cobleigh, P. K. Marcom, L.
Fehrenbacher et al., Randomized phase III trial of capecitabine compared with
bevacizumab plus capecitabine in patients with previously treated metastatic

breast cancer, J. Clin. Oncol. 23, (2005) 792-799.



[344]

[345]

[346]

[347]

[348]

[349]

[350]

[351]

241

M. Hidalgo, S. G. Eckhardt, Development of matrix metalloproteinase
inhibitors in cancer therapy, J. Natl. Cancer Inst. 93, (2001) 178-193.

K. D. Miller, T. J. Saphner, D. M. Waterhouse, T. T. Chen, A. Rush-Taylor, J.
A. Sparano et al., A randomized phase II feasibility trial of BMS-275291 in
patients with early stage breast cancer, Clin. Cancer Res. 10, (2004) 1971-1975.
T. Fotsis, Y. Zhang, M. S. Pepper, H. Adlercreutz, R. Montesano, P. P.
Nawroth et al., The endogenous oestrogen metabolite 2-methoxyoestradiol
inhibits angiogenesis and suppresses tumour growth, Nature 368, (1994) 237-
239.

G. W. Sledge, K. D. Miller, L. Haney, D. D. Nguyen, A. M. Storniolo, E. N.
Phillips et al., A phase I study of 2-methoxyestradiol in patients with refractory
metastatis breast cancer [abstract], Proc. ASCO 21, (2002) 111a-111a.

S. Lipkowitz, The role of the ubiquitination-proteasome pathway in breast
cancer: ubiquitin mediated degradation of growth factor receptors in the
pathogenesis and treatment of cancer, Breast Cancer Res. 5, (2003) 8-15.

A. Hershko, A. Ciechanover, The ubiquitin system, Annu. Rev. Biochem. 67,
(1998) 425-479.

T. Ohta, M. Fukuda, Ubiquitin and breast cancer, Oncogene 23, (2004) 2079-
2088.

P. A. Baeuerle, D. Baltimore, NF-kappa B: ten years after, Cell 87, (1996) 13-

20.



[352]

[353]

[354]

[355]

[356]

[357]

[358]

[359]

242

M. Karin, Y. Ben Neriah, Phosphorylation meets ubiquitination: the control of
NF-[kappa]B activity, Annu. Rev. Immunol. 18, (2000) 621-663.

H. Waterman, Y. Yarden, Molecular mechanisms underlying endocytosis and
sorting of ErbB receptor tyrosine kinases, FEBS Lett. 490, (2001) 142-152.

S. D. Desai, L. F. Liu, D. Vazquez-Abad, P. D'Arpa, Ubiquitin-dependent
destruction of topoisomerase I is stimulated by the antitumor drug
camptothecin, J. Biol. Chem. 272, (1997) 24159-24164.

M. T. Preisler-Mashek, N. Solodin, B. L. Stark, M. K. Tyriver, E. T. Alarid,
Ligand-specific regulation of proteasome-mediated proteolysis of estrogen
receptor-alpha, Am. J. Physiol Endocrinol. Metab 282, (2002) E891-E898.

P. Kapahi, T. Takahashi, G. Natoli, S. R. Adams, Y. Chen, R. Y. Tsien et al.,
Inhibition of NF-kappa B activation by arsenite through reaction with a critical
cysteine in the activation loop of Ikappa B kinase, J. Biol. Chem. 275, (2000)
36062-36066.

S. K. Muthuswamy, M. Gilman, J. S. Brugge, Controlled dimerization of ErbB
receptors provides evidence for differential signaling by, Mol. Cell Biol. 19,
(1999) 6845-6857.

E. A. Feshchenko, W. Y. Langdon, A. Y. Tsygankov, Fyn, Yes, and Syk
phosphorylation sites in c-Cbl map to the same tyrosine residues that become
phosphorylated in activated T cells, J. Biol. Chem. 273, (1998) 8323-8331.

C. H. Yang, A. M. Gonzalez-Angulo, J. M. Reuben, D. J. Booser, L. Pusztai, S.

Krishnamurthy et al., Bortezomib (VELCADE) in metastatic breast cancer:



[360]

[361]

[362]

[363]

[364]

[365]

243

pharmacodynamics, biological effects, and prediction of clinical benefits, Ann.
Oncol. 17, (2006) 813-817.

X. Wang, S. Omura, L. I. Szweda, Y. Yang, J. Berard, J. Seminaro et al.,
Rapamycin inhibits proteasome activator expression and proteasome activity,
Eur. J. Immunol. 27, (1997) 2781-2786.

M. E. Figueiredo-Pereira, W. E. Chen, J. Li, O. Johdo, The antitumor drug
aclacinomycin A, which inhibits the degradation of ubiquitinated proteins,
shows selectivity for the chymotrypsin-like activity of the bovine pituitary 20 S
proteasome, J. Biol. Chem. 271, (1996) 16455-16459.

M. Piccinini, O. Tazartes, C. Mezzatesta, E. Ricotti, S. Bedino, F. Grosso et al.,
Proteasomes are a target of the anti-tumour drug vinblastine, Biochem. J. 356,
(2001) 835-841.

K. L. Rock, C. Gramm, L. Rothstein, K. Clark, R. Stein, L. Dick et al.,
Inhibitors of the proteasome block the degradation of most cell proteins and the
generation of peptides presented on MHC class I molecules, Cell 78, (1994)
761-771.

Wiley Co. Gene Therapy. http://www.wiley.co.uk/genetherapy/clinical.
Accessed 1/10/2007.

S. Takahashi, Y. Ito, K. Hatake, Y. Sugimoto, Gene therapy for breast cancer. -
-Review of clinical gene therapy trials for breast cancer and MDR1 gene

therapy trial in Cancer Institute Hospital, Breast Cancer 13, (2006) 8-15.



[366]

[367]

[368]

[369]

[370]

[371]

[372]

244

M. A. Stoff-Khalili, P. Dall, D. T. Curiel, Gene therapy for carcinoma of the
breast, Cancer Gene Ther. 13, (2006) 633-647.

M. Xu, D. Kumar, S. Srinivas, L. J. Detolla, S. F. Yu, S. A. Stass et al.,
Parenteral gene therapy with p53 inhibits human breast tumors in vivo through
a bystander mechanism without evidence of toxicity, Hum. Gene Ther. 8,
(1997) 177-185.

F. McCormick, Cancer gene therapy: fringe or cutting edge?, Nat. Rev. Cancer
1, (2001) 130-141.

C. Osborne, P. Wilson, D. Tripathy, Oncogenes and tumor suppressor genes in
breast cancer: potential diagnostic and therapeutic applications, Oncologist. 9,
(2004) 361-377.

G. N. Hortobagyi, N. T. Ueno, W. Xia, S. Zhang, J. K. Wolf, J. B. Putnam et
al., Cationic liposome-mediated E1A gene transfer to human breast and ovarian
cancer cells and its biologic effects: a phase I clinical trial, J. Clin. Oncol. 19,
(2001) 3422-3433.

C. L. Arteaga, J. T. Holt, Tissue-targeted antisense c-fos retroviral vector

inhibits established breast cancer xenografts in nude mice, Cancer Res. 56,

(1996) 1098-1103.

H. S. Pandha, L. A. Martin, A. Rigg, H. C. Hurst, G. W. Stamp, K. Sikora et al.,

Genetic prodrug activation therapy for breast cancer: A phase I clinical trial of

erbB-2-directed suicide gene expression, J. Clin. Oncol. 17, (1999) 2180-2189.



[373]

[374]

[375]

[376]

[377]

[378]

[379]

[380]

[381]

245

J. P. Braybrooke, A. Slade, G. Deplanque, R. Harrop, S. Madhusudan, M. D.
Forster et al., Phase I study of MetXia-P450 gene therapy and oral
cyclophosphamide for patients with advanced breast cancer or melanoma, Clin.
Cancer Res. 11, (2005) 1512-1520.

F. M. Burnet, The concept of immunological surveillance, Prog. Exp. Tumor
Res. 13, (1970) 1-27.

P. Matzinger, An innate sense of danger, Semin. Immunol. 10, (1998) 399-415.
T. V. Strong, Gene therapy for carcinoma of the breast: Genetic
immunotherapy, Breast Cancer Res. 2, (2000) 15-21.

K. L. Knutson, K. Schiffman, K. Rinn, M. L. Disis, Immunotherapeutic
approaches for the treatment of breast cancer, J. Mammary. Gland. Biol.
Neoplasia. 4, (1999) 353-365.

