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ABSTRACT

Hormone replacement therapy (HRT) is commonly prescribed to alleviate the symptoms
of menopause in post-menopausal women. HRT supplements increase estrogen levels;
however estrogen replacement therapy increases the risk for uterine cancer. In order to
reduce the likelihood of uterine cancer, progestins, mainly medroxyprogesterone acetate
(MPA), are prescribed alongside estrogen to prevent proliferation of uterine cells.
Interestingly, studies have revealed that progestin + estrogen treatment increases the risk
of breast cancer compared to women who received estrogen alone or placebos, indicating
that the progestin component associated with HRT increases the risk of breast cancer. It
has been reported that progestins cause breast cancer cells to up-regulate the expression
of vascular endothelial growth factor (VEGF) and to secrete high levels of this potent
angiogenic growth factor. VEGF plays a critical role in angiogenesis, the formation of
new blood vessels from existing ones, making it an ideal target for progestin-dependent
angiogenesis. RU-486 (Mifepristone), a known anti-progestin, has been shown to block
progestin-induced VEGF secretion from human beast cancer cells; however RU-486 is
not specific for the progesterone receptor (PR) and interferes with other hormone
receptors that are essential for normal physiological functions. Consequently, there is a
need for compounds that will inhibit progestin-induced VEGF secretion from breast
cancer cells without undesirable side effects. The present study screens several natural
compounds to investigate their ability to inhibit progestin-induced VEGF secretion from
T47D human breast cancer cells. Two compounds, curcumin and 2-methoxyestradiol

(2ME2) showed the most promise as anti-angiogenic agents and were investigated in

Xiii



detail in experiments reported in this thesis. Curcumin, a derivative of the turmeric root
inhibited MPA-induced VEGF secretion specifically from T47D breast cancer cells,
without reducing the expression of PR. Though no mechanism became apparent from the
present study, curcumin delayed progestin-accelerated DMBA-induced tumorigenesis in
Sprague-Dawley rats and decreased the chance of tumor formation. The results from the
curcumin studies showed that curcumin may prove beneficial to post-menopausal women
who are prescribed combined HRT. 2MEZ2, an estrogen metabolite with no affinity for
the estrogen receptor (ER), also showed significant promise as an anti-angiogenic
compound. 2ME2 targeted hypoxia inducible factor -1{alpha}, (HIF-1a), which was
discovered to be an essential transcription factor for progestin-induced VEGF
transcription. Mechanistic studies using YC-1, a specific HIF-1a inhibitor confirmed the
involvement of HIF-1q, since inhibition of HIF-1a activity with YC-1 or 2ME2 blocked
progestin-induced VEGF secretion from T47D cells without decreasing HIF-1a or PR
protein levels. YC-1 blocked MPA-induced up-regulation of VEGF mRNA transcript
levels. Although there was no binding of PR to the VEGF promoter, increased binding of
HIF-1a to the VEGF promoter in response to MPA treatment did occur. Such binding
was blocked by treatment with either YC-1 or 2ME2 treatment, suggesting that PR binds
indirectly to the VEGF promoter through HIF-1a.. This was confirmed via IP assay
showing a protein-protein interaction between HIF-1a and PR. Progestin-dependent in
vivo studies showed that blocking HIF-1a with YC-1 brought about tumor regression in
both DMBA-induced tumors in Sprague-Dawley rats and T47D and BT474 human breast
cancer xenografts in nude mice. Decreased VEGF expression levels within tumor tissues

were observed in both rat and mouse models. Although there was no statistically

Xiv



significant reduction in blood vessel numbers, DMBA studies revealed that the blood
vessels present were non-functional in that there was little or no blood perfusion within
the tumors. It may be concluded from these data that HIF-1a is required for progestin-
induced VEGF transcription and that PR interacts with the VEGF promoter indirectly
through HIF-1a, which binds directly to the VEGF promoter. In conclusion, both
curcumin and 2ME2 show promise as chemotherapeutic agents and HIF-1a may prove to

be a beneficial target for hormone-dependent mammary cancer.
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CHAPTER 1
INTRODUCTION

1.1 Description of Chapters

The following is a brief description of each chapter and its content, to be found
herein. Chapter one provides an in depth discussion on the relationship existing between
the progestin component of hormone replacement therapy (HRT), breast cancer, vascular
endothelial growth factor (VEGF), and hypoxia. Also, the rationalization of why natural
compounds were preferred for chemoprevention studies is also discussed in chapter 1.
Chapter 2 describes the methods and results of how two compounds, curcumin and 2-
methoxyestradiol (2ME2) were chosen for more in depth and detailed studies. Chapter 3,
published in part in Menopause Journal, reports the ability of curcumin, an Indian spice,
to specifically and dose-dependently inhibit MPA-induced VEGF secretion from T47-D
human breast cancer cells. Also reported in chapter 3, are the protective in vivo effects of
curcumin on the MPA-exposed mammary gland in Sprague-Dawley rats, as well as its
effects on delaying in MPA-driven tumor development. Hypoxia-inducible factor 1-
{alpha} (HIF-1a) is the focus of chapter 4, which reports significant findings with 2ME2
and YC-1, HIF-1a inhibitors. Chapter 4 describes studies undertaken to investigate the
ability of 2ME2 and YC-1 to inhibit HIF-1a activity, providing evidence that HIF-1a. is
required for progestin-dependent VEGF induction in human breast cancer cells. YC-1
was used to investigate HIF-1a inhibitory mechanisms due to its ability to specifically
target HIF-1a., as opposed to 2ME2, which is a more broad-spectrum compound. YC-1
exhibits similar inhibitory effects as 2MEZ2, confirming a significant role of HIF-1a in

progestin-induced VEGF induction. YC-1 was also administered to animals in studies to



determine the effectiveness of YC-1 as a chemotherapeutic agent in vivo; the results
provide strong evidence that HIF-1a could be a molecular target in the fight against
progestin-dependent breast cancer (a novel finding). Chapter 5 concludes the chapters
herein and discusses suggestions for future directions and investigations for this project.
1.2 Breast Cancer and Hormone Replacement Therapy

Breast cancer is the second highest cause of cancer death in the United States
among women, with approximately 200,000 new cases reported annually, leading to
40,000 deaths [1]. The risk of developing breast cancer is increased in post-menopausal
women compared to pre-menopausal women [1, 2]. Although the cause of this increased
risk has not yet been elucidated, according to the American Cancer Society, there is an
increased risk of breast cancer associated with the prolonged use of combined hormone
replacement therapy (HRT) estrogen in combination with progestin, as compared with
estrogen alone or placebo [2, 3]. In post-menopausal women, estrogens are usually
prescribed to women to combat the symptoms of menopause such as hot flashes,
dementia, loss of bone density, etc. Unfortunately, the estrogens prescribed in these
treatments cause proliferation of cells in the endometrium and uterus—resulting in an
increased risk of uterine cancer [4]. As a result, progestins are prescribed alongside
estrogens to block the proliferative effects of estrogen [5, 6]. Subsequently, it was
reported that the combination therapy increased the risk of breast cancer by 26% in these
women compared to women receiving only estrogen alone [2]. In recent years, the
natural and synthetic hormones, progesterone and medroxyprogesterone acetate (MPA)
found in oral contraceptives and HRT, have been shown to induce secretion of vascular

endothelial growth factor (VEGF) in human breast cancer cells (T47-D and BT-474),



both of which express progesterone receptors (PR) and estrogen receptors (ER) [7, 8].
Thus, it is tempting to speculate that progestins play an agonistic role in the proliferation
of breast cancer cells.

Progestins have been reported to elicit both proliferative and anti-proliferative
effects in breast tissue [9, 10], resulting in a controversy over the role of progestins in
breast cancer. It is known that higher doses of progestins are indeed anti-proliferative
and used to treat hormone responsive cancers [10, 11]. However, there are numerous
reports that illustrate that progestins cause mammary cells to proliferate [12-16]—thus,
providing more evidence that progestins increase the risk of breast cancer.

Moore et al. have reported that progestins play a protective role, and inhibit cell
death in breast cancer cells; specifically, T47-D, MCF-7, and MDA-MB-231 breast
cancer cells. [17]. Moore et al. speculate that this phenomenon, although controversial,
explains why combined HRT containing both estrogen and progestin, is more
problematic than the use of estrogen alone. They reason that progestins are protecting
breast cancer cells from undergoing apoptosis, while estrogens lack this protective
property. Therefore, estrogens have a lower risk of breast cancer in postmenopausal
women, compared to women receiving combined HRT—as reported in numerous HRT
studies [2, 18].

1.3 VEGF and Angiogenesis under Steroid Hormone Regulation

Vascular endothelial growth factor, or VEGF, has been generally defined as a
potent angiogenic growth factor that plays a critical role in the regulation of angiogenesis
[19, 20]. Also referred to as the vascular permeability factor (VPF), VEGF increases the

permeability of blood vessels [21] that ultimately increase the nourishment of tissues,



including tumors—thus promoting tumor growth. VPF/VEGF was reported to be
secreted from a variety of human and rodent tumor cell lines [22]. Soon after this report,
it was proposed and proven that solid tumors were angiogenesis-dependent [23]; and
evidence later showed that endothelial cells contain VEGF receptors, FIk/FIt, during
embryogenesis [24], vasculogenesis, and angiogenesis [25, 26]. As a result, it has been
concluded that tumors release growth factors, including VEGF, which signal blood
vessels to grow, or bud off, in the direction of the tumors to increase blood flow to the

tumor (Figure 1.1).
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There is also evidence that VEGF functions in an autocrine and paracrine manner with
tumor cells, thus promoting permeability of nutrients within a tumor environment, which
in turn promotes tumor cell survival [28] and proliferation of tumor cells [29]. These
studies have provided strong evidence that VEGF is an ideal target for anti-cancer

therapies [23, 30]. However, like many anti-cancer therapies, specifically targeting



VEGF in tumor cells becomes extremely problematic because VEGF is critical in other
biological functions including wound healing and neovascularization for growth and
development [31].

Because angiogenesis is required for endometrial vascularization—a target tissue
for sex steroids, it was hypothesized that hormones play a role in angiogenesis [32].
Consequently, it was shown that VEGF is under steroid hormone regulation [7, 33, 34]—
thus the presence of hormones has a marked effect on VEGF expression. The VEGF
promoter region has been shown to contain non-consensus binding sites for estrogen and
progesterone steroid hormone receptors [34-36]; anti-hormones have been shown to
block hormone-induced VEGF induction in breast cancer, both in vitro and in vivo, thus
confirming the role of estrogen and progesterone receptors in VEGF regulation [3, 28,
29].
1.3.1 Estrogen Receptors

Estrogen receptors (ER) are ligand-activated transcription factors [37]. Both ERa
(66kDa) and ER (56kDa) contain ligand- and DNA-binding domains, and upon binding
the estradiol ligand in the nucleus, the ER forms a homodimer, or a heterodimer with
other transcription factors, and binds DNA to influence transcription of estrogen-
mediated genes [38]. Originally considered to be sequestered to the nucleus, there is
growing evidence that supports the existence of extranuclear steroid receptors [39]. It is
reported that these extranuclear receptors have specific functions including activating
specific kinase pathways resulting in non-genomic cellular changes [39]. Although no
consensus estrogen response element (ERE) has been reported on the VEGF promoter,

based on ERE homology, two putative ERES have been reported to be present within the



rat VEGF 5’ and 3’-untranslated region [32]. However, this region contains an ERE
sequence that deviates from the consensus ERE sequence, which may explain tissue-type
specificity; also, an increase in VEGF expression is only mediated in the reverse
orientation of the 5 untranslated region [32]. Other groups report that ER, and other
steroid hormone receptors, interact with the VEGF promoter by interacting with other
transcription factors including Spl and Sp3, which have been shown to bind directly to
the VEGF promoter [40-42]. Even though much controversy surrounds a possible ERE
on the VEGF promoter, it is widely accepted that ER does plays a major role in the
expression of the VEGF protein in the uterus. Evidence that ER mediates VEGF
induction in breast cancer cells remains controversial [7, 43, 44].
1.3.2 Progesterone Receptors

The progesterone receptor (PR) is a steroid hormone receptor with two isoforms,
PR-A and PR-B [12]. PR-B is considered the dominant isoform in PR-mediated gene
regulation, including VEGF expression [8]. Like the ER, both PR isoforms contain a
ligand- and DNA binding domain. PR, forming a homodimer upon binding the progestin
ligand, binds to a progesterone response element (PRE) on the DNA of progestin-

mediated genes, thus influencing transcription [12] as shown in Figure 1.2.
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Figure 1.2: Theligand, MPA, bindsto the progesteronereceptor. Two ligand-bound receptors
dimerize and bind to thepromoter of thetarget gene (VEGF), influencestranscription. The VEGF
promoter resultsin the release of angiogenic factors. [45]

PR is also well-known for its presence within the nucleus, however evidence is
growing to support the hypothesis that extra-nuclear and membrane progesterone
receptors exist [39]. The VEGF gene is also regulated by progestins [7, 35], the VEGF
promoter contains a complex progestin response element (PRE), although no consensus
binding site has been elucidated [35].