S. Baron, S. K. Tyring, W. R. Fleischmann, Jr., D. H. Coppenhaver, D. W.
Niesel, G. R. Klimpel et al., The interferons. Mechanisms of action and clinical
applications, JAMA 266, (1991) 1375-1383.

G. R. Stark, I. M. Kerr, B. R. Williams, R. H. Silverman, R. D. Schreiber, How
cells respond to interferons, Annu. Rev. Biochem. 67, (1998) 227-264.

P. Domanski, O. R. Colamonici, The type-I interferon receptor. The long and
short of it, Cytokine Growth Factor Rev. 7, (1996) 143-151.

U. Boehm, T. Klamp, M. Groot, J. C. Howard, Cellular responses to interferon-

gamma, Annu. Rev. Immunol. 15, (1997) 749-795.



[382]

[383]

[384]

[385]

[386]

[387]

246

M. A. Farrar, R. D. Schreiber, The molecular cell biology of interferon-gamma
and its receptor, Annu. Rev. Immunol. 11, (1993) 571-611.

J. E. Darnell, Jr., I. M. Kerr, G. R. Stark, Jak-STAT pathways and
transcriptional activation in response to IFNs and other extracellular signaling
proteins, Science 264, (1994) 1415-1421.

T. Kimura, Y. Kadokawa, H. Harada, M. Matsumoto, M. Sato, Y. Kashiwazaki
et al., Essential and non-redundant roles of p48 (ISGF3 gamma) and IRF-1 in
both type I and type II interferon responses, as revealed by gene targeting
studies, Genes Cells 1, (1996) 115-124.

A. D'Andrea, M. Aste-Amezaga, N. M. Valiante, X. Ma, M. Kubin, G.
Trinchieri, Interleukin 10 (IL-10) inhibits human lymphocyte interferon
gamma-production by suppressing natural killer cell stimulatory factor/IL-12
synthesis in accessory cells, J. Exp. Med. 178, (1993) 1041-1048.

M. ligo, M. Sakurai, T. Tamura, N. Saijo, A. Hoshi, In vivo antitumor activity
of multiple injections of recombinant interleukin 2, alone and in combination
with three different types of recombinant interferon, on various syngeneic
murine tumors, Cancer Res. 48, (1988) 260-264.

E. Venetsanakos, 1. Beckman, J. Bradley, J. M. Skinner, High incidence of
interleukin 10 mRNA but not interleukin 2 mRNA detected in human breast

tumours, Br. J. Cancer 75, (1997) 1826-1830.



[388]

[389]

[390]

[391]

[392]

[393]

[394]

247

V. Barak, I. Kalickman, B. Nisman, H. Farbstein, Z. G. Fridlender, L. Baider et
al., Changes in cytokine production of breast cancer patients treated with
interferons, Cytokine 10, (1998) 977-983.

A. K. Stewart, N. J. Lassam, 1. C. Quirt, D. J. Bailey, L. E. Rotstein, M.
Krajden et al., Adenovector-mediated gene delivery of interleukin-2 in
metastatic breast cancer and melanoma: results of a phase 1 clinical trial, Gene
Ther. 6, (1999) 350-363.

J. Zhou, Y. Zhong, Breast cancer immunotherapy, Cell Mol. Immunol. 1,
(2004) 247-255.

V. Apostolopoulos, V. Karanikas, J. S. Haurum, 1. F. McKenzie, Induction of
HLA-A2-restricted CTLs to the mucin 1 human breast cancer antigen, J.
Immunol. 159, (1997) 5211-5218.

R. F. Wang, S. L. Johnston, G. Zeng, S. L. Topalian, D. J. Schwartzentruber, S.
A. Rosenberg, A breast and melanoma-shared tumor antigen: T cell responses
to antigenic peptides translated from different open reading frames, J. Immunol.
161, (1998) 3598-3606.

I. Kawashima, V. Tsai, S. Southwood, K. Takesako, A. Sette, E. Celis,
Identification of HLA-A3-restricted cytotoxic T lymphocyte epitopes from
carcinoembryonic antigen and HER-2/neu by primary in vitro immunization
with peptide-pulsed dendritic cells, Cancer Res. 59, (1999) 431-435.

J. F. Toso, C. Oei, F. Oshidari, J. Tartaglia, E. Paoletti, H. K. Lyerly et al.,

MAGE-1-specific precursor cytotoxic T-lymphocytes present among tumor-



[395]

[396]

[397]

[398]

[399]

[400]

[401]

248

infiltrating lymphocytes from a patient with breast cancer: characterization and
antigen-specific activation, Cancer Res. 56, (1996) 16-20.

R. A. Henderson, W. M. Konitsky, S. M. Barratt-Boyes, M. Soares, P. D.
Robbins, O. J. Finn, Retroviral expression of MUC-1 human tumor antigen
with intact repeat structure and capacity to elicit immunity in vivo, J.
Immunother. 21, (1998) 247-256.

N. Kan, [Analysis of 5-year survival among breast cancer patients with
malignant pleural effusion receiving intrapleural OK-432 followed by adoptive
transfer with cultured effusion lymphocytes], Gan To Kagaku Ryoho 30,
(2003) 1559-1561.

A. Suliman, A. Lam, R. Datta, R. K. Srivastava, Intracellular mechanisms of
TRAIL: apoptosis through mitochondrial-dependent and -independent
pathways, Oncogene 20, (2001) 2122-2133.

J. C. Reed, Apoptosis-targeted therapies for cancer, Cancer Cell 3, (2003) 17-
22.

M. A. Pratt, S. Krajewski, M. Menard, M. Krajewska, H. Macleod, J. C. Reed,
Estrogen withdrawal-induced human breast cancer tumour regression in nude
mice is prevented by Bcl-2, FEBS Lett. 440, (1998) 403-408.

M. Pfahl, F. J. Piedrafita, Retinoid targets for apoptosis induction, Oncogene
22, (2003) 9058-9062.

M. Guzey, S. Kitada, J. C. Reed, Apoptosis induction by lalpha,25-

dihydroxyvitamin D3 in prostate cancer, Mol. Cancer Ther. 1, (2002) 667-677.



[402]

[403]

[404]

[405]

[406]

[407]

[408]

249

H. Duan, C. A. Heckman, L. M. Boxer, Histone deacetylase inhibitors down-
regulate bcl-2 expression and induce apoptosis in t(14;18) lymphomas, Mol.
Cell Biol. 25, (2005) 1608-1619.

S. Kitada, M. Leone, S. Sareth, D. Zhai, J. C. Reed, M. Pellecchia, Discovery,
characterization, and structure-activity relationships studies of proapoptotic
polyphenols targeting B-cell lymphocyte/leukemia-2 proteins, J. Med. Chem.
46, (2003) 4259-4264.

M. Leone, D. Zhai, S. Sareth, S. Kitada, J. C. Reed, M. Pellecchia, Cancer
prevention by tea polyphenols is linked to their direct inhibition of
antiapoptotic Bcl-2-family proteins, Cancer Res. 63, (2003) 8118-8121.

S. L. Chan, M. C. Lee, K. O. Tan, L. K. Yang, A. S. Lee, H. Flotow et al.,
Identification of chelerythrine as an inhibitor of B¢cIXL function, J. Biol. Chem.
278, (2003) 20453-20456.

S. P. Tzung, K. M. Kim, G. Basanez, C. D. Giedt, J. Simon, J. Zimmerberg et
al., Antimycin A mimics a cell-death-inducing Bcl-2 homology domain 3, Nat.
Cell Biol. 3, (2001) 183-191.

R. J. Klasa, A. M. Gillum, R. E. Klem, S. R. Frankel, Oblimersen Bcl-2
antisense: facilitating apoptosis in anticancer treatment, Antisense Nucleic
Acid Drug Dev. 12, (2002) 193-213.

J. Cummings, T. H. Ward, E. LaCasse, C. Lefebvre, M. St Jean, J. Durkin et al.,

Validation of pharmacodynamic assays to evaluate the clinical efficacy of an



[409]

[410]

[411]

[412]

[413]

[414]

250

antisense compound (AEG 35156) targeted to the X-linked inhibitor of
apoptosis protein XIAP, Br. J. Cancer 92, (2005) 532-538.

M. M. Keane, S. A. Ettenberg, M. M. Nau, E. K. Russell, S. Lipkowitz,
Chemotherapy augments TRAIL-induced apoptosis in breast cell lines, Cancer
Res. 59, (1999) 734-741.

d. A. Ruiz, A. Lopez-Rivas, C. Ruiz-Ruiz, Interferon-gamma and TRAIL in
human breast tumor cells, Vitam. Horm. 67, (2004) 291-318.

P. Nanni, G. Nicoletti, C. De Giovanni, L. Landuzzi, E. Di Carlo, F. Cavallo et
al., Combined allogeneic tumor cell vaccination and systemic interleukin 12
prevents mammary carcinogenesis in HER-2/neu transgenic mice, J. Exp. Med.
194, (2001) 1195-1205.

R. S. Wu, J. J. Kobie, D. G. Besselsen, T. C. Fong, V. D. Mack, J. A.
McEarchern et al., Comparative analysis of IFN-gamma B7.1 and antisense
TGF-beta gene transfer on the tumorigenicity of a poorly immunogenic
metastatic mammary carcinoma, Cancer Immunol. Immunother. 50, (2001)
229-240.

J. Ogasawara, R. Watanabe-Fukunaga, M. Adachi, A. Matsuzawa, T. Kasugai,
Y. Kitamura et al., Lethal effect of the anti-Fas antibody in mice, Nature 364,
(1993) 806-809.

E. C. Shin, J. M. Ahn, C. H. Kim, Y. Choi, Y. S. Ahn, H. Kim et al., IFN-
gamma induces cell death in human hepatoma cells through a TRAIL/death

receptor-mediated apoptotic pathway, Int. J. Cancer 93, (2001) 262-268.



[415]

[416]

[417]

[418]

[419]

[420]

251

P. Terry, A. Wolk, I. Persson, C. Magnusson, Brassica vegetables and breast
cancer risk, JAMA 285, (2001) 2975-2977.

C. M. Cover, S. J. Hsieh, S. H. Tran, G. Hallden, G. S. Kim, L. F. Bjeldanes et
al., Indole-3-carbinol inhibits the expression of cyclin-dependent kinase-6 and
induces a G1 cell cycle arrest of human breast cancer cells independent of
estrogen receptor signaling, J. Biol. Chem. 273, (1998) 3838-3847.

G. L. Firestone, L. F. Bjeldanes, Indole-3-carbinol and 3-3'-diindolylmethane
antiproliferative signaling pathways control cell-cycle gene transcription in
human breast cancer cells by regulating promoter-Sp1 transcription factor
interactions, J. Nutr. 133, (2003) 2448S-2455S.

Y. Gong, G. L. Firestone, L. F. Bjeldanes, 3,3'-diindolylmethane is a novel
topoisomerase Ilalpha catalytic inhibitor that induces S-phase retardation and
mitotic delay in human hepatoma HepG2 cells, Mol. Pharmacol. 69, (2006)
1320-1327.

E.J. Kim, S. Y. Park, H. K. Shin, D. Y. Kwon, Y. J. Surh, J. H. Park,
Activation of caspase-8 contributes to 3,3'-Diindolylmethane-induced apoptosis
in colon cancer cells, J. Nutr. 137, (2007) 31-36.

M. M. Bhuiyan, Y. Li, S. Banerjee, F. Ahmed, Z. Wang, S. Ali et al., Down-
regulation of androgen receptor by 3,3'-diindolylmethane contributes to
inhibition of cell proliferation and induction of apoptosis in both hormone-
sensitive LNCaP and insensitive C4-2B prostate cancer cells, Cancer Res. 66,

(2006) 10064-10072.



[421]

[422]

[423]

[424]

[425]

[426]

[427]

252

M. Nachshon-Kedmi, S. Yannai, F. A. Fares, Induction of apoptosis in human
prostate cancer cell line, PC3, by 3,3'-diindolylmethane through the
mitochondrial pathway, Br. J. Cancer 91, (2004) 1358-1363.

M. Nachshon-Kedmi, S. Yannai, A. Haj, F. A. Fares, Indole-3-carbinol and
3,3'-diindolylmethane induce apoptosis in human prostate cancer cells, Food
Chem. Toxicol. 41, (2003) 745-752.

M. Abdelrahim, K. Newman, K. Vanderlaag, I. Samudio, S. Safe, 3,3'-
Diindolylmethane (DIM) and derivatives induce apoptosis in pancreatic cancer
cells through endoplasmic reticulum stress-dependent upregulation of DRS,
Carcinogenesis (2005) .

S. Zhang, H. M. Shen, C. N. Ong, Down-regulation of c-FLIP contributes to
the sensitization effect of 3,3'-diindolylmethane on TRAIL-induced apoptosis
in cancer cells, Mol. Cancer Ther. 4, (2005) 1972-1981.

K. Vanderlaag, I. Samudio, R. Burghardt, R. Barhoumi, S. Safe, Inhibition of
breast cancer cell growth and induction of cell death by 1,1-bis(3'-
indolyl)methane (DIM) and 5,5'-dibromoDIM, Cancer Lett. (2005) .

C. Hong, G. L. Firestone, L. F. Bjeldanes, Bcl-2 family-mediated apoptotic
effects of 3,3'-diindolylmethane (DIM) in human breast cancer cells, Biochem.
Pharmacol. 63, (2002) 1085-1097.

K. W. Rahman, F. H. Sarkar, Inhibition of nuclear translocation of nuclear
factor-{kappa}B contributes to 3,3'-diindolylmethane-induced apoptosis in

breast cancer cells, Cancer Res. 65, (2005) 364-371.



[428]

[429]

[430]

[431]

[432]

[433]

253

S. H. Lee, J. S. Kim, K. Yamaguchi, T. E. Eling, S. J. Baek, Indole-3-carbinol
and 3,3'-diindolylmethane induce expression of NAG-1 in a p53-independent
manner, Biochem. Biophys. Res. Commun. 328, (2005) 63-69.

Y. Gong, H. Sohn, L. Xue, G. L. Firestone, L. F. Bjeldanes, 3,3'-
Diindolylmethane is a novel mitochondrial H(+)-ATP synthase inhibitor that
can induce p21(Cip1/Wafl) expression by induction of oxidative stress in
human breast cancer cells, Cancer Res. 66, (2006) 4880-4887.

J. E. Riby, L. Xue, U. Chatterji, E. L. Bjeldanes, G. L. Firestone, L. F.
Bjeldanes, Activation and potentiation of interferon-gamma signaling by 3,3'-
diindolylmethane in MCF-7 breast cancer cells, Mol. Pharmacol. 69, (2006)
430-439.

L. Xue, G. L. Firestone, L. F. Bjeldanes, DIM stimulates IFNgamma gene
expression in human breast cancer cells via the specific activation of JNK and
p38 pathways, Oncogene 24, (2005) 2343-2353.

X. Chang, J. C. Tou, C. Hong, H. A. Kim, J. E. Riby, G. L. Firestone et al.,
3,3'-Diindolylmethane inhibits angiogenesis and the growth of transplantable
human breast carcinoma in athymic mice, Carcinogenesis 26, (2005) 771-778.
H. Leong, G. L. Firestone, L. F. Bjeldanes, Cytostatic effects of 3,3'-
diindolylmethane in human endometrial cancer cells result from an estrogen
receptor-mediated increase in transforming growth factor-alpha expression,

Carcinogenesis 22, (2001) 1809-1817.



[434]

[435]

[436]

[437]

[438]

[439]

[440]

[441]

254

A. McDougal, M. S. Gupta, D. Morrow, K. Ramamoorthy, J. E. Lee, S. H. Safe,
Methyl-substituted diindolylmethanes as inhibitors of estrogen-induced growth
of T47D cells and mammary tumors in rats, Breast Cancer Res. Treat. 66,
(2001) 147-157.

A. McDougal, G. M. Sethi, K. Ramamoorthy, G. Sun, S. H. Safe, Inhibition of
carcinogen-induced rat mammary tumor growth and other estrogen-dependent
responses by symmetrical dihalo-substituted analogs of diindolylmethane,
Cancer Lett. 151, (2000) 169-179.

E. Enmark, J. A. Gustafsson, Orphan nuclear receptors--the first eight years,
Mol. Endocrinol. 10, (1996) 1293-1307.

R. V. Weatherman, R. J. Fletterick, T. S. Scanlan, Nuclear-receptor ligands and
ligand-binding domains, Annu. Rev. Biochem. 68, (1999) 559-581.

J. Zilliacus, A. P. Wright, J. Carlstedt-Duke, J. A. Gustafsson, Structural
determinants of DNA-binding specificity by steroid receptors, Mol. Endocrinol.
9, (1995) 389-400.