1.4 Mutant p53, VEGF, and Breast Cancer

The tumor suppressor gene, p53, plays a critical role in cancer prevention [46,
47]. Normal, or wild-type, p53 (wt-p53), accumulates in the nucleus and becomes
activated upon cellular stress which leads to growth arrest or apoptosis [47]. This allows
for selection against cells with damaged DNA, thus preventing the development of

tumors. However, it has been reported that more than half of all cancer cases have a



mutation in the p53 gene [48]. These mutations usually occur in the DNA-binding
domain of the protein, resulting in its inability to bind DNA and influence transcription
[48]. Asaresult, p53-dependent tumor suppression by the mutated p53 does not occur.
Interestingly, it has been shown that a mutation in the p53 gene is required for the
progestin-dependent response of breast cancer cells to increase VEGF secretion [49]. It
has recently been shown that reactivation of the p53 protein to a wild-type p53-
functioning protein in breast cancer cells results in a decreased, or complete, loss in the
ability of cells to secrete VEGF in response to progestin treatment [50].

Wild-type p53 has been shown to bind to Sp1, a transcription factor, thus
inhibiting binding to the VEGF promoter and preventing transcription of VEGF [51].
The mutant form of the p53 protein is unable to bind DNA, thus resulting in an increased
transcription of the VEGF gene [52]. Other studies report that loss of function of wt-p53,
via mutation or deletion, causes an increase in levels of the o subunit of the complex
hypoxia-inducible factor 1 (HIF-1) [53], which is discussed in detail in the next section
(1.5). Thisincrease in HIF-1a subsequently leads to an increased expression of HIF-1
target genes, including VEGF.

1.5 Tumor Environment and Hypoxia

The tumor microenvironment is described as hypoxic, which means the growing
tumor(s) lack adequate oxygen and nutrients due to a decreased blood supply [54]. This
dynamic leads to angiogenesis to overcome this hypoxic environment. As a result,
hypoxia inducible factor 1 (HIF-1), specifically the alpha (o) subunit, is becoming a more
popular target for anti-angiogenic and anti-cancer therapies [55, 56] because HIF-1a.

regulates a number genes, including VEGF, that promote tumor cell growth [57, 58].



HIF-1 is a heterodimer that consists of an alpha (o) and beta () subunit—also
referred to as the aryl hydrocarbon receptor nuclear translocator (ARNT). HIF-la isa
transcription factor that accumulates in cells under hypoxic and stressful environments
[59]. HIF-1a plays a specific role in cellular homeostasis in response to hypoxia. Under
normoxic conditions, the HIF-1a. subunit is hydroxylated at two proline residues (402
and 577), ubiquitin-tagged for degradation by the von Hippel-Lindau (pVHL) E3
ubiquitin ligase complex [54]. The tagged protein is then quickly degraded by the 26S
proteosome [54]. However, under hypoxic conditions, HIF-1o is accumulates and binds
to the constitutively expressed HIF-1f3 subunit. The HIF-1 complex is then translocated
to the nucleus, and binds to the hypoxia response element (HyRE) on target DNA, along
with other transcription factors, to influence transcription of hypoxia-regulated genes,
which as previously described can potentiate tumor development. Thus, one method to
combat cancer may include blocking the formation of the HIF-1 complex and inhibiting
HIF-1 DNA-binding [54, 55, 58].

Although the idea of targeting HIF-1 in cancer therapy seems to be gaining merit,
few efforts have been directed at utilizing HIF-1a. to curtail the growth of endocrine
related cancers, especially breast cancer. One study, however, has shown that estrogen
induces the activation of HIF-1a and increases edema and VEGF in the rat uterus [33].
This provides strong evidence that HIF-1a activity can be mediated by the presence or
absence of hormones.

1.6 Anti-Progestins
The angiogenic effects of progestins can be inhibited by RU-486 also referred to

as mifepristone [7]. RU-486 is an anti-progestin that binds to the PR and blocks ligand



binding [60]. Asa result, progestin-mediated genes are not influenced by the presence of
progestins. The anti-progestin has shown inhibitory effects towards 7,12-
dimethylbenz[a]anthracene (DMBA)-induced, progestin-accelerated mammary tumors in
rats [61] as well as in progestin-driven human xenografts in mice [62]. Unfortunately,
RU-486 also cross reacts with other steroid receptors, including glucocorticoid receptors,
which is detrimental to general health [60]. However, this positive inhibitory effect does
show promise and supports the idea that the progesterone receptor is a plausible target for
combating progestin-driven breast cancer. Nonetheless, due to the lack of specificity of
RU-486 to the breast tissue, it is not ideal for breast cancer treatment due to its ability to
disrupt other critical body systems [60].

Interestingly, the anti-estrogen, ICI, 872,780 inhibits progesterone induced VEGF
secretion from human breast cancer cells [63]. However, the anti-estrogen failed to
inhibit MPA-induced VEGF secretion [49] . This suggests that natural and synthetic
progestins may be inducing VEGF secretion from breast cancer cells through different
mechanisms. This shows promise that a compound may have the potential to target
synthetic progestins, without blocking the effect of the natural hormone. This may be
achieved by targeting specific pathways unique to the synthetic hormone.

Although not categorized as an anti-progestin, the novel drug PRIMA-1 has been
shown to exhibit cell-specific, anti-progestin effects. PRIMA-1 targets mt-p53, causing it
to function like wt-p53. As previously stated, mt-p53 is essential for progestin-induced
VEGF transcription. PRIMA-1 does not affect the activity of PR, thus providing
evidence that some progestin-dependent regulatory pathways can be blocked by means

other than the progesterone receptor—suggesting other targets may possibly be used to
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combat progestin-dependent breast cancer, perhaps with more specificity than the
aforementioned treatments.
1.7 Natural Anti-angiogenic/Chemopreventative Compounds

Many treatments for disease are derived from plants, or naturally occurring
compounds. Plant-derived, natural compounds are becoming more popular in the
medical field as we search for new cures. Current cancer treatments already utilize
natural plants and compounds such as vinblastine, from the Madagascar periwinkle plant
[64] , paclitaxel (formally known as taxol) and docetaxel from the bark of the pacific yew
tree [65]. These plant derivatives serve as a model for numerous synthetic analogues that
are used in most chemotherapies today. Because these plants and their derivatives are
naturally occurring and are currently included in the daily diet, they were thought to have
few, if any, toxic effects in mammals. Although these derivatives have been proven to be
cytotoxic to cells and prevent DNA replication [66], cancer cells are not specifically
targeted in these treatments. While the original theory of utilizing these compounds was
simply to specifically target cancer cells and prevent DNA replication, the necessary
level of specificity has yet to be achieved.

Over the years, more findings have been reported regarding various levels of
hormone-like activity of many plant extract components. Specifically, phytoestrogens
and their associated risk of breast cancer have become well documented [67, 68].
Phytoestrogens are defined as plant-derived, diphenolic compounds that display estrogen-
like, as well as anti-estrogen-like activity, depending on the dose used [69]. Studies have
provided strong evidence that many plant derivatives do, in fact, display estrogen-like

activity, including soy isoflavones, genistein, daidzein, and clycitein [69]. Based on this
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evidence, the question arises, “do phytoprogestins exist?” In other words, are these
plants, or plant derivatives, capable of functioning as progestins or anti-progestins? Is it
possible that a natural progestin can prove less harmful than synthesized progestin, and
thus reduce the increased risk of breast cancer among post-menopausal women? Or, does
there exist a natural and safe anti-progestin, which can be taken alongside HRT to reduce
breast cancer risk? These questions are what led me to screen a number of naturally
occurring compounds, and a few synthetic compounds, that were defined as anti-
angiogenic and/or anti-cancer. Compounds were tested via VEGF ELISA for their ability
and efficacy in inhibiting progestin-induced VEGF secretion from human breast cancer
cells. Upon concluding my initial screenings, I found two compounds, both naturally
occurring—one a plant derivative, the other an endogenous estrogen metabolite, that
showed significant promise in blocking harmful effects of progestin-induced activity in
human breast cancer cells. Two compounds, curcumin and 2-methoxyestradiol (2ME2),
were chosen for the studies described herein. They are both are currently in clinical trials
for treatments of various types of cancer other than hormone driven breast cancer. This
dissertation discusses the in depth studies I undertook to investigate the potential of these
two compounds to be used as effective treatment strategies for progestin-dependent

breast cancer.
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CHAPTER 2
INITIAL SCREENING OF COMPOUNDS FOR INHIBITION OF M PA-
INDUCED VEGF INDUCTION IN T47-D HUMAN BREAST CANCER CELLS

2.1 Introduction

Clinical trials show an increased risk, incidence, and recurrence of breast cancer
among post-menopausal women who receive both estrogen and progestins in combined
hormone replacement therapy (HRT), compared to women who receive estrogen alone
[2]. Thisand other more recent studies suggest that progestins play a major role in the
progression and initiation of mammary tumorigenesis [12, 61, 62]. Earlier reports show
that human breast cancer cells, T47-D, BT-474, and HCC-1428, secrete vascular
endothelial growth factor (VEGF), in response to progestin treatment [7]. VEGF isa
potent angiogenic growth factor that is critical for tumor progression and survival [23];
increased levels of VEGF are associated with increased tumor size and volume, as well as
accelerated tumor development [29, 61]. This finding has led researchers to target VEGF
in the fight against cancer. Induction of VEGF by progestins is blocked by the anti-
progestin RU-486 [7], also known as mifepristone. RU-486, however, is not an ideal
anti-progestin due to its lack of specificity to the progesterone receptor [60]. As a result,
a safe and specific compound that displays anti-progestin-like activities and curtails the
production of progestin-dependent angiogenic growth factors from breast cancer cells
remains to be discovered. Such compounds may prove effective against progestin-
dependent breast cancer.

Presently, most cancer treatments utilize natural plants and plant derivatives such

as vinblastine, from the Madagascar periwinkle plant [64] , paclitaxel (formally known as
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taxol) and docetaxel from the bark of the pacific yew tree [65]. These plant derivatives
serve as models for numerous synthetic analogues that are used in most chemotherapies
today. Because these plants and their derivatives are naturally occurring and are
currently consumed in daily diets, it was assumed that they would prove non-toxic to
mammals. Although these derivatives have proven to be cytotoxic to tumor cells and
prevent DNA replication [66], they are also cytotoxic to normal cells. Thus, the
necessary level of specificity for cytotoxic agents has yet to be achieved.

Many plant compounds that have been shown to exhibit hormone-like (especially
estrogenic) activities [70, 71] have been termed phytoestrogens. Phytoestrogens are
defined as plant-derived, diphenolic compounds that display estrogen- or anti-estrogen-
like activity [69]. The risk of breast cancer associated with phytoestrogens, including soy
isoflavones, genistein, daidzein, and clycitein [69], have been well studied in recent years
[67, 68]. Interestingly, it has been reported that specific foods and plant derivatives
display both agonist and antagonist bioactivity of ER and PR [70] and also have the
ability to regulate growth rates in breast cancer cell lines [70]. This study provides strong
evidence that naturally occurring compounds, including plant derivatives, may have the
ability to play in inhibitory or preventive role in hormone-dependent breast cancer.

In the present chapter, several naturally occurring compounds, which have been
defined as anti-angiogenic and/or anti-cancer, were screened to determine their potential
to block progestin-induced VEGF secretion in T47-D human breast cancer cells. Based
on these initial screenings, two of the following 14 compounds, curcumin and 2-

methoxyestradiol, were selected for further investigation. Their detailed effectiveness
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and limitations as chemotherapeutic and chemopreventive agents are explored in later
chapters.
Alliin
Alliin is an extract of garlic that has been reported to display anticarcinogenic
[72] and antiangiogenic properties [73]. One study reports that alliin inhibits VEGF-
induced angiogenesis in the chick chorioallantoic membrane (CAM) model, as well as
bFGF-induced human endothelial cell tube formation [73]. Another report demonstrated
that garlic powder, with various levels of alliin, fed to rats reduced the appearance and
size of hepatic glutathione S-transferase (GST) loci, with the largest reduction seen in rats
with the highest alliin content [72]. These anticancer activities of alliin led to its addition
in these initial screenings.
Apigenin and Naringenin
Both apigenin and naringenin are termed phytochemicals [74], displaying both
estrogenic and progestational activity [71]. Apigenin and naringenin are dietary
isoflavonoids, with apigenin found mainly in fruits and vegetables [75], and naringenin in
citrus fruits [74]. Both compounds have been shown to exhibit steroid hormone-like
activity [71]. Interestingly, it has been reported that apigenin is antiangiogenic by virtue
of its ability to reduce HIF-1a and VEGF expression [76]. Both compounds gained
interest through reports of steroid hormone-like activity as well as the potential to inhibit
angiogenesis.
Curcumin
Curcumin is an Indian spice derived from the turmeric root, known mostly for its

rich, orange color [77]. Found in many Indian dishes, including curry, curcumin has been
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utilized historically for both its antibacterial and anti-inflammatory properties [77].
Recent studies have reported many other potential effects of curcumin on multiple
diseases including Alzheimer’s and cancer [77-79]. There are a growing number of
reports that suggest curcumin is a chemopreventive agent in multiple neoplastic diseases
[77]. Turmeric has been reported to bind with low affinity to both the estrogen and
progesterone receptors [70], suggesting curcumin may be used to target PR and/or ER in
an effort to combat progestin-induce VEGF induction, and eventually progestin-
dependent breast cancer.

Green Tea Catechins

Catechins, including epicatechin (Ec), epicatichen gallate (EcG), epigallocatechin

(EGC), and epigallocatechin gallate (EGCG), are found in green tea, which has recently
been shown to possess anticancer activity and was reported to inhibit mammary
tumorigenesis in a C3(1)/SV40 mouse model [80]. EGCG is the most abundant of the
green tea catechins [81] is able to inhibit VEGF induction in breast cancer cells [82] and
EGCG has been shown to block angiogenic VEGF signaling by disrupting the receptor
complex formation [81]. These catechins showed promise as anticancer and
antiangiogenic agents, hence their inclusion in the initial screening.

Indole-3-Carbinol

Termed a phytochemical [83], indole-3-carbinol is found in cruciferous

vegetables, including cabbage, broccoli, radishes, etc., [84]. Indole-3-carbinol and its
derivatives have many molecular targets [84] thus increasing its potential as an anticancer
agent. It has been reported to inhibit the activation of SP1, ER, the androgen receptor

(AR), and nuclear factor-E,-related factor 2 (Nrf2) [84]. Having exhibited inhibition of
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estrogen-induced ER-a activity in human breast cancer cells and inhibition of estrogen-
dependent tumors [84], indole-3-carbinol may have the potential to inhibit the cross-talk
between ER and PR, thus inhibiting progestin-induced VEGF secretion from human
breast cancer cells.
Lycopene

Most commonly known for its presence in tomatoes, lycopene is a carotenoid.
Eighty percent of the U.S. source of lycopene is from tomatoes [85], however, lycopene
is found in other plant foods including apricot, pink grapefruit, watermelon, and papaya
[85]. Although lycopene is well studied in the prevention of prostate cancer, until
recently, few studies focused on lycopene ingestion and its effects on breast cancer risk.
As the number of studies regarding this correlation increases, the overall conclusion
remains controversial. One study reports that there is no correlation between higher
dietary or plasma levels of lycopene and a decreased risk of breast cancer [85], while
another study conducted with Sweden women, reports a decreased risk of beast cancer
with lycopene ingestion, especially in menopausal women [86]. An in vitro study
supports the notion of lycopene being effective in breast cancer treatment, reporting that
it inhibits estrogen-dependent and independent cell proliferation of breast cancer cells
[87]. The role that lycopene may play in progestin-dependent proliferation of breast
cancer cells, as well as its capacity to inhibit or block progestin-dependent VEGF
secretion from breast cancer cells remains to be determined.

Resveratrol
Resveratrol is a naturally occurring phenol that is most commonly found in grape

peel [88], thought it also occurs in peanuts and other fruits [89]. Resveratrol induces
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apoptosis in colon cancer cells [90], and inhibits HIF-1a accumulation and VEGF
expression in human tongue squamous cell carcinomas and hepatoma cells [91]. These
studies strongly suggest that resveratrol, due to its apoptotic and anti-VEGF properties,
may be an effective agent against cancer. Resveratrol has been reported to show little to
no activation of the PI3-K and MAPK pathways in MC-7 cells [92], providing a rationale
for its anti-proliferative activity. Activated P13-K and MAPK pathways have been
reported to play an agonistic role in progestin-induced secretion of VEGF in breast
cancer cells [93], thus providing evidence that resveratrol may be effective against
progestin-dependent VEGF induction.
Sulindac Sulfide

A synthetic compound, sulindac sulfide is a non-steroidal anti-inflammatory drug
(NSAID), originally used to treat inflammatory diseases [94]. Sulindac sulfide was
recently reported to decrease ER and PR expression in human breast cancer cells [94] and
inhibits cell growth by arresting cells in G; phase [94]. As a result, though not naturally
occurring, sulindac sulfide was added to this short list of compounds to be tested.
Interestingly, it was reported that sulindac sulfide decreases the number and size of
colorectal polyps [95] as well as preventing polyp recurrence [95]. Sulindac sulfide
derivatives were also reported to inhibit growth and promote apoptosis in prostate cancer
cell lines [96]. Though originally designed as an NSAID, this drug has shown promise as
an antitumor agent, and may be used to target PR and ER expression.

Thalidomide
Originally used as a sedative and anti-nausea drug, thalidomide was removed

from the market when it was found to be a strong teratogen [97], resulting in extremely
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abnormal fetal development [98]. Later found to inhibit angiogenesis [99], thalidomide is
now being considered as an advance treatment for tumors including ovarian and breast
tumors [100]. A phase I clinical trial reports that thalidomide is well-tolerated at an oral
dose of 100 mg daily; however, only 16% of patients with renal cancer showed a
decrease in tumor size while another 16% experienced no further progression of their
disease for up to 6 months [100]. Nonetheless, the anti-angiogenic properties and high
dose-tolerance of thalidomide resulted in its inclusion in this initial study.
2-Methoxyestradiol

2-methoxyestradiol (2ME2) is an endogenous estrogen metabolite that is known
to be anti-angiogenic as well as anti-mitotic [101-104]. Although 2ME2 is an estrogen
(E2) derivative, it has little-to-no affinity for ER [105] and whilst it is anti-angiogenic,
2ME2 may operate via multiple mechanisms [106], including blocking hypoxia-induced
VEGF secretion from breast cancer and prostate cancer cells [101]. The anti-angiogenic
and anti-proliferative properties displayed by 2MEZ2, as well as a high dose-tolerance
[107], probably due to its endogenous presence [108], suggests that 2ME2 has the
potential to combat progestin-dependent breast cancer by inhibiting progestin-induced
VEGF upregulation.
2.2 Materials & Methods

Reagents. Alliin, apegenin, epicatechin (Ec), epicatechin gallate (EcG),
epigallocatechin (Egc), lycopene, and thalidomide were purchased from LKT
Laboratories, Inc. (St. Paul, MN). Resveratrol, epigallocatechin gallate (EGCG), and
curcumin were obtained from Cayman Chemical Co. (Ann Arbor, MI), and 2ME2 was

purchased from Toronto Research Chemicals, Inc (Ontario, Canada). We purchased
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naringenin, indole-3-carbinol, sulindac sulfide, medroxyprogesterone acetate (MPA) and
RU-486 were from Sigma-Aldrich (St. Louis, MO). Pierce BCA protein assay reagents
were from Fischer Scientific International.

Cell Culture. T47-D cells were cultured in 200 mm cell culture plates in
DMEM/F12 cell culture media containing 10% Fetal Bovine Serum (FBS). At 50-60%
confluence, media was changed to DMEM/F12 media containing 5% dextran-coated
charcoal (DCC)-treated serum for 24 h. After washing with PBS, DMEM/F12 media
containing 5% DCC-treated serum was replaced and cells were treated for 16-18 h with
MPA (10 nM) and/or the designated anti-angiogenic compound at 1 or 100 uM, based on
literature. Control cells were treated with the solvent of the reagent (ethanol or DMSO).
Each treatment was performed in triplicate.

VEGF ELISA. Quantikine Human VEGF ELISA kit was purchased from R&D
Systems, Inc. (Minneapolis, MN). Supernatant was collected from cells treated with
progestins and/or test compounds and analyzed using the VEGF ELISA kit according to
the manufacturer’s protocol. Experiments were performed in triplicate and each sample
was analyzed in duplicate. According to the manufacturer, the minimum detectable
concentration of VEGF is less than 5 pg/ml, and the intra-assay precision has a
coefficient variance (CV%) between 3.5-6.5%, while the CVV% of the inter-assay ranges
from 5.0-8.5%.

BCA Protein Assay. Cells were harvested and cell pellets were re-suspended in
300 pl lysis buffer (50 mM Tris-HCI pH 8, 150 mM NaCl, and 1% NP-40) and incubated
on ice for 30 min. Samples were centrifuged and protein concentration of supernatant

determined by BCA assay using BSA as a standard. Absorbance was measured at 562 nm
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using a SpecTRA MAX 190 microplate reader (Sunnyvale, CA). All samples were
analyzed in duplicate.

Satistical Analysis. The average value for VEGF levels (pg/mg) in the untreated
(control) samples was calculated from the number of determinants in that group and used
to calculate VEGF levels in untreated and treated groups as a percentage value. Within
each group, results are plotted as bar graph representing mean + SEM. Data were
analyzed by one-way ANOVA and all groups compared with controls. Data sets with
inhibitors were compared statistically with VEGF values in progestin treated samples and
differences considered significant when p values were <0.05. All data was checked for
normality and homogeneity of variance. Since a number of analyses did not satisfy these
assumptions, data was ranked and ANOVA performed as outlined by Conover and Iman
[109]. Fisher’s protected least significant difference (LSD) was performed to determine
treatment differences, as suggested by Chew [110]. All significance was based on the
ranked transformations; however treatment values are presented as actual values. Sigma
Stat software was used for data analysis. SRB assay was performed in multiples of six.
In each figure, all data sets were compared to controls for significant difference following
treatment.