J. A. Lees, S. E. Fawell, R. White, M. G. Parker, A 22-amino-acid peptide
restores DNA-binding activity to dimerization-defective mutants of the
estrogen receptor, Mol. Cell Biol. 10, (1990) 5529-5531.

W. B. Pratt, D. O. Toft, Steroid receptor interactions with heat shock protein
and immunophilin chaperones, Endocr. Rev. 18, (1997) 306-360.

A. Werman, A. Hollenberg, G. Solanes, C. Bjorbaek, A. J. Vidal-Puig, J. S.

Flier, Ligand-independent activation domain in the N terminus of peroxisome



[442]

[443]

[444]

[445]

[446]

[447]

255

proliferator-activated receptor gamma (PPARgamma). Differential activity of
PPARgammal and -2 isoforms and influence of insulin, J. Biol. Chem. 272,
(1997) 20230-20235.

B. M. Forman, P. Tontonoz, J. Chen, R. P. Brun, B. M. Spiegelman, R. M.
Evans, 15-Deoxy-delta 12, 14-prostaglandin J2 is a ligand for the adipocyte
determination factor PPAR gamma, Cell 83, (1995) 803-812.

C. H. Lee, P. Olson, R. M. Evans, Minireview: lipid metabolism, metabolic
diseases, and peroxisome proliferator-activated receptors, Endocrinology 144,
(2003) 2201-2207.

T. M. Willson, M. H. Lambert, S. A. Kliewer, Peroxisome proliferator-
activated receptor gamma and metabolic disease, Annu. Rev. Biochem. 70,
(2001) 341-367.

L. Fajas, M. B. Debril, J. Auwerx, Peroxisome proliferator-activated receptor-
gamma: from adipogenesis to carcinogenesis, J. Mol. Endocrinol. 27, (2001) 1-
9.

E. D. Rosen, B. M. Spiegelman, PPARgamma : a nuclear regulator of
metabolism, differentiation, and cell growth, J. Biol. Chem. 276, (2001) 37731-
37734.

E. Mueller, P. Sarraf, P. Tontonoz, R. M. Evans, K. J. Martin, M. Zhang et al.,
Terminal differentiation of human breast cancer through PPAR gamma, Mol.

Cell 1, (1998) 465-470.



[448]

[449]

256

E. Elstner, C. Muller, K. Koshizuka, E. A. Williamson, D. Park, H. Asou et al.,
Ligands for peroxisome proliferator-activated receptorgamma and retinoic acid
receptor inhibit growth and induce apoptosis of human breast cancer cells in
vitro and in BNX mice, Proc. Natl. Acad. Sci. U.S.A 95, (1998) 8806-8811.
T. Kubota, K. Koshizuka, E. A. Williamson, H. Asou, J. W. Said, S. Holden et
al., Ligand for peroxisome proliferator-activated receptor gamma (troglitazone)

has potent antitumor effect against human prostate cancer both in vitro and in

vivo, Cancer Res. 58, (1998) 3344-3352.

[450] P. Sarraf, E. Mueller, D. Jones, F. J. King, D. J. DeAngelo, J. B. Partridge et al.,

[451]

Differentiation and reversal of malignant changes in colon cancer through
PPARgamma, Nat. Med. 4, (1998) 1046-1052.

A. M. Lefebvre, 1. Chen, P. Desreumaux, J. Najib, J. C. Fruchart, K. Geboes et
al., Activation of the peroxisome proliferator-activated receptor gamma
promotes the development of colon tumors in C57BL/6J-APCMin/+ mice, Nat.

Med. 4, (1998) 1053-1057.

[452] E. Osawa, A. Nakajima, K. Wada, S. Ishimine, N. Fujisawa, T. Kawamori et al.,

[453]

Peroxisome proliferator-activated receptor gamma ligands suppress colon
carcinogenesis induced by azoxymethane in mice, Gastroenterology 124,
(2003) 361-367.

W. Motomura, T. Okumura, N. Takahashi, T. Obara, Y. Kohgo, Activation of

peroxisome proliferator-activated receptor gamma by troglitazone inhibits cell



[454]

[455]

[456]

[457]

[458]

257

growth through the increase of p27KiP1 in human. Pancreatic carcinoma cells,
Cancer Res. 60, (2000) 5558-5564.

C. E. Clay, A. M. Namen, G. Atsumi, M. C. Willingham, K. P. High, T. E.
Kute et al., Influence of J series prostaglandins on apoptosis and tumorigenesis
of breast cancer cells, Carcinogenesis 20, (1999) 1905-1911.

J. Hong, I. Samudio, S. Liu, M. Abdelrahim, S. Safe, Peroxisome proliferator-
activated receptor gamma-dependent activation of p21 in Panc-28 pancreatic
cancer cells involves Sp1 and Sp4 proteins, Endocrinology 145, (2004) 5774-
5785.

C. Qin, D. Morrow, J. Stewart, K. Spencer, W. Porter, R. Smith, Il et al., A
new class of peroxisome proliferator-activated receptor gamma (PPARgamma)
agonists that inhibit growth of breast cancer cells: 1,1-Bis(3'-indolyl)-1-(p-
substituted phenyl)methanes, Mol. Cancer Ther. 3, (2004) 247-260.

S. Chintharlapalli, R. Smith, III, I. Samudio, W. Zhang, S. Safe, 1,1-Bis(3'-
indolyl)-1-(p-substitutedphenyl)methanes induce peroxisome proliferator-
activated receptor gamma-mediated growth inhibition, transactivation, and
differentiation markers in colon cancer cells, Cancer Res. 64, (2004) 5994-
6001.

P. Lei, M. Abdelrahim, S. Safe, 1,1-Bis(3'-indolyl)-1-(p-substituted
phenyl)methanes inhibit ovarian cancer cell growth through peroxisome
proliferator-activated receptor-dependent and independent pathways, Mol.

Cancer Ther. 5, (2006) 2324-2336.



[459]

[460]

[461]

[462]

[463]

[464]

258

C. Qin, R. Burghardt, R. Smith, M. Wormke, J. Stewart, S. Safe, Peroxisome
proliferator-activated receptor gamma agonists induce proteasome-dependent
degradation of cyclin D1 and estrogen receptor alpha in MCF-7 breast cancer
cells, Cancer Res. 63, (2003) 958-964.

S. Chintharlapalli, S. Papineni, S. Safe, 1,1-Bis(3'-indolyl)-1-(p-substituted
phenyl)methanes inhibit colon cancer cell and tumor growth through
PPARgamma-dependent and PPARgamma-independent pathways, Mol.
Cancer Ther. 5, (2006) 1362-1370.

J. Milbrandt, Nerve growth factor induces a gene homologous to the
glucocorticoid receptor gene, Neuron 1, (1988) 183-188.

H. Uemura, C. Chang, Antisense TR3 orphan receptor can increase prostate
cancer cell viability with etoposide treatment, Endocrinology 139, (1998)
2329-2334.

S. Maddika, E. P. Booy, D. Johar, S. B. Gibson, S. Ghavami, M. Los, Cancer-
specific toxicity of apoptin is independent of death receptors but involves the
loss of mitochondrial membrane potential and the release of mitochondrial cell-
death mediators by a Nur77-dependent pathway, J. Cell Sci. 118, (2005) 4485-
4493.

S. K. Kolluri, N. Bruey-Sedano, X. Cao, B. Lin, F. Lin, Y. H. Han et al.,
Mitogenic effect of orphan receptor TR3 and its regulation by MEKK1 in lung

cancer cells, Mol. Cell Biol. 23, (2003) 8651-8667.



[465]

[466]

[467]

[468]

[469]

[470]

259

J. H. Jeong, J. S. Park, B. Moon, M. C. Kim, J. K. Kim, S. Lee et al., Orphan
nuclear receptor Nur77 translocates to mitochondria in the early phase of
apoptosis induced by synthetic chenodeoxycholic acid derivatives in human
stomach cancer cell line SNU-1, Ann. N. Y. Acad. Sci. 1010, (2003) 171-177.
H. J. Kang, M. J. Song, S. Y. Choung, S. J. Kim, M. O. Le, Transcriptional
induction of Nur77 by indomethacin that results in apoptosis of colon cancer
cells, Biol. Pharm. Bull. 23, (2000) 815-819.

S. D. Cho, K. Yoon, S. Chintharlapalli, M. Abdelrahim, P. Lei, S. Hamilton et
al., Nur77 agonists induce proapoptotic genes and responses in colon cancer
cells through nuclear receptor-dependent and nuclear receptor-independent
pathways, Cancer Res. 67, (2007) 674-683.