2.3 Results

T47-D human breast cancer cells were pre-treated for 30 minutes with potential
inhibitory compound and treated with 10nM Medroxyprogesterone acetate (MPA) for 16-
18 hours as described in the methods and materials section. VEGF ELISA Kits were used
to determine VEGF levels in cultured media. Apigenin and curcumin showed significant

inhibition at the lower concentration of 1 uM (Figure 2.1), while some compounds

21



including 2ME2 and indole-3-carbinol showed slight inhibition; however, this inhibition
was not statistically significant. Nonetheless, this trend suggested that a higher
concentration of the treatment compound may result in a statistically significant value.
As a result, compounds were screened for inhibition using 100 uM of treatment
compound (Figure 2.2). This screening resulted in multiple compounds that blocked
MPA-induced VEGF secretion from T47-D breast cancer cells at a higher concentration.
Of these inhibitory compounds, 2ME2 showed the most inhibition and was used in

further chemopreventive studies discussed in later chapters.
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Figure2.1: VEGF ELISA: Initial screening of compoundsat 1 uM. T47-D cellsweretreated with
10 nM MPA asdescribed in methods and materials. Control =365 + 22 . * representssignificance
compared to control. ** represents significant inhibition compared to MPA. Oneway ANOVA,
Fisher’sleast significant difference (L SD) was perfor med to deter mine significance (p = <0.001), n =
3-36. Error barsrepresent standard error of means (SEM).
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Figure2.2: VEGF ELISA: Initial screening of compoundsat 100 uM. T47-D cellsweretreated with
10 nM MPA asdescribed in methods and materials. Control = 365 + 22. * Representssignificant
induction compared to control. ** Represents sgnificant inhibition compared to MPA group. One-
way ANOVA, Fisher’s L SD was performed to deter mine significance (p = <0.001), n =3-36. Error
barsrepresent SEM.

Interestingly, curcumin showed inhibition at 1 uM and was toxic to T47-D cells at
100 uM. As a result, a dose curve was performed to determine at what concentration
curcumin becomes toxic to these cells. Figure 2.3 shows an initial dose curve that was
performed with 1, 10, 50, 75, and 100 uM of curcumin. In this preliminary experiment,
10 uM curcumin appeared to elicit an increase in VEGF secretion from T47D cells;
however, more detailed studies (as shown in Chapter 3) reveal this result to be
uncommon. Unexpectedly, only 1 and 10 uM curcumin treatment produce reportable

data because cells could not tolerate concentrations higher than 10 uM (Figure 2.4).
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Figure2.3: VEGF ELISA: Initial curcumin dosecurve. T47-D cellswerepre-treated as described
in methods and materialswith 1, 10, 50, 75, and 100 uM curcumin. Curcumin proved toxic at
concentrations higher than 10 uM. Control =404 + 36. * Represents significant induction
compared to control. ** Represents significant inhibition compared to MPA. One-way ANOVA,
Fisher's L SD was performed to deter mine significance (p = <0.001), n = 3-9. Error barsrepresent

SEM.
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Figure2.4: BCA Protein Assay: Average protein content of T47-D cells per cell culturedish treated
with 1, 10, 50, 75, and 100 uM curcumin for 16-18 hours. Control = 0.39 + 0.029. Error bars
represent SEM. n=6
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BCA protein assay shows a marked decrease in protein per cell culture dish at 50
uM curcumin, while 75 uM and 100 uM curcumin showed complete loss of cells.
Because curcumin showed inhibition at low concentrations, it was chosen for further
studies as a chemopreventive agent. These studies are described in detail in the following
chapter (Chapter 3).

Because lycopene is known to have anti-cancer effects in prostate cancer which is
also hormone-repsonsive and 2ZME2 showed the most inhibition (Figure 2.2), a dose
curve with lycopene and 2ME2 was performed to further investigate the inhibitory trend
of these compounds. Both lycopene and 2ME2 had a dose-dependent, inhibitory effect
on MPA-induced VEGF secretion from T47-D cells (Figure 2.5). This inhibition was

more pronounced with 2ME2, compared with lycopene.
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Figure2.5: VEGF ELISA: Initial dose curve of lycopeneand 2ME2 at 1, 10, and 100 uM. T47-D
cellsweretreated with 10 nM MPA asdescribed in methods and materials. Control = 366 + 20. *
Represents significant induction compared to control. ** Represents significant inhibition compared
to MPA. One-way ANOVA, Fisher’'sL SD was performed to deter mine significance, (p = <0.001),
n=3-15. Error barsrepresent SEM.
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2.4 Discussion & Conclusion

Based on the results described in the previous section, curcumin and 2ME2 were
selected for further investigation as potential anti-cancer agents against progestin-
dependent breast cancer. While curcumin and apigenin, both with the ability to bind PR
and ER [70, 71], showed significant inhibition at low concentrations, curcumin proved to
be cytotoxic to T47-D human breast cancer cells at higher concentrations (Figure 2.4). It
was reported that curcumin induces apoptosis in mammary epithelial cell carcinomas at
the G, phase of the cell cycle [111], but interestingly, curcumin does not induce
apoptosis of normal mammary epithelial cells by preventing cell cycle progression into
the G, phase [111], suggesting that it may specifically target cancer cells. As a result,
further investigation of curcumin as a potential chemopreventive agent was conducted
and is discussed in more detail in the following chapter.

Other compounds that showed promise based on these initial studies were 2ME2
and lycopene. Although lycopene and 2ME2 were able to inhibit MPA-induced VEGF
secretion at higher concentrations (100uM), 2ME2 proved most effective (Figure 2.2).
Previous reports provide evidence that lycopene is a promising chemopreventive agent
for prostate cancer [112]; however, its role in breast caner, remains controversial. In
vitro data suggests lycopene inhibits estrogen-dependent as well as estrogen-independent
breast cancer [87], while two cohort studies report contrasting findings; one study
suggests that there is no relationship between increased lycopene ingestion and increased
plasma levels or decreased breast cancer risk [85], while another study, conducted with
Swedish women, reports that lycopene reduces breast cancer risk in menopausal women

[86]. The results from this initial study suggest that lycopene may, in fact, prove
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beneficial in the prevention of progestin-dependent breast cancer, a hypothesis that
warrants further investigation.

2ME2 did not show inhibition at lower concentrations (1 uM), but there was a
marked inhibition of MPA-induced VEGF secretion to below control basal levels at
higher concentrations (Figure 2.2). The inability of 2ME2 to inhibit VEGF secretion at
lower concentrations may be due to its being present endogenously at low levels [108]; a
higher concentration must therefore be achieved in order to elicit an inhibitory response.
2ME2 was reported to display anti-cancer activities including, microtubule disruption
[103, 104], cell cycle arrest [113], and HIF-1a inhibition [101, 104, 114], strongly
suggesting that it may be effective in inhibiting progestin-induced angiogenesis. Also,
because 2ME2 does not bind to ER or PR [115], the estrogen metabolite would appear to
be ideal in combating breast cancers that are hormone dependent, since it will not elicit
an agonistic effect. 2ME2 was studied in depth to determine its effectiveness as a
chemotherapeutic agent. These investigations eventually led to the hypothesis that HIF-

lais required for progestin-dependent VEGF induction in breast cancer, a novel

hypothesis which is discussed in detail in the following chapters.
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CHAPTER 3
INHIBITORY EFFECTSOF CURCUMIN ON MPA-INDUCED VEGF
SECRETION FROM T47-D BREAST CANCER CELLSAND ON MPA-
EXPOSED RAT MAMMARY GLANDS
3.1 Introduction

Breast cancer is the second most common cause of cancer death in the United
States among women, with 200,000 new cases and 40,000 deaths reported annually [1].
According to the American Cancer Society, prolonged use of hormone replacement
therapy (HRT) containing estrogen and progestin is associated with increased risk of
breast cancer [1], compared to estrogen alone [1, 2, 18]. The role of progestins in breast
cancer is controversial, as they have been implicated in promoting cell cycle arrest [116],
as well as an anti-apoptotic and proliferative hormones [12, 17]. Nonetheless, most
evidence suggests that progestins specifically increase the risk of breast cancer in post-
menopausal women receiving combined HRT.

Vascular endothelial growth factor (VEGF) is a potent angiogenic growth factor
that is under steroid hormone regulation and plays a critical role in tumor growth and
expansion [36]. Benakanakere et al. [61] showed that MPA and progesterone stimulate
angiogenesis and tumor growth in the 7, 12-dimethylbenz[a]anthracene (DMBA)-induced
rat model of breast cancer, possibly via a mechanism involving the up-regulation of
VEGF in tumor tissue and increased tumor vascularization. Other reports confirm that
natural and synthetic progestins stimulate expression of VEGF mRNA and protein in
breast cancer cells [28, 117] and that up-regulation of VEGF can be blocked by the anti-

progestin RU-486 (mifepristone) [117]. Because RU-486 interacts with the progesterone
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receptor (PR) as well as androgen and glucocorticoid receptors [60], it is not an ideal
drug of choice for modulating PR-specific cellular effects. Thus, additional compounds
are needed for the purpose of blocking PR-mediated effects of progestins on breast
cancer cells during HRT.

Curcumin, a phytoestrogen derived from turmeric root, is an Indian spice used in
cooking and to color food. Historically, curcumin has been used as an antibacterial or
anti-inflammatory agent and to treat skin wounds and some tumors [118]. As described
in the previous chapter, curcumin binds with low affinity to the estrogen receptor (ER)
and PR [70], and blocks estrogen-induced cell proliferation [119]. Recent studies indicate
that curcumin has chemopreventive and anti-angiogenic properties and has potential as a
therapeutic agent for several neoplasms, including breast cancer [77]. As shown in
chapter 2 during the initial screening of compounds, curcumin inhibited VEGF secretion
from T47D cells in response to MPA-exposure. However, it is not known whether such
an inhibitory effect occurs in vivo. Nonetheless, Singletary et al., [120] reported that
curcumin (50-200 mg/kg i.p.) inhibits DMBA-induced mammary tumorigenesis and
formation of DMBA-DNA adducts in Sprague-Dawley rats. Since curcumin has been
shown to exhibit anti-angiogenic properties and to modulate VEGF levels in breast
cancer [121], the study reported in this chapter examines the effects of curcumin on
progestin-induced secretion of VEGF in human breast cancer cells, with a view to
determining its efficacy as a chemopreventive agent against progestin-dependent breast
cancer.

3.2 Methods and Materials
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Reagents. Curcumin was purchased from LKT Laboratories, Inc. (St. Paul, MN).
MPA, progesterone, norgestrel, norethindrone, RU-486, and DMBA were purchased
from Sigma-Aldrich (St. Louis, MO). Pierce BCA protein assay reagents were from
Fischer Scientific International.

Cell Culture. T47-D cells were cultured in 200 mm cell culture plates in
DMEM/F12 cell culture media containing 10% Fetal Bovine Serum (FBS). At 50%
confluence, media was changed to DMEM/F12 media containing 5% dextran-coated
charcoal (DCC)-treated serum for 24 hours. After washing with PBS, DMEM/F12 media
containing 5% DCC-treated serum was replaced and cells were treated for 16-18 hours
with progestins and/or curcumin. When present, the progestin concentration was 10nM.
Control cells were treated with ethanol (vehicle). Each treatment was performed in
triplicate.

Animal Studies. Intact virgin 40-45 day old female Sprague-Dawley rats (Harlan,
Indianapolis, IN) were housed according to the guidelines of the Association for
Assessment and Accreditation of Laboratory Animal Care under conditions of 12-hour
light/dark cycles and ad libitum access to food and water. All surgical and experimental
procedures were in accordance with procedures approved by the institutional Animal
Care and Use Committee and outlined in the “Guide for Care and Use of Laboratory
Animals (NIH publication 85-23).

Animals were given a single dose of 20 mg/rat of DMBA in peanut oil via gavage
on day 0. On day 26, daily i.p. injections of curcumin (200 mg/kg/day) [120] were given;
control animals were given peanut oil. On day 30, animals were anesthetized and MPA

pellets implanted subcutaneously on the dorsal surface. Daily injections of curcumin
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were continued through day 50. Animals were palpated and tumors were measured 2-3
times weekly. Non-tumor mammary tissues were collected for immunohistochemical
(IHC) analysis from days 51-61.

VEGF ELISA. Quantikine Human VEGF ELISA kit was purchased from R&D
Systems, Inc. (Minneapolis, MN). Supernatant was collected from cells treated with
progestins and/or test compounds and analyzed using the VEGF ELISA kit according to
the manufacturer’s protocol. Experiments were performed in triplicate and each sample
was analyzed in duplicate. According to the manufacturer, the minimum detectable
concentration of VEGF is less than 5 pg/ml, and the intra-assay precision has a
coefficient variance (CV%) between 3.5-6.5%, while the CVV% of the inter-assay ranges
from 5.0-8.5%.

BCA Protein Assay. Cells were harvested and cell pellets were re-suspended in
300 pl lysis buffer (50 mM Tris-HCI pH 8, 150 mM NacCl, and 1% NP-40) and incubated
on ice for 30 minutes. Samples were centrifuged and protein concentration determined
by BCA assay using BSA as a standard. Absorbance was measured at 562 nm using a
SpecTRA MAX 190 microplate reader (Sunnyvale, CA). All samples were analyzed in
duplicate.

Cell Viability Assay. Cell viability was estimated using Sulforhodamine B (SRB)
as previously described [28]. Briefly, 100 pl cell culture (3x10* cells/ml) was incubated
overnight in a 96 well microtiter plate at 37 °C in DMEM/F12+10% FBS. Fresh
DME/F12 media containing 5% DCC serum was added and incubation continued for 18—
24 hours. Media was replaced a second time and incubation continued for 24 to 48 hours

in the presence of 10 nM progestin or 10 uM curcumin. Media was removed from each
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well, and surviving or adherent cells were fixed in situ in 100 ul PBS and 100 ul 50%
cold trichloroacetic acid for 1 hour at 4 °C. Cells were washed with ice-water, dried and
incubated for 8 minutes in 50 ul SRB. Cells were washed five times with cold 1% acetic
acid and dried at room temperature. Adherent stain was solubilized with 150 pl 10 mM
Tris and absorbance at 520 nm was measured with a SpecTRA MAX 190 microplate
reader (Sunnyvale, CA).

Preparation of Nuclear Extract. Nuclear extract was collected from treated cells
using the ActiveMotif Nuclear Extract Kit (Carlsbad, CA). Cells were washed with
PBS/Phosphatase inhibitors, scraped from cell culture dishes, and collected in a conical
centrifuge tube and centrifuged for 6 minutes at 1000 rpm. Supernatant was removed,
pellets were re-suspended in 500 pl 1X hypotonic buffer and incubated for 15 minutes on
ice. Twenty-five ml of detergent was added to samples which were vortexed for 10
seconds and centrifuged for 1 minute at 13,000 rpm. Supernatant was removed and the
nuclear pellet re-suspended in complete lysis buffer, vortexed for 10 seconds, and
incubated on ice for 30 minutes. Samples were vortexed for 30 seconds and centrifuged
for 12 minutes at 13,000 rpm. Supernatant (nuclear fraction) was collected. Nuclear
extract is 80% pure, according to the manufacturer’s data sheet.

Western Blotting. Protein, 10 ug per lane, was separated on a 7.5% Tris-HCI
Criteron pre-cast gel from Bio-Rad Laboratories (Hercules, CA). Separated proteins
were transferred to a PVDF membrane from Bio-Rad Laboratories (Hercules, CA). The
blots were blocked for 1 hour at room temperature (or overnight at 4°C) in 5% non-fat
dry milk in TBS containing 1% Tween-20 (TBS-T). Blots were incubated with primary

antibody at the specified dilution for 2 hours at room temperature (or overnight at 4°C):
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anti-PR (1:200 dilution of AB-52 from Santa Cruz, Biotechnology), anti-ERa (1:100
dilution of D-12 from Santa Cruz, Biotechnology). Blots were washed 3 times for 5
minutes each in TBS-T, and then incubated with secondary anti-body for 1 hour at room
temperature. Blots were washed again, 3 times for 5 minutes each in TBS-T, and
immunoreactive bands were visualized following 5-minute incubation with the ECL plus
detection kit from Amersham Pharmacia Biotech (Arlington Heights, IL). Membranes
were stripped and re-blotted for -actin (Sigma Aldrich, St. Louis, MO). Bands were
normalized to the B-actin signal in the same sample.

NF-xB Transcription Factor ELISA. Nuclear fraction was extracted to perform
the NF-«xB transcription factor ELISA from Active Motif (Carlsbad, CA). BCA protein
assay was conducted to determine the protein concentration of samples. Briefly, 40 ul
binding buffer (prepared according to manufacturer’s protocol) was added to each well in
the sample plate. 10 ul positive control was added to positive control wells (negative
contained binding buffer). 10 ul of nuclear extract was added to sample wells. The plate
was incubated 30 minutes at room temperature. The assay plate (different from sample
plate) was washed three times with 200 pl wash buffer. 45 ul aliquots from the sample
plate were added to the assay plate and incubated for 1 hour at room temperature.
Contents of wells were emptied, the plate was washed three times with wash buffer, and
100 pl primary antibody (1:200) was added to each well. Incubation was for 1 hour at
room temperature. Contents of wells were discarded and wells were washed with 3 times
with wash buffer. Secondary antibody (100 ul, 1:200) was added to each well and
incubated at room temperature for 1 hour. Contents of wells were emptied and wells

were washed three times with wash buffer. Substrate solution (100 ul) was added to each
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well and incubated for 15 minutes in the dark. Stop solution (100 ul) was added to each
well, and plates were read on a SpecTRA MAX 190 microplate reader (Sunnyvale, CA)
at 450 nm. Cells were treated in triplicate and samples were run in duplicate.

Immunohistochemistry. The effect of curcumin on mammary tumorigenesis was
assessed by measuring expression levels of VEGF, ER-a, ER-f, and PR in the non-tumor
mammary tissues. Both auxiliary and abdominal mammary glands were used for
analysis.

Tissues were fixed overnight in 4% paraformaldehyde for immunohistochemistry.
Tissues were processed for paraffin infiltration and embedding. Sections (5 um) were
mounted onto ProbeOn Plus microscope slides (Fischer Scientific, Inc., Pittsburgh, PA).
Light microscopic examination of serial H&E stained sections representative of a given
tissue was performed for classification using previously published methods [122]. Before
immunohistochemisty, sections were dewaxed in xylene, rehydrated through graded
concentrations of ethanol, then rinsed in distilled water, and stored in PBS at 4°C until
use. Sections were heated to induce epitope retrieval in 10 mmol/L citrate buffer (pH
6.0) for PR, ER-a,, and VEGF immunolabeling. Slides were treated with 3% H,O; in
absolute methanol (to inactivate endogenous peroxidase activity) before being washed 3
times in PBS and then immersed in 10% bovine serum albumin for 20 minutes. Sections
were incubated for 60 minutes at room temperature with each of the following polyclonal
antibodies: anti-PR antibody [1:50 dilution of rabbit anti-human PR polyclonal antibody
(A0098) that reacts with the DNA binding domain (amino acids 533-547); DAKO

Carpinteria, CA], anti-ER-a [1:300 dilution of a rabbit anti-ER-a polyclonal antibody

(sc-542) raised against an ER-a peptide of mouse origin; Santa Cruz Biotechnology, Inc.,
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Santa Cruz, CA], anti-VEGF antibody [1:100 dilution of a rabbit anti-VEGF polyclonal
antibody (sc-152); Santa Cruz, Biotechnology]. Sections were then washed and
sequentially incubated with a secondary antibody [biotinylated swine anti-rabbit IgG
(DAKO) and a streptavidin-linked horseradish peroxidase product (BD PharMingen, San
Diego, CA)] for 30 minutes at room temperature. Alternatively, some sections were
incubated with EnVision+, a horseradish peroxidase-labeled polymer conjugated with
anti-rabbit antibodies (DAKO). Bound antibodies were visualized following incubation
with 3,3’-diaminobenzidine (0.05% with 0.015% H,0O, in PBS) solution (Zymed Corp.,
San Francisco, CA) for 3-5 minutes. Sections were counter stained with Meyer’s
hematoxylin, dehydrated, cleared, and cover-slipped for microscopic examination.
Satistical Analysis. The mean average value for VEGF levels (pg/mg) in the
untreated (control) samples was calculated from the number of determinants in that group
and used to calculate VEGF levels in untreated and treated groups as a percentage value.
Within each group, results were plotted as a bar graph representing mean + SEM. Data
were analyzed by one-way ANOVA and all groups compared with controls. Data sets
with inhibitors were compared with VEGF values in progestin treated samples and
differences considered significant when p values were <0.05. SRB cell viability assay
was performed in multiples of six. In each figure, all data sets were compared to controls
for significant difference following treatment. All data was checked for normality and
homogeneity of variance. Since a number of analyses did not satisfy these assumptions,
data was ranked and ANOVA performed as outlined by Conover and Iman [109].
Fisher’s protected least significant difference (LSD) was performed to determine

treatment differences, as suggested by Chew [110]. All significance was based on the
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ranked transformations; however treatment values were presented as actual values. For
animal studies, groups were compared with respect to tumor latency and multiplicity at
the conclusion of the study. Latency period differences were compared using a general
linear model (PROC GENMOD in SAS) in which the link function was logit and the
distribution was binomial. Multiplicity data was analyzed using Kruskal-Wallis One
Way ANOVA. FoveaoPro 3.0 ® software analysis was used to determine positive
staining by area in immunohistochemical studies. One-Way ANOVA was used to
statistically compare VEGF staining differences among experimental groups. For all
statistical comparisons, p<0.05 was regarded as statistically significant.
3.3 Results

The effects of curcumin on progestin-induced secretion of VEGF were examined
by incubating human T47-D breast cancer cells with MPA and variable amounts of
curcumin. The results showed that curcumin significantly reduced MPA-induced
secretion of VEGF in a dose-dependent manner and at concentrations as low as 0.001uM
(Figure 3.1). Half-maximal inhibition was observed at a concentration of approximately
0.1 uM curcumin. VEGF levels in cells incubated with MPA + Curcumin were
significantly lower than VEGF levels in cells incubated with MPA alone. Curcumin
alone did not alter VEGF from cells compared to untreated controls except at 0.001 and
0.01 uM concentrations. At these two concentrations, curcumin decreased the control
levels of VEGF by approximately 40%. RU-486 was used as a positive anti-progestin
control (Figure 3.1). RU-486 (1 uM) totally abolished MPA-induced secretion of VEGF,
as observed previously [28], and reduced the basal level by 50% compared to control, as

shown in Figure 3.1.
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Figure3.1: VEGF ELISA: Effect of curcumin on MPA-induced secretion of VEGF. T47-D cdlswere
treated with vehicle (control), with MPA (10 nM) £ either 1 uM RU-486 or 0.001-10 uM curcumin
and with curcumin alone. Following incubation of cellsfor 18 h at 37°C, VEGF levelswere measured
in the supernatants of cultured cellsby ELI1SA asdescribed in Materials and Methods. The output of
theassay is VEGF concentration in pg/mg cdlular protein. Error bars show SEM (n=3-9). The 100%
control valueis438 + 62 pg/mg. One-way ANOVA was used to test for statistical significance;
Fischer’sprotected least significant differencetest was used for ranking. An asterisk (*) indicates
valuesthat differ significantly from control (no MPA, no curcumin). A doubleasterisk (**) indicates
valuesthat are significantly different from MPA-treated control in MPA treated samplesthat also

includeinhibitors (p < 0.05). RU=RU-486
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SRB assay results showed that cell viability was not reduced during a 24-hour
incubation with curcumin at concentrations lower than 50 uM (Fig. 3.2), indicating that
curcumin was not cytotoxic at low to moderate concentrations. Thus, it is possible that
the ability of curcumin to inhibit growth of MPA-treated T47D cells is related to its

ability to inhibit secretion of VEGF.
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Figure3.2: SRB Assay: Celsweretreated with vehicleor with 10 nM MPA with and without 1-100
puM curcumin for 18 hoursat 37°C. Cell viability was measured using SRB Assay asdescribed in the
Materialsand Methods. One-way ANOVA was used totest for statistical significance; Fischer’s
protected least significant difference was used for ranking. SEM was <0.02 and error barsare not
clearly seen. An asterisk (*) indicates values that were significantly different than control (p<0.05).