S. Chintharlapalli, R. Burghardt, S. Papineni, S. Ramaiah, K. Yoon, S. Safe,
Activation of Nur77 by selected 1,1-Bis(3'-indolyl)-1-(p-substituted
phenyl)methanes induces apoptosis through nuclear pathways, J. Biol. Chem.
280, (2005) 24903-24914.

A. Schlegel, M. P. Lisanti, The caveolin triad: caveolae biogenesis, cholesterol
trafficking, and signal transduction, Cytokine Growth Factor Rev. 12, (2001)
41-51.

P. E. Scherer, M. P. Lisanti, G. Baldini, M. Sargiacomo, C. C. Mastick, H. F.
Lodish, Induction of caveolin during adipogenesis and association of GLUT4

with caveolin-rich vesicles, J. Cell Biol. 127, (1994) 1233-1243.



[471]

[472]

[473]

[474]

[475]

[476]

260

J. Liu, X. B. Wang, D. S. Park, M. P. Lisanti, Caveolin-1 expression enhances
endothelial capillary tubule formation, J. Biol. Chem. 277, (2002) 10661-10668.
S. W. Lee, C. L. Reimer, P. Oh, D. B. Campbell, J. E. Schnitzer, Tumor cell
growth inhibition by caveolin re-expression in human breast cancer cells,
Oncogene 16, (1998) 1391-1397.

F. C. Bender, M. A. Reymond, C. Bron, A. F. Quest, Caveolin-1 levels are
down-regulated in human colon tumors, and ectopic expression of caveolin-1
in colon carcinoma cell lines reduces cell tumorigenicity, Cancer Res. 60,
(2000) 5870-5878.

E. Burgermeister, L. Tencer, M. Liscovitch, Peroxisome proliferator-activated
receptor-gamma upregulates caveolin-1 and caveolin-2 expression in human
carcinoma cells, Oncogene 22, (2003) 3888-3900.

S.J. Baek, K. S. Kim, J. B. Nixon, L. C. Wilson, T. E. Eling, Cyclooxygenase
inhibitors regulate the expression of a TGF-beta superfamily member that has
proapoptotic and antitumorigenic activities, Mol. Pharmacol. 59, (2001) 901-
908.

J. M. Martinez, T. Sali, R. Okazaki, C. Anna, M. Hollingshead, C. Hose et al.,
Drug-induced expression of nonsteroidal anti-inflammatory drug-activated
gene/macrophage inhibitory cytokine-1/prostate-derived factor, a putative
tumor suppressor, inhibits tumor growth, J. Pharmacol. Exp. Ther. 318, (2006)

899-906.



[477]

[478]

[479]

[480]

[481]

[482]

261

K. S. Kim, S. J. Baek, G. P. Flake, C. D. Loftin, B. F. Calvo, T. E. Eling,
Expression and regulation of nonsteroidal anti-inflammatory drug-activated
gene (NAG-1) in human and mouse tissue, Gastroenterology 122, (2002) 1388-
1398.

R. Graichen, D. Liu, Y. Sun, K. O. Lee, P. E. Lobie, Autocrine human growth
hormone inhibits placental transforming growth factor-beta gene transcription
to prevent apoptosis and allow cell cycle progression of human mammary
carcinoma cells, J. Biol. Chem. 277, (2002) 26662-26672.

P. X. Li, J. Wong, A. Ayed, D. Ngo, A. M. Brade, C. Arrowsmith et al.,
Placental transforming growth factor-beta is a downstream mediator of the
growth arrest and apoptotic response of tumor cells to DNA damage and p53
overexpression, J. Biol. Chem. 275, (2000) 20127-20135.

K. Yamaguchi, S. H. Lee, T. E. Eling, S. J. Baek, Identification of nonsteroidal
anti-inflammatory drug-activated gene (NAG-1) as a novel downstream target
of phosphatidylinositol 3-kinase/ AKT/GSK-3beta pathway, J. Biol. Chem. 279,
(2004) 49617-49623.

M. Shim, T. E. Eling, Protein kinase C-dependent regulation of NAG-
1/placental bone morphogenic protein/MIC-1 expression in LNCaP prostate
carcinoma cells, J. Biol. Chem. 280, (2005) 18636-18642.

S.J. Baek, J. S. Kim, J. B. Nixon, R. P. DiAugustine, T. E. Eling, Expression

of NAG-1, a transforming growth factor-beta superfamily member, by



[483]

[484]

[485]

[486]

[487]

262

troglitazone requires the early growth response gene EGR-1, J. Biol. Chem.
279, (2004) 6883-6892.

S.J. Baek, L. C. Wilson, L. C. Hsi, T. E. Eling, Troglitazone, a peroxisome
proliferator-activated receptor gamma (PPAR gamma ) ligand, selectively
induces the early growth response-1 gene independently of PPAR gamma. A
novel mechanism for its anti-tumorigenic activity, J. Biol. Chem. 278, (2003)
5845-5853.

S.J. Baek, J. S. Kim, F. R. Jackson, T. E. Eling, M. F. McEntee, S. H. Lee,
Epicatechin gallate-induced expression of NAG-1 is associated with growth
inhibition and apoptosis in colon cancer cells, Carcinogenesis 25, (2004) 2425-
2432.

V. Soto-Cerrato, F. Vinals, J. R. Lambert, J. A. Kelly, R. Perez-Tomas,
Prodigiosin induces the proapoptotic gene NAG-1 via glycogen synthase
kinase-3beta activity in human breast cancer cells, Mol. Cancer Ther. 6, (2007)
362-369.

R. P. Pang, J. G. Zhou, Z. R. Zeng, X. Y. Li, W. Chen, M. H. Chen et al.,
Celecoxib induces apoptosis in COX-2 deficient human gastric cancer cells
through Akt/GSK3beta/NAG-1 pathway, Cancer Lett. (2007) .

K. Yamaguchi, S. H. Lee, T. E. Eling, S. J. Baek, A novel peroxisome
proliferator-activated receptor gamma ligand, MCC-555, induces apoptosis via
posttranscriptional regulation of NAG-1 in colorectal cancer cells, Mol. Cancer

Ther. 5, (2006) 1352-1361.



[488]

[489]

[490]

[491]

[492]

[493]

[494]

263

H. Kadara, C. P. Schroeder, D. Lotan, C. Pisano, R. Lotan, Induction of GDF-
15/NAG-1/MIC-1 in human lung carcinoma cells by retinoid-related molecules
and assessment of its role in apoptosis, Cancer Biol. Ther. 5, (2006) 518-522.
S. Chintharlapalli, S. Papineni, S. J. Baek, S. Liu, S. Safe, 1,1-Bis(3'-indolyl)-
1-(p-substitutedphenyl)methanes are peroxisome proliferator-activated receptor
gamma agonists but decrease HCT-116 colon cancer cell survival through
receptor-independent activation of early growth response-1 and nonsteroidal
anti-inflammatory drug-activated gene-1, Mol. Pharmacol. 68, (2005) 1782-
1792.

J. R. Gaut, L. M. Hendershot, The modification and assembly of proteins in the
endoplasmic reticulum, Curr. Opin. Cell Biol. 5, (1993) 589-595.

E. Szegezdi, S. E. Logue, A. M. Gorman, A. Samali, Mediators of endoplasmic
reticulum stress-induced apoptosis, EMBO Rep. 7, (2006) 880-885.

B. Desvergne, W. Wahli, Peroxisome proliferator-activated receptors: nuclear
control of metabolism, Endocr. Rev. 20, (1999) 649-688.

P. Escher, W. Wahli, Peroxisome proliferator-activated receptors: insight into
multiple cellular functions, Mutat. Res. 448, (2000) 121-138.

T. Ikezoe, C. W. Miller, S. Kawano, A. Heaney, E. A. Williamson, J. Hisatake
et al., Mutational analysis of the peroxisome proliferator-activated receptor

gamma gene in human malignancies, Cancer Res. 61, (2001) 5307-5310.



[495]

[496]

[497]

[498]

264

M. G. Posch, C. Zang, W. Mueller, U. Lass, A. von Deimling, E. Elstner,
Somatic mutations in peroxisome proliferator-activated receptor-gamma are
rare events in human cancer cells, Med. Sci. Monit. 10, (2004) BR250-BR254.
H. Koyama, D. J. Miller, J. K. Boueres, R. C. Desai, A. B. Jones, J. P. Berger
et al., (2R)-2-ethylchromane-2-carboxylic acids: discovery of novel
PPARalpha/gamma dual agonists as antihyperglycemic and hypolipidemic
agents, J. Med. Chem. 47, (2004) 3255-3263.