Because curcumin has been reported to have a low affinity for both PR and ER
[70], there is a possibility that it could be down-regulating these receptors, thus blocking
the efficacy of MPA to induce VEGF secretion from T47D cells . With this in mind, a
western blot was performed to assess the protein expression of PR and ER, shown in
Figure 3.3. PR and ER levels were not decreased with 10 uM curcumin treatment

(Figure 3.3).
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Figure3.3: Western Blot Analysis. Nuclear Extractsfrom T47D cellswere analyzed for PR and ER-
o protein expression. 15ug of protein was loaded.

Because there was no marked decrease in ER or PR protein expression after
curcumin treatment, the ability of curcumin to inhibit secretion of VEGF induced by
other progestins was examined in T47-D cells. Interestingly, curcumin did not inhibit
secretion of VEGF from cells treated with progesterone, norgestrel or norethindrone (Fig.
3.4 and 3.5) at the tested concentration. However, as expected, RU-486 did inhibit

progesterone-induced secretion of VEGF (Figure 3.4).
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Figure3.4: VEGF ELISA: Effectsof curcumin on progestin-induced secretion of VEGF secretion.
Cdlsweretreated with vehiclealone or with 10 nM progesterone + either 1 pM RU-486 or 10 uM
curcumin, and with the same concentrations of RU-486 and curcumin alonefor 18 h at 37°C. VEGF
levelsin the supernatants of cultured cells were measured via ELISA asdescribed in Materials and
Methods. The output of the assay is VEGF concentration in pg/mg cellular protein. Error bars show
SEM (n=6). The 100% control valueis 558 + 52 pg/mg. One-way ANOV A was used to test for
statistical significance; Fischer’s protected least significant difference was used for ranking. An
asterisk (*) indicates values that wer e significantly different than control (no MPA, no curcumin). A
double asterisk (**) indicates values that wer e significantly different from P-treated control (p <
0.05). P=Progesterone, RU=RU-486, Cur=Curcumin
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Figure3.5: VEGF ELISA: Curcumin specifically inhibits MPA-induced VEGF induction. Cells
weretreated with 10nM MPA, norgestrd, or norethindronein the presence and absence of 10 uM
curcumin. Cell culture supernatant was collected and analyzed for VEGF presence asdescribed in
Methods and Materials. The 100% valueis 475 + 38 pg/mg. An asterisk (*) indicates valuesthat
wer e significantly different than control (no progestin, no curcumin). A doubleasterisk (**)
indicates values that wer e significantly different from the respective progestin treated group (p <
0.05).
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To determine if the inhibitory property displayed by curcumin was cell-type
specific, its ability to inhibit progestin-induced VEGF secretion from a second cell line,
BT474 was investigated. Interestingly, curcumin displayed no inhibitory properties on
this cell line (Figure 3.6). Previous reports show that progestins induce VEGF secretion
in T47D and BT474 cells via distinct pathways [93]. It is possible that curcumin inhibits
the pathway specific for MPA-induction in T47D cells, and does not affect VEGF

induction in BT474 cells.
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Figure3.6: VEGF ELISA (BT474): Curcumin doesnot inhibit progestin-induced VEGF secretion in
BT474 Céls. Asdescribed in Methodsand Materials, cellswere pre-treated for 30 minuteswith 10
uM curcumin or 1 uM RU-486. Celswerethen treated with 10nM MPA or progesteronefor 16-18
hours. Cel culture supernatant was collected and analyzed for the presence of VEGF as described in
Methods and Materials. Secreted VEGF levelsweregiven in pg/mg cell protein based on BCA
Protein Assay results. One-way ANOVA was used to statistically analyzed data. * = Significant
difference from contral, ** = significant difference from appropriate progestin control, p<0.05.

Because curcumin specifically inhibited MPA-induced VEGF secretion, an MPA-
specific activation pathway was briefly investigated. MPA has an affinity for the
androgen receptor (AR) and disruption of AR signaling has been associated with an

increased risk of breast cancer [123]. Thus, it seemed possible that the MPA-induced
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secretion of VEGF may be mediated in part via the AR. However, this possibility was
not supported by cell culture experiments showing that flutamide, a specific inhibitor of

AR, did not inhibit MPA-induced secretion of VEGF (Fig 3.7).
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Figure3.7: VEGF ELISA: 0.1 uM flutamide was tested as an inhibitor of MPA induced VEGF via
VEGF ELISA analysisasdescribed in Methodsand Materials. An asterisk (*) indicates values that
wer e significantly different than control (no MPA, no fultamide). A double asterisk (**) indicates
valuesthat arediffer significantly from MPA-treated group (p<0.05), n=3.

This result was consistent with the hypothesis that the effects of MPA on T47-D
cells were primarily mediated by PR, and was not mediated by AR. However, additional
experiments were needed to support this hypothesis. As a result, an animal experiment
was conducted in an effort to block MPA-accelerated, DMBA-induced mammary tumors
with flutamide. A previously established DMBA-induced, MPA-accelerated mammary
tumor model in female Sprague Dawley rats [61] was utilized to investigate this

possibility. Figure 3.8 depicts the protocol used in this experiment.
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Figure3.8: Protocol utilized in DMBA-induced, MPA-accelerated mammary tumor model with
female Sprague-Dawley rats. 20 mg/rat of DMBA was given via gavage on Day 0. Flutamide pellets
(25mg) wereimplanted 3 days prior to the placement of MPA (25mg) or placebo pellets. Animals
wer e palpated and tumor s measured 2-3 times weekly, (n=8-10)

Female Sprague Dawley rats were given 20 mg of DMBA via gavage on day 0.
As described in Methods and Materials, 25 mg flutamide pellets were placed on day 25,
and 25 mg MPA pellets were placed on day 28. Animals were palpated and tumors
measured 2-3 times weekly throughout the study.

The results showed a short delay in the appearance of the first tumor in the
flutamide-treated MPA group (Figure 3.9); however, this was only seen in one animal.
The appearance of tumors in the flutamide-treated MPA groups and MPA-treated animals
did not differ statistically and resulted in the same number of tumor-bearing animals.
This result coincided with in vitro studies that show flutamide does not inhibit VEGF
secretion. As a result, we did not observe a significant affect in tumor formation in
DMBA-induced, MPA-accelerated animals, suggesting that MPA does not increase

VEGF production via the AR.
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Figure 3.9: Flutamide doesnot block or delay the appearance of DM BA-induced, MPA-accelerated
mammary tumors at the utilized concentration, n=8-10.

Flutamide also showed no inhibition of tumor multiplicity (Figure 3.10). These
results further suggested that MPA does not bind to AR during the induction of VEGF

secretion of breast cancer cells.
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Figure 3.10: Tumor multiplicity in tumor bearing animals.

Efforts were made to elucidate the inhibitory mechanism of curcumin. It has been
reported that curcumin down-regulates and blocks the activation of the transcription

factor, NF-kB, in breast cancer cells [124]. Curcumin inhibits the

phosphorylation/activation of the inhibitory kappa B (IxB), resulting in a decrease in the
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nuclear translocation of NFkB [125]. Thus there was a decrease in NF-«B binding to
DNA. Therole of NF-kB in the progestin-dependent model is unknown and not well
studied. As a result, NFx-B was explored as a possible molecular target for curcumin in
the MPA-induced model. An NF-xB transcription factor, DNA-binding assay was
utilized to determine whether curcumin alters the DNA-binding abilities of NF-xB after
MPA treatment, without affecting DNA-binding after progesterone treatment, due to the
fact that curcumin specifically inhibits MPA-induced VEGF secretion. The results from
the DNA binding assay (Figure 3.11) suggests that curcumin does not affect NF-xB

binding activities after MPA or progesterone treatment.
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Figure3.11: NF-xB Transcription Factor DNA-Binding ELISA. T47D cellswere pre-treated with
10uM Curcumin for 30 minutes. Cellswere then treated with 10 nM MPA or progesteronefor 3
hours. Nuclear Extract was collected as described in Methods and Materials. NF-xB transcription
factor ELISA was perfor med according to the manufacturer’sprotocol. ANOVA Fisher’sLSD
showed no significanceat p < 0.05. Error Barsrepresent SEM. n=3.

In Vivo Studies
The inhibitory actions of curcumin as a chemopreventive agent against progestin-

driven breast cancer were investigated in vivo, utilizing the previously established
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DMBA-induced, MPA-accelerated mammary tumor model in Sprague Dawley rats [61].
The specific protocol utilized to determine the chemopreventive effectiveness of

curcumin is depicted in Figure 3.12.
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Figure3.12: Protocol utilized in DMBA-induced, MPA-acce erated mammary tumor model with
female Sprague-Dawley rats. 20 mg/rat of DMBA was given via gavage on Day 0. Curcumin was
administered daily viai.p. injections at 200 mg/kg beginning on day 26. Placebo or MPA (25 mg)
pellets wer e placed on day 30. Fifteen (15) animalswere used in each group; however 19 animals
wereused in the MPA group. Animalswer e palpated and tumors measured 2-3 times weekly.

As described in Methods and Materials, 20mg of DMBA was administered to
female Sprague Dawley rats via gavage on day 0. Daily curcumin injections (200 mg/kg,
I.p.) began on day 26, and 25 mg MPA pellets were placed on day 30. Daily injections
continued through day 50. This treatment protocol was selected based on previous
studies in which curcumin was administered i.p. for 2 weeks with no negative outwardly
effects based on animal weight [120]. The current protocol continued treatment with

curcumin for a total of 24 days while monitoring animal weight for signs of negative
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effects. On days51-61, animals were sacrificed and non-tumor mammary glands were
collected for immunohisotchemical analysis.

The results show that MPA + curcumin treatment resulted in a 7-day delay in the
appearance of the first tumor, compared to that of MPA alone. Comparison of latency
data from treatments of MPA and MPA + curcumin did not show a significant difference
when analyzed using % test. However, when compared using a general linear model
(PROC GENMOD in SAS) in which the link function was logit and the distribution was
binomial, according to the calculated odds ratio, the odds of cancer were 2.2 times greater
with MPA than with MPA + curcumin and was 3.05 and 4.4 times greater than the
curcumin alone or placebo group, respectively. Curcumin was unable to delay the natural
tumors that developed in response to DMBA (Figure 3.13). Thus, curcumin delayed
DMBA-induced tumors in which development was accelerated by MPA. Also, it was
observed that there were fewer tumor bearing animals when treated with MPA +
curcumin (35%), compared to MPA only (55%). No delay or significant difference in
tumor incidence was observed in animals given curcumin alone compared to DMBA,

placebo animals. (Figure 3.13)
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Figure 3.13: Curcumin delays MPA-accelerated tumorigenesis. Animals wer e palpated 2-3times

each week and tumor s were measured. L atency period differences were compared using a general
linear modd (PROC GENMOD in SAS) in which thelink function waslogit and the distribution was
binomial. MPA treated DMBA-induced tumorswer e 2.2 times morelikely to develop tumor sthan
DMBA-induced tumors alone and 4.4 times more likely than the placebo or curcumin alonegroup.
(n=15-19/group).