J. J. Acton, III, R. M. Black, A. B. Jones, D. E. Moller, L. Colwell, T. W.
Doebber et al., Benzoyl 2-methyl indoles as selective PPARgamma modulators,
Bioorg. Med. Chem. Lett. 15, (2005) 357-362.

K. Liu, R. M. Black, J. J. Acton, III, R. Mosley, S. Debenham, R. Abola et al.,
Selective PPARgamma modulators with improved pharmacological profiles,

Bioorg. Med. Chem. Lett. 15, (2005) 2437-2440.

[499] N. Suh, Y. Wang, T. Honda, G. W. Gribble, E. Dmitrovsky, W. F. Hickey et al.,

[500]

[501]

A novel synthetic oleanane triterpenoid, 2-cyano-3,12-dioxoolean-1,9-dien-28-
oic acid, with potent differentiating, antiproliferative, and anti-inflammatory
activity, Cancer Res. 59, (1999) 336-341.

F. J. Schopfer, Y. Lin, P. R. Baker, T. Cui, M. Garcia-Barrio, J. Zhang et al.,
Nitrolinoleic acid: an endogenous peroxisome proliferator-activated receptor
gamma ligand, Proc. Natl. Acad. Sci. U.S.A 102, (2005) 2340-2345.

J. Rieusset, F. Touri, L. Michalik, P. Escher, B. Desvergne, E. Niesor et al., A

new selective peroxisome proliferator-activated receptor gamma antagonist



[502]

265

with antiobesity and antidiabetic activity, Mol. Endocrinol. 16, (2002) 2628-
2644.

J. P. Berger, A. E. Petro, K. L. MacNaul, L. J. Kelly, B. B. Zhang, K. Richards
et al., Distinct properties and advantages of a novel peroxisome proliferator-
activated protein [gamma] selective modulator, Mol. Endocrinol. 17, (2003)

662-676.

[503] S. Chintharlapalli, S. Papineni, M. Konopleva, M. Andreef, I. Samudio, S. Safe,

[504]

[505]

[506]

2-Cyano-3,12-dioxoolean-1,9-dien-28-oic acid and related compounds inhibit
growth of colon cancer cells through peroxisome proliferator-activated receptor
gamma-dependent and -independent pathways, Mol. Pharmacol. 68, (2005)
119-128.

M. Konopleva, E. Elstner, T. J. McQueen, T. Tsao, A. Sudarikov, W. Hu et al.,
Peroxisome proliferator-activated receptor gamma and retinoid X receptor
ligands are potent inducers of differentiation and apoptosis in leukemias, Mol.
Cancer Ther. 3, (2004) 1249-1262.

I. Samudio, M. Konopleva, N. Hail, Jr., Y. X. Shi, T. McQueen, T. Hsu et al.,
2-Cyano-3,12-dioxooleana-1,9-dien-28-imidazolide (CDDO-Im) directly
targets mitochondrial glutathione to induce apoptosis in pancreatic cancer, J.
Biol. Chem. 280, (2005) 36273-36282.

Y. Ito, P. Pandey, A. Place, M. B. Sporn, G. W. Gribble, T. Honda et al., The

novel triterpenoid 2-cyano-3,12-dioxoolean-1,9-dien-28-oic acid induces



[507]

[508]

[509]

[510]

[511]

266

apoptosis of human myeloid leukemia cells by a caspase-8-dependent
mechanism, Cell Growth Differ. 11, (2000) 261-267.

T. Ikeda, M. Sporn, T. Honda, G. W. Gribble, D. Kufe, The novel triterpenoid
CDDO and its derivatives induce apoptosis by disruption of intracellular redox
balance, Cancer Res. 63, (2003) 5551-5558.

H. Lapillonne, M. Konopleva, T. Tsao, D. Gold, T. McQueen, R. L. Sutherland
et al., Activation of peroxisome proliferator-activated receptor gamma by a
novel synthetic triterpenoid 2-cyano-3,12-dioxooleana-1,9-dien-28-oic acid
induces growth arrest and apoptosis in breast cancer cells, Cancer Res. 63,
(2003) 5926-59309.

M. Konopleva, T. Tsao, Z. Estrov, R. M. Lee, R. Y. Wang, C. E. Jackson et al.,
The synthetic triterpenoid 2-cyano-3,12-dioxooleana-1,9-dien-28-oic acid
induces caspase-dependent and -independent apoptosis in acute myelogenous
leukemia, Cancer Res. 64, (2004) 7927-7935.

R. Contractor, 1. J. Samudio, Z. Estrov, D. Harris, J. A. McCubrey, S. H. Safe
et al., A novel ring-substituted diindolylmethane,1,1-bis[3"-(5-
methoxyindolyl)]-1-(p-t-butylphenyl) methane, inhibits extracellular signal-
regulated kinase activation and induces apoptosis in acute myelogenous
leukemia, Cancer Res. 65, (2005) 2890-2898.

W. Kassouf, S. Chintharlapalli, M. Abdelrahim, G. Nelkin, S. Safe, A. M.

Kamat, Inhibition of bladder tumor growth by 1,1-bis(3'-indolyl)-1-(p-



[512]

[513]

[514]

[515]

[516]

[517]

267

substitutedphenyl)methanes: a new class of peroxisome proliferator-activated
receptor gamma agonists, Cancer Res. 66, (2006) 412-418.

C. E. Clay, A. Monjazeb, J. Thorburn, F. H. Chilton, K. P. High, 15-Deoxy-
deltal2,14-prostaglandin J2-induced apoptosis does not require PPARgamma
in breast cancer cells, J. Lipid Res. 43, (2002) 1818-1828.

C. Wang, M. Fu, M. D'Amico, C. Albanese, J. N. Zhou, M. Brownlee et al.,
Inhibition of cellular proliferation through IkappaB kinase-independent and
peroxisome proliferator-activated receptor gamma-dependent repression of
cyclin D1, Mol. Cell Biol. 21, (2001) 3057-3070.

L. Patel, L. Pass, P. Coxon, C. P. Downes, S. A. Smith, C. H. Macphee, Tumor
suppressor and anti-inflammatory actions of PPARgamma agonists are
mediated via upregulation of PTEN, Curr. Biol. 11, (2001) 764-768.

M. Pignatelli, M. Cortes-Canteli, C. Lai, A. Santos, A. Perez-Castillo, The
peroxisome proliferator-activated receptor gamma is an inhibitor of ErbBs
activity in human breast cancer cells, J. Cell Sci. 114, (2001) 4117-4126.

M. L. Hyer, R. Croxton, M. Krajewska, S. Krajewski, C. L. Kress, M. Lu et al.,
Synthetic triterpenoids cooperate with tumor necrosis factor-related apoptosis-
inducing ligand to induce apoptosis of breast cancer cells, Cancer Res. 65,
(2005) 4799-4808.

M. Konopleva, W. Zhang, Y. X. Shi, T. McQueen, T. Tsao, M. Abdelrahim et

al., Synthetic triterpenoid 2-cyano-3,12-dioxooleana-1,9-dien-28-oic acid



[518]

[519]

[520]

[521]

[522]

[523]

[524]

268

induces growth arrest in HER2-overexpressing breast cancer cells, Mol. Cancer
Ther. 5, (2006) 317-328.

M. Lu, T. Kwan, C. Yu, F. Chen, B. Freedman, J. M. Schafer et al.,
Peroxisome proliferator-activated receptor gamma agonists promote TRAIL-
induced apoptosis by reducing survivin levels via cyclin D3 repression and cell
cycle arrest, J. Biol. Chem. 280, (2005) 6742-6751.

D. J. Klionsky, S. D. Emr, Autophagy as a regulated pathway of cellular
degradation, Science 290, (2000) 1717-1721.

A. Kihara, Y. Kabeya, Y. Ohsumi, T. Yoshimori, Beclin-phosphatidylinositol
3-kinase complex functions at the trans-Golgi network, EMBO Rep. 2, (2001)
330-335.

S. Pattingre, A. Tassa, X. Qu, R. Garuti, X. H. Liang, N. Mizushima et al., Bcl-
2 antiapoptotic proteins inhibit Beclin 1-dependent autophagy, Cell 122, (2005)
927-939.

Y. Ichimura, T. Kirisako, T. Takao, Y. Satomi, Y. Shimonishi, N. Ishihara et
al., A ubiquitin-like system mediates protein lipidation, Nature 408, (2000)
488-492.

N. Mizushima, A. Yamamoto, M. Hatano, Y. Kobayashi, Y. Kabeya, K. Suzuki
et al., Dissection of autophagosome formation using Apg5-deficient mouse
embryonic stem cells, J. Cell Biol. 152, (2001) 657-668.

T. Nemoto, I. Tanida, E. Tanida-Miyake, N. Minematsu-Ikeguchi, M. Yokota,

M. Ohsumi et al., The mouse APG10 homologue, an E2-like enzyme for



[525]

[526]

[527]

[528]

[529]

[530]

269

Apgl2p conjugation, facilitates MAP-LC3 modification, J. Biol. Chem. 278,
(2003) 39517-39526.

C. A. Guimaraes, M. Benchimol, G. P. Amarante-Mendes, R. Linden,
Alternative programs of cell death in developing retinal tissue, J. Biol. Chem.
278, (2003) 41938-41946.

K. E. Larsen, E. A. Fon, T. G. Hastings, R. H. Edwards, D. Sulzer,
Methamphetamine-induced degeneration of dopaminergic neurons involves
autophagy and upregulation of dopamine synthesis, J. Neurosci. 22, (2002)
8951-8960.

Y. Tsujimoto, S. Shimizu, Another way to die: autophagic programmed cell
death, Cell Death. Differ. 12 Suppl 2, (2005) 1528-1534.

G. O. Kisen, L. Tessitore, P. Costelli, P. B. Gordon, P. E. Schwarze, F. M.
Baccino et al., Reduced autophagic activity in primary rat hepatocellular
carcinoma and ascites hepatoma cells, Carcinogenesis 14, (1993) 2501-2505.
Z. Yue, S. Jin, C. Yang, A. J. Levine, N. Heintz, Beclin 1, an autophagy gene
essential for early embryonic development, is a haploinsufficient tumor
suppressor, Proc. Natl. Acad. Sci. U.S.A 100, (2003) 15077-15082.

X. Qu, J. Yu, G. Bhagat, N. Furuya, H. Hibshoosh, A. Troxel et al., Promotion
of tumorigenesis by heterozygous disruption of the beclin 1 autophagy gene, J.

Clin. Invest 112, (2003) 1809-1820.



270

[531] C. Paludan, D. Schmid, M. Landthaler, M. Vockerodt, D. Kube, T. Tuschl et al.,

[532]

[533]

Endogenous MHC class II processing of a viral nuclear antigen after autophagy,
Science 307, (2005) 593-596.

A. Herman-Antosiewicz, D. E. Johnson, S. V. Singh, Sulforaphane causes
autophagy to inhibit release of cytochrome C and apoptosis in human prostate
cancer cells, Cancer Res. 66, (2006) 5828-5835.

W. Bursch, A. Ellinger, H. Kienzl, L. Torok, S. Pandey, M. Sikorska et al.,
Active cell death induced by the anti-estrogens tamoxifen and ICI 164 384 in
human mammary carcinoma cells (MCF-7) in culture: the role of autophagy,

Carcinogenesis 17, (1996) 1595-1607.

[534] M. Gorka, W. M. Daniewski, B. Gajkowska, E. Lusakowska, M. M. Godlewski,

[535]

[536]

T. Motyl, Autophagy is the dominant type of programmed cell death in breast
cancer MCF-7 cells exposed to AGS 115 and EFDAC, new sesquiterpene
analogs of paclitaxel, Anticancer Drugs 16, (2005) 777-788.

R. Butler, S. H. Mitchell, D. J. Tindall, C. Y. Young, Nonapoptotic cell death
associated with S-phase arrest of prostate cancer cells via the peroxisome
proliferator-activated receptor gamma ligand, 15-deoxy-deltal2,14-
prostaglandin J2, Cell Growth Differ. 11, (2000) 49-61.

S. Paglin, T. Hollister, T. Delohery, N. Hackett, M. McMahill, E. Sphicas et al.,
A novel response of cancer cells to radiation involves autophagy and formation

of acidic vesicles, Cancer Res. 61, (2001) 439-444.



[537]

[538]

[539]

[540]

[541]

[542]

[543]

271

T. Kanzawa, Y. Kondo, H. Ito, S. Kondo, I. Germano, Induction of autophagic
cell death in malignant glioma cells by arsenic trioxide, Cancer Res. 63, (2003)
2103-2108.

K. W. Rahman, Y. Li, Z. Wang, S. H. Sarkar, F. H. Sarkar, Gene expression
profiling revealed survivin as a target of 3,3'-diindolylmethane-induced cell
growth inhibition and apoptosis in breast cancer cells, Cancer Res. 66, (2006)
4952-4960.

A. Biederbick, H. F. Kern, H. P. Elsasser, Monodansylcadaverine (MDC) is a
specific in vivo marker for autophagic vacuoles, Eur. J. Cell Biol. 66, (1995) 3-
14.

T. Kanzawa, I. M. Germano, T. Komata, H. Ito, Y. Kondo, S. Kondo, Role of
autophagy in temozolomide-induced cytotoxicity for malignant glioma cells,
Cell Death. Differ. 11, (2004) 448-457.

P. L. Kuo, Y. L. Hsu, C. Y. Cho, Plumbagin induces G2-M arrest and
autophagy by inhibiting the AKT/mammalian target of rapamycin pathway in
breast cancer cells, Mol. Cancer Ther. 5, (2006) 3209-3221.

Y. Chen, L. Yang, C. Feng, L. P. Wen, Nano neodymium oxide induces
massive vacuolization and autophagic cell death in non-small cell lung cancer
NCI-H460 cells, Biochem. Biophys. Res. Commun. 337, (2005) 52-60.

M. Hoyer-Hansen, L. Bastholm, 1. S. Mathiasen, F. Elling, M. Jaattela, Vitamin
D analog EB1089 triggers dramatic lysosomal changes and Beclin 1-mediated

autophagic cell death, Cell Death. Differ. 12, (2005) 1297-1309.



[544]

[545]

[546]

[547]

[548]

[549]

272

Y. Shao, Z. Gao, P. A. Marks, X. Jiang, Apoptotic and autophagic cell death
induced by histone deacetylase inhibitors, Proc. Natl. Acad. Sci. U.S.A 101,
(2004) 18030-18035.

D. M. Ray, F. Akbiyik, R. P. Phipps, The peroxisome proliferator-activated
receptor gamma (PPARgamma) ligands 15-deoxy-Deltal2,14-prostaglandin J2
and ciglitazone induce human B lymphocyte and B cell lymphoma apoptosis
by PPARgamma-independent mechanisms, J. Immunol. 177, (2006) 5068-5076.
C. L. Chaffer, D. M. Thomas, E. W. Thompson, E. D. Williams, PPARgamma-
independent induction of growth arrest and apoptosis in prostate and bladder
carcinoma, BMC. Cancer 6, (2006) 53.

C. W. Shiau, C. C. Yang, S. K. Kulp, K. F. Chen, C. S. Chen, J. W. Huang et
al., Thiazolidenediones mediate apoptosis in prostate cancer cells in part
through inhibition of Bcl-xL/Bcl-2 functions independently of PPARgamma,
Cancer Res. 65, (2005) 1561-1569.

J. W. Huang, C. W. Shiau, Y. T. Yang, S. K. Kulp, K. F. Chen, R. W.
Brueggemeier et al., Peroxisome proliferator-activated receptor gamma-
independent ablation of cyclin D1 by thiazolidinediones and their derivatives in
breast cancer cells, Mol. Pharmacol. 67, (2005) 1342-1348.

A. L. Edinger, C. B. Thompson, Death by design: apoptosis, necrosis and

autophagy, Curr. Opin. Cell Biol. 16, (2004) 663-669.



[550]

[551]

[552]

[553]

[554]

[555]

273

W. X. Zong, D. Ditsworth, D. E. Bauer, Z. Q. Wang, C. B. Thompson,
Alkylating DNA damage stimulates a regulated form of necrotic cell death,
Genes Dev. 18, (2004) 1272-1282.

M. Pedro, C. F. Lourenco, H. Cidade, A. Kijjoa, M. Pinto, M. S. Nascimento,
Effects of natural prenylated flavones in the phenotypical ER (+) MCF-7 and
ER (-) MDA-MB-231 human breast cancer cells, Toxicol. Lett. 164, (2006) 24-
36.