Importantly, curcumin treatment (MPA + curcumin) reduced tumor multiplicity,
compared to MPA alone (Figure 3.14). While tumor bearing animals treated with MPA
+ curcumin, placebo, and curcumin alone experienced an average tumor burden of only

one (1 tumor), tumor bearing animals treated with MPA alone experienced an average

tumor multiplicity of about two tumors (1.9 tumors) at the conclusion of the study.
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Figure3.14: Tumor Multiplicity. Theaverage number of tumors per tumor bearing animal at the
conclusion of the study was 1.9 for MPA treated animalsand 1 for Control, MPA + Curcumin and
Curcumin alone. *Significantly different from therest of the groups (ANOVA, p<0.05), Errorsbars
represent SEM. (Cur=Curcumin)

Curcumin inhibits MPA-induced morphological changes in mammary glands

At the conclusion of the study, animals were sacrificed and non-tumor mammary
gland tissue was collected for immunohistochemical analysis. Microscopic examination
of gross morphology showed a marked difference in mammary gland histology in MPA +
curcumin-treated animals, compared to MPA-treated animals. Placebo animals displayed
‘normal’ mammary tissue morphology, showing few, if any, pre-neoplastic lesions.
Ductal and lobular structures were distinct and distinguishable (Figure 3.15). MPA-
treated animals displayed numerous pre-neoplastic lesions and few ductal structures were
observed, however numerous lobular structures appeared to be extremely proliferative.
Animals that received a combination of MPA + curcumin, or curcumin alone, displayed

fewer, if any, pre-neoplastic lesions and were more comparable to the placebo
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morphology in that ductal and lobular structures were more distinct and distinguishable,

compared to animals treated with MPA alone. (Figure 3.15)
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Figure 3.15: H& E Staining of non-tumor mammary gland. Curcumin prevents M PA-induced

mor phological changesin the mammary gland. Mammary gland tissue was collected at the
conclusion of the study on day 52, sectioned, and stained with H& E. Onerepresentative section is
shown for each group. (scale bars= 500 mm). Red arrows show ductal structures and yellow arrows
show lobular structures.

Immunohistochemical staining was performed to determine the effects of
curcumin on the expression of the estrogen receptors o and f3, as well as PR and VEGF
protein expression. Signaling through ERs is critical for PR expression [126, 127] and
PR activity is essential for VEGF induction [7]. Because curcumin does bind to PR and
ER, though with low affinity [70], ER and PR levels in the mammary glands of treated
and untreated rats play a role in determining whether curcumin might up- or down-

regulate the ER and/or PR as a result of treatment. Curcumin did not eliminate the
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expression of steroid receptors ER o and 3, or PR. However, there was an inhibition of
VEGF staining, particularly in the ductal epithelial cells, with curcumin treatment,

compared to MPA-treated mammary tissues (Figure 3.16).
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Figure 3.16: ER and PR expression are unaffected by curcumin and VEGF levels aredecreased by
curcumin in MPA +curcumin treated DM BA-induced mammary tumors. Mammary gland tissues
wer e collected at the conclusion of the study on day 52, sectioned, and immunostained for ER-a, ER-
b, PR and VEGF asdescribed in the Methods section. No significant differences wer e observed in the
intensity of the staining among the treatment groupsfor ER-a,, ER-b, and PR, however, curcumin
blocked MPA-driven increasesin VEGF levelsin hyperplastic lesions (red arrows). I nsets represent
negative controlswith no primary antibody staining for each antibody.

The inhibition of VEGF expression in the ductal epithelial cells was quantified
using FoveaPro ® Software. The area of positively stained pixels is summed and
averaged among the six analyzed slides (Figure 3.17). As expected, the MPA-treated
animals had increased expression of VEGF in the mammary gland compared to placebo

animals. The VEGF staining within the dutcal epithelial cells of the MPA + curcumin-
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treated mammary glands were reduced though not statistically reduced compared to that

of the MPA-treated animals.
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Figure3.17: Quantification of the area of podtively stained pixelsfor VEGF of the ductal epithelial
cells. Six dideswereanalyzed, the area of positively stained pixelsis summed from each slide and the
graph depictsthe average of the sum. Photographs of slides were analyzed using FoveaoPro 3.0
analyds software. Positive VEGF staining was quantified asthe number of VEGF-positive pixesin
threedifferent fields. Though not statistically different, the amount of VEGF wasreduced in the
group treated with MPA + Curcumin compared to the group treated with MPA alone. No
significance was deter mined when analyzed usng ANOVA.

3.4 Discussion & Conclusion

Previous studies show that progestins stimulate the secretion of VEGF from
human breast cancer cells expressing PR and mutant p53 protein [28]. VEGF inturn
stimulates proliferation of PR-positive and PR-negative breast cancer cells that express
receptors for VEGF [28]. VEGF also suppresses apoptosis and stimulates survival of
endothelial and breast tumor cells [29]. In DMBA-treated rats, progestins accelerate PR-
and VEGF-dependent development of mammary gland tumors [61]. Thus, inhibition of
progestin-dependent secretion of VEGF may be an effective strategy by which to control

the growth and spread of progestin-dependent breast cancer.
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The studies described in the current chapter show that curcumin reduces MPA-
induced secretion of VEGF from T47-D cells. Surprisingly, although curcumin
interfered with the cellular effects of MPA, it did not interfere with the cellular effects of
progesterone and other progestins. This suggests that PR may not be a direct target of
curcumin, and is consistent with earlier observations suggesting that progesterone and
MPA induce secretion of VEGF by distinct pathways [93]. Although a speculative idea,
it is possible that curcumin interacts with or interferes with extra-nuclear pathways that
are specific to MPA and not to progesterone [128]. It is also possible that curcumin
activates an inhibitory pathway that is selective in its suppression of MPA-induced VEGF
but does not interfere with VEGF induction by other progestins. Also, because curcumin
failed to inhibit MPA-induced VEGF secretion in BT474 cells, it is possible due to the
different pathways that regulate MPA-induced VEFG secretion in different cell lines
[93], that the inhibitory mechanism of curcumin blocks the specific pathway in T47D
cellsand not BT474 cells. In this context it is interesting that recent studies have
identified membrane progesterone receptors [129, 130], which may also be responsible
for some of the differential curcumin effects observed in the present in vitro studies.
Nevertheless, these data imply that curcumin may be useful as a therapeutic agent to
minimize the cancer risk associated with MPA-containing HRT. Indeed, curcumin is
already under investigation as an anti-tumor agent in a Phase Il clinical trial [131].
Curcumin appears to be well tolerated, lacking dose-limiting effects. Such studies should
encourage future clinical trials designed to evaluate the efficacy of curcumin in lowering

breast cancer risk in women exposed to MPA as a component of HRT.
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We previously reported that curcumin specifically inhibits MPA-induced VEGF
secretion from T47-D human breast cancer cells [132]. MPA is not a specific agonist of
the PR, as it also functions as an agonist for the androgen receptor [123]. Because studies
have reported curcumin to be a potent inhibitor of the androgen receptor [133-135], the
possibility that MPA induces VEGF secretion via the androgen receptor was explored.
However, it was found that co-treatment with flutamide (0.1 mM), a specific androgen
receptor inhibitor, was not able to block the MPA induction of VEGF in vitro [132] and
was unable to inhibit MPA-accelerated, DMBA-induced tumor development in vivo,
thus, AR levels were not investigated. However, ER and PR levels in the mammary
glands were investigated after curcumin treatment. As a phytoestrogen, studies have
reported that curcumin has a low affinity for ER and PR [70], however, a change in ER or
PR levels was not observed. The current chapter reports that curcumin had no effect on
ER/PR expression levels in the mammary gland of Sprague-Dawley rats exposed to
DMBA and MPA. This provides evidence that curcumin may exert anti-cancer
properties on the mammary gland with little to no effect on ovarian hormone receptor
expression. Although no significant changes were observed in ER and PR levels, VEGF
staining revealed a decrease in VEGF levels in the ductal epithelial cells of the mammary
gland from animals treated with MPA + curcumin. These findings may play a critical
role in elucidating the inhibitory mechanism of curcumin on DMBA-induced, MPA-
accelerated tumor formation in the rat.

The present chapter does however show that curcumin delays MPA-accelerated,
DMBA-induced tumor formation by approximately one week, and markedly inhibits

morphological changes in MPA-exposed mammary glands. As expected, curcumin
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blocked the increase in VEGF levels caused by MPA (Figure 3.16). This supports the
anti-angiogenic properties of curcumin, and provides some insight towards determining
the mechanism by which curcumin inhibits angiogenesis. It was hypothesized from
previous in vitro studies, [132] that curcumin would delay MPA accelerated tumors via
inhibition of VEGF expression. An earlier report showed that curcumin delays the onset
of DMBA tumorigenesis [120], however, no studies utilized curcumin as a
chemopreventive agent against progestin-dependent mammary tumors. To our
knowledge, this is the first study that utilizes an animal model to provide evidence that
curcumin has the ability to exert chemopreventive effects on progestin-dependent breast
cancer. A phase I clinical trial with curcumin reports that no toxicity was observed when
patients were given up to 8000 mg/day [136]. The dose administered in the current study
show little to no negative effects on the animals, based on animal weight, and it is
reported in the current chapter that curcumin exerts protective effects on MPA-induced
morphological changes in the mammary gland in the process of tumorigenesis. There
were increased proliferating lobules in the MPA-treated group, while curcumin-treated
animals shared more histological similarities with placebo, suggesting that curcumin
blocks changes caused by MPA. This could prove beneficial to women receiving
combined HRT.

Though not discussed in detail, a brief pilot study was conducted to determine the
effectiveness of curcumin as a therapeutic agent. In this study, three animals with
established DMBA-induced, MPA-accelerated tumors were treated with injections of
curcumin (1 injection every other day) at the previously determined dose (200 mg/kg,

i.p.), for approximately 2 weeks (controls received vehicle). After no significant changes
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were observed, this study was terminated and it was suggested that curcumin may not be
useful as a therapeutic agent, but evidence suggests that it could prove effective as a
chemopreventive agent.