N. Mizushima, A. Yamamoto, M. Matsui, T. Yoshimori, Y. Ohsumi, In vivo
analysis of autophagy in response to nutrient starvation using transgenic mice
expressing a fluorescent autophagosome marker, Mol. Biol. Cell 15, (2004)
1101-1111.

S. Paglin, N. Y. Lee, C. Nakar, M. Fitzgerald, J. Plotkin, B. Deuel et al.,
Rapamycin-sensitive pathway regulates mitochondrial membrane potential,
autophagy, and survival in irradiated MCF-7 cells, Cancer Res. 65, (2005)
11061-11070.

F. Scarlatti, C. Bauvy, A. Ventruti, G. Sala, F. Cluzeaud, A. Vandewalle et al.,
Ceramide-mediated macroautophagy involves inhibition of protein kinase B
and up-regulation of beclin 1, J. Biol. Chem. 279, (2004) 18384-18391.

M. Lamparska-Przybysz, B. Gajkowska, T. Motyl, Cathepsins and BID are
involved in the molecular switch between apoptosis and autophagy in breast
cancer MCF-7 cells exposed to camptothecin, J. Physiol Pharmacol. 56 Suppl 3,

(2005) 159-179.



[556]

[557]

[558]

[559]

[560]

[561]

274

M. N. Preobrazhenskaya, V. M. Bukhman, A. M. Korolev, S. A. Efimov,
Ascorbigen and other indole-derived compounds from Brassica vegetables and
their analogs as anticarcinogenic and immunomodulating agents, Pharmacol.
Ther. 60, (1993) 301-313.

S. Safe, I. Chen, W. Porter, Dietary indoles with antiestrogenic activity in
common vegetables and thier implications, in: E. Pavlik (Ed.), Estrogens,
Progestins and Their Antagonists, Birkhouser, Boston, 1996, pp73-97.

L. W. Wattenberg, W. D. Loub, Inhibition of polycyclic aromatic hydrocarbon-
induced neoplasia by naturally occurring indoles, Cancer Res. 38, (1978) 1410-
1413.

M. A. Morse, S. D. LaGreca, S. G. Amin, F. L. Chung, Effects of indole-3-
carbinol on lung tumorigenesis and DNA methylation induced by 4-
(methylnitrosamino)-1-(3-pyridyl)-1-butanone (NNK) and on the metabolism
and disposition of NNK in A/J mice, Cancer Res. 50, (1990) 2613-2617.

T. Tanaka, Y. Mori, Y. Morishita, A. Hara, T. Ohno, T. Kojima et al.,
Inhibitory effect of sinigrin and indole-3-carbinol on diethylnitrosamine-
induced hepatocarcinogenesis in male ACI/N rats, Carcinogenesis 11, (1990)
1403-1406.

D.J. Kim, K. K. Lee, B. S. Han, B. Ahn, J. H. Bae, J. J. Jang, Biphasic
modifying effect of indole-3-carbinol on diethylnitrosamine-induced
preneoplastic glutathione S-transferase placental form-positive liver cell foci in

Sprague-Dawley rats, Jpn. J. Cancer Res. 85, (1994) 578-583.



[562]

[563]

[564]

[565]

[566]

[567]

[568]

275

T. Kojima, T. Tanaka, H. Mori, Chemoprevention of spontaneous endometrial
cancer in female Donryu rats by dietary indole-3-carbinol, Cancer Res. 54,
(1994) 1446-1449.

K. M. Rahman, O. Aranha, F. H. Sarkar, Indole-3-carbinol (I3C) induces
apoptosis in tumorigenic but not in nontumorigenic breast epithelial cells, Nutr.
Cancer 45, (2003) 101-112.

R. K. Tiwari, L. Guo, H. L. Bradlow, N. T. Telang, M. P. Osborne, Selective
responsiveness of human breast cancer cells to indole-3-carbinol, a
chemopreventive agent, J. Natl. Cancer Inst. 86, (1994) 126-131.

K. M. Rahman, O. Aranha, A. Glazyrin, S. R. Chinni, F. H. Sarkar,
Translocation of Bax to mitochondria induces apoptotic cell death in indole-3-
carbinol (I3C) treated breast cancer cells, Oncogene 19, (2000) 5764-5771.

S. Salvioli, A. Ardizzoni, C. Franceschi, A. Cossarizza, JC-1, but not DiOC6(3)
or rhodamine 123, is a reliable fluorescent probe to assess delta psi changes in
intact cells: implications for studies on mitochondrial functionality during
apoptosis, FEBS Lett. 411, (1997) 77-82.

M. Reers, T. W. Smith, L. B. Chen, J-aggregate formation of a carbocyanine as
a quantitative fluorescent indicator of membrane potential, Biochemistry 30,
(1991) 4480-4486.

A. Cossarizza, M. Baccarani-Contri, G. Kalashnikova, C. Franceschi, A new
method for the cytofluorimetric analysis of mitochondrial membrane potential

using the J-aggregate forming lipophilic cation 5,5',6,6'-tetrachloro-1,1',3,3'-



[569]

[570]

[571]

[572]

[573]

[574]

276

tetraethylbenzimidazolcarbocyanine iodide (JC-1), Biochem. Biophys. Res.
Commun. 197, (1993) 40-45.

P. J. Vickers, M. J. Dufresne, K. H. Cowan, Relation between cytochrome
P450IA1 expression and estrogen receptor content of human breast cancer cells,
Mol. Endocrinol. 3, (1989) 157-164.

J. A. Caruso, D. W. Laird, G. Batist, Role of HSP90 in mediating cross-talk
between the estrogen receptor and the Ah receptor signal transduction
pathways, Biochem. Pharmacol. 58, (1999) 1395-1403.

T. H. Carter, K. Liu, W. Ralph, Jr., D. Chen, M. Qi, S. Fan et al.,
Diindolylmethane alters gene expression in human keratinocytes in vitro, J.
Nutr. 132, (2002) 3314-3324.

X. Ge, S. Yannai, G. Rennert, N. Gruener, F. A. Fares, 3,3'-Diindolylmethane
induces apoptosis in human cancer cells, Biochem. Biophys. Res. Commun.
228, (1996) 153-158.

N. R. Jana, S. Sarkar, M. Ishizuka, J. Yonemoto, C. Tohyama, H. Sone, Cross-
talk between 2,3,7,8-tetrachlorodibenzo-p-dioxin and testosterone signal
transduction pathways in LNCaP prostate cancer cells, Biochem. Biophys. Res.
Commun. 256, (1999) 462-468.

M. Wormke, E. Castro-Rivera, I. Chen, S. Safe, Estrogen and aryl hydrocarbon
receptor expression and crosstalk in human Ishikawa endometrial cancer cells,

J. Steroid Biochem. Mol. Biol. 72, (2000) 197-207.



[575]

[576]

[577]

[578]

[579]

[580]

277

A. Koliopanos, J. Kleeff, Y. Xiao, S. Safe, A. Zimmermann, M. W. Buchler et
al., Increased arylhydrocarbon receptor expression offers a potential therapeutic
target for pancreatic cancer, Oncogene 21, (2002) 6059-6070.

I. Chen, S. Safe, L. Bjeldanes, Indole-3-carbinol and diindolylmethane as aryl
hydrocarbon (Ah) receptor agonists and antagonists in T47D human breast
cancer cells, Biochem. Pharmacol. 51, (1996) 1069-1076.

P. Costantini, E. Jacotot, D. Decaudin, G. Kroemer, Mitochondrion as a novel
target of anticancer chemotherapy, J. Natl. Cancer Inst. 92, (2000) 1042-1053.
J. S. Modica-Napolitano, J. R. Aprille, Delocalized lipophilic cations
selectively target the mitochondria of carcinoma cells, Adv. Drug Deliv. Rev.
49, (2001) 63-70.

K. F. Ferri, G. Kroemer, Mitochondria--the suicide organelles, Bioessays 23,
(2001) 111-115.

T. Niwa, G. Swaneck, H. L. Bradlow, Alterations in estradiol metabolism in
MCE-7 cells induced by treatment with indole-3-carbinol and related

compounds, Steroids 59, (1994) 523-527.



Name:

Address:

Email address:

Education:

278

VITA

Kathryn Elisabeth Vanderlaag

Department of Veterinary Physiology and Pharmacology,
MS4466, College Station, TX 77843-4466

kvanderl @tamu.edu

B.Sc., Biomedical Toxicology, University of Guelph, 2001
Ph.D., Toxicology, Texas A&M University, 2007