The specific mechanism by which curcumin inhibits angiogenesis is unknown;
however, based on the results described in the current chapter, the inhibition of VEGF
may play a critical role. Nonetheless, there are studies that suggest cyclin D [111] and
p21 [137] are involved in the anti-cancer effects of curcumin, however, no studies
provide information on how curcumin interacts with progestin-dependent mammary
cancers. Some studies also report that NF-«xB is a target for curcumin [125, 138, 139].
Curcumin was reported to inhibit NF-kB activation, thus decreasing VEGF mRNA
expression in breast cancer cells and ovarian cancer cells, reducing the expression in
matrix metalloproteinases (MMPs), and transcriptional down-regulation of AP-1 [140].
Although it is possible that curcumin inhibits NF-xB activity in the DMBA study
described herein, it was also reported that curcumin specifically induces apoptosis in
cancer cells and causes cell cycle arrest in the G2 phase [111], which may also be a
possible mechanism for curcumin inhibition. Nonetheless, literature reports a vast
number of molecular targets affected by curcumin that may result in suppression of tumor
growth or progression [141], as depicted in Figure 3.18. Due to the numerous possible
targets of curcumin, the detailed inhibitory mechanism through which it acts in this

model remains unknown.
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Figure 3.18: Multiple Targets of Curcumin. [141]

In conclusion, the current pre-clinical study reports that curcumin has inhibitory
properties on MPA-driven mammary tumorigenesis. It reduces the latency period of
progestin-accelerated, DMBA-induced mammary tumors in rats and importantly, reduces
tumor multiplicity. The specific mechanism by which curcumin elicits these inhibitory
properties is not elucidated in this study; however, it is shown that AR, PR, and ER are
not involved in the inhibitory mechanism. Lastly, it is shown that curcumin blocks the
morphological changes in the mammary gland caused by exposure to MPA in the process
of tumorigenesis and inhibits MPA-induced VEGF expression in the mammary gland

exposed to DMBA, suggesting that the turmeric root derivative may decrease the risk of
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breast cancer associated with HRT. This study provides strong evidence that curcumin
may be an excellent candidate as a chemopreventive agent for clinical trials for
postmenopausal women who are prescribed combined hormone replacement therapy that

includes both estrogens and MPA as a progestin.
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CHAPTER 4
HIF-1a ISREQUIRED FOR PROGESTIN-INDUCED VEGF-INDUCTION AND
MPA-ACCELERATED MAMMARY TUMOR PROGRESSION IN THE RAT
AND MOUSE
4.1 Introduction
Millions of women in the U.S. undergo hormone replacement therapy (HRT) for
postmenopausal symptoms [2]. Usually, estrogen is prescribed with a progestin
component such as medroxyprogesterone acetate (MPA) to counteract the proliferative
effects of estrogens in the uterus. Recent clinical trials suggest that ingestion of
progestins among postmenopausal women is associated with increased incidence and
recurrence of breast cancer [2]. The specific mechanism by which progestins increase
this incidence, however, is unknown. We have shown that progestins increase levels of
vascular endothelial growth factor (VEGF) in a subset of human breast cancer cells,
which express mutant p53 protein [7]. VEGF is a potent angiogenic growth factor that
plays a critical role in tumor development. We have also demonstrated that progestins
increase VEGF levels in vivo resulting in accelerated tumor development and growth [61,
62]. In these studies, we have shown that blocking progestins with known anti-progestin,
RU-486, inhibits VEGF secretion from breast cancer cells and blocks tumor growth in
vivo [61, 62]. As previously established, RU-486 is not an ideal candidate for
chemoprevention due its lack of specificity of the progesterone receptor (PR) [60]. Asa
result, there remains an urgency to find compounds that effectively combat progestin-

dependent breast cancer.
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It is well known that growing tumors have a hypoxic environment. Due to this
fact, hypoxia-inducible factor-1a, (HIF-1a), has become a potential therapeutic target for
cancer treatment and prevention [142]. HIF-1a is a subunit of the HIF molecule, a basic
helix-loop-helix transcription factor that controls many hypoxia-regulated genes,
including VEGF. Under normoxic conditions, the HIF-1a subunit is degraded by
proteosome. However, under hypoxic conditions, as in the tumor micro-environment,
HIF-1a is accumulated, dimerizes with the HIF-1 subunit, and binds to the HIF-1
response element (HyRE) of HIF-1-dependent genes, thus regulating gene expression.
Interestingly, there is little evidence that shows that HIF-1c is a good molecular target for
hormone-dependent cancers. There is evidence, however, that HIF-1a is involved in
estrogen-dependent cancer [33]. To our knowledge, there is no data that suggests that
progestin-dependent mammary tumors are HIF-1a dependent. The present study
explores the idea that HIF-1a may be required for progestin-dependent breast cancer.

2-methoxyestradiol, (2ME2), is a known anti-angiogenic compound that has been
reported to display effective anti-tumor properties [106]. 2ME2 functions in multiple
capacities including as a microtubule disrupter [104], cell cycle inhibitor [103, 113, 143],
inhibitor of angiogenesis [101, 144], as well as a HIF-1a inhibitor [101]. 2MEZ2 has also
been tested in clinical trials for solid tumors [107, 145]. Mabjeesh et al [101] has
thoroughly demonstrated the anti-angiogenic and HIF-1a inhibitory properties of 2MEZ2,
by reporting that 2ME2-treated breast cancer cells decrease HIF-1a protein expression as
well as VEGF secretion into cultured medium. Numerous studies have shown that 2ME2
is an effective anti-angiogenic compound in vivo. Klauber et al [104] demonstrated that

2ME2 blocked corneal neo-vascularization of growth factor induced angiogenesis. It has
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also been shown that MVD in mammary tumors of 2ME2-treated animals is significantly
less than in control animals [101]. HIF-1a was shown to be inhibited from nuclear
accumulation, in vitro, with 2ME2 treatment of breast cancer cells as well as prostate
cancer cells [101]. The present study provides strong evidence that 2ME2 may be
extremely effective in combating progestin-dependent breast cancer, specifically
targeting HIF-1ca.

Because 2ME2 is not specific for HIF-1a, we used 3-(5’-hydroxymethyl-2’-
furyl)-1-benzylindazole), YC-1, to specifically target HIF-1a. YC-1 is a compound that
was first described by Ko et al, in 1994 [146]. YC-1 was initially designed to treat
thrombosis and hypertension, as a NOS-independent activator of soluble guanylyl cyclase
(sGC) [147]. Interestingly, YC-1 has been shown to inhibit HIF-1 binding to the DNA
of HIF-1 regulated genes [142]. Recent studies, however, have shown that YC-1,
specifically targets HIF-1a, and may have potential to effectively battle cancers [147]. It
has been reported that YC-1 is effective in preventing tumor development in multiple cell
types in nude mice [147], as well as in treating established tumors [147]. In the current
study, we have used YC-1 to confirm that HIF-1a is the target used in 2ME inhibition.
Also, due to its specificity, we used Y C-1 for mechanistic studies, as well as determining
the role of HIF-1a in progestin-dependent breast cancers. Based on the effectiveness of
HIF-1a as a molecular target in other cancer models [147], including the estrogen-
dependent breast cancer model, we hypothesize that HI F-1a isrequired for progestin-
dependent VEGF induction of breast cancer cellsand HI F-1a may be a useful tar get

for theinhibition progestin-dependent mammary tumor growth.
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4.2 Methods & Materials

Materials. Human breast cancer cell lines T47-D and BT-474 were from ATCC
(Manassas, VA). 3-(5’-hydroxymethyl-2’-furyl)-1-benzylindazole) [YC-1], was
purchased from Biomol International, LP (Plymouth Meeting, PA). 2-Methoxyestradiol
was purchased from Toronto Research Chemical, Inc. (North York, Ontatio). Phenol red-
free DMEM/F12 medium, phosphate-buffered saline, 0.05% trypsin-EDTA, and SOC
Medium were purchased from Invitrogen Corporation & Life Technologies (Grand
Island, NY) and fetal bovine serum (FBS) was purchased from JRH Biosciences (Lenexa,
KS). G418 antibody was purchased from Sigma-Aldrich (St. Louis, MO).

Cell Culture. T47-D and BT-474 cells were grown separately on 100 mm cell
culture plates to 60-70% confluence. Cells were washed in PBS and media was changed
to 5% DCC media for 24 hours before treatment of cells. Cells were treated for 16-18
hours, unless otherwise stated and assayed accordingly.

Animal Studies Intact virgin female Sprague-Dawley rats (Harlan Sprague
Dawley, Indianapolis, IN) that were 40-45 days old were housed according to the
guidelines of the Association for Assessment and Accreditation of Laboratory Animal
Care under conditions of 12-hour light/dark cycles and ad libitum access to food and
water. All surgical and experimental procedures were in accordance with procedures
outlined in the “Guide for Care and Use of Laboratory Animals (NIH publication 85-23).

DMBA Animal Sudy: Animals were given a single dose of 20 mg/rat of DMBA
in peanut oil via gavage on day 0. On day 30, animals were anesthetized and MPA
pellets were implanted subcutaneously on the dorsal side [61]. On Day 68, YC-1 (3.75

mg/day), or vehicle, was administered to animals via tail vein injection for 5 days.
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Animals were palpated and tumors were measured 2-3 times weekly. Twenty-four (24)
days after the initial YC-1 treatment, animals were administered 0.5 mg Texas red-tomato
lectin conjugate 10 minutes prior to sacrificing. Mammary tumor tissues were collected
at the time of sacrifice for IHC analysis.

Animal Xenograft Tumor Study: Female athymic nu/nu mice, 5-6 weeks of age,
purchased from Harlan Sprague Dawley, Inc (Indianapolis, IN), were housed in a laminar
airflow cabinet under specific pathogen-free conditions. Nude mice were inoculated with
17-B-estradiol pellets (60-day timed released, 1.7 mg) 24-48 hours before implantation of
BT474 or T47D cells. Cell were harvested via trypsinization and washed two times with
DMEM/F12 media. Cell pellets were re-suspended (1 x 107 cells in 0.15 pl) in
DMEM/F12 media and injected subcutaneously into the left and right flanks of each
mouse. Tumor volume was measured every 3 days using a digital caliper and calculated
using the formula (L x W x H) x ©/6. Tumors began to regress after reaching 60 to 100
mm? in size (6-10 days), when tumor volume had decreased by ~50%, mice were
inoculated with MPA pellets (60-day timed release, 10mg).

In the T47D-initiated tumors: On day 59, 3 mice were treated with YC-1 (600
ug/mouse, i.p.) for 10 days; 2 mice were treated at the same time with vehicle (DMSO).
On day 81, 2 mice were treated with YC-1 (600 ng/mouse, i.p.) for 10 days; 3 mice were
treated at the same time with vehicle. Tumor volume and animal weights were measured
every 2-3 days. Four animals were used as no-MPA controls, receiving only estrogen
(E2) throughout the study. Animals were sacrificed and tumors collected 2 hours

following the tenth and final treatment. At the conclusion of the study, data were merged
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based on treatment day (1-10) and average tumor volume was calculated and statistically
analyzed via One-Way ANOVA.

In the BT474-initiated tumors: On day 50, mice were treated with YC-1 (600
ug/mouse, i.p.) or vehicle (DMSO), for 7 days. Tumor volume and animal weights were
measured every 2-3 days through day 71, when animals were sacrificed. Tumors were
collected for IHC analysis at the conclusion of the study.

Histology and Immunohistochemisty. For both rat and mouse tumors, tissues
were fixed overnight in 4% paraformaldehyde and processed for paraffin infiltration and
embedding. Sections (5 um) were mounted on ProbeOn Plus microscope slides (Fischer
Scientific, Inc., Pittsburgh, PA) and routinely stained with hematoxylin and eosin (H&E)
or prepared for immunohistochemical labeling. Prior to immunohistochemistry, sections
were dewaxed in xylene, rehydrated through graded concentrations of ethanol, rinsed
(wash buffer, DAKO Carpinteria, CA) prior to immersion and heated in 10 mmol/L
citrate buffer (pH 6.0) for 20 minutes for heat-induced epitope retrieval. This tissue
treatment was performed for PR, ER-a, ER-B, CD34 and VEGF immunolabeling. Slides
were cooled for 20 min, treated with 3% H202 (to inactivate endogenous peroxidase
activity) and rinsed prior to incubation with 5% bovine serum albumin for 20 minutes.
Sections were then incubated for 60 minutes at room temperature with each of the
following antibodies: anti-PR antibody (1:50 dilution of a rabbit anti-human PR
polyclonal antibody [A0098], DAKO), anti-ER-a (1:300 dilution of a rabbit anti-ER-a
polyclonal antibody [sc-542], Santa Cruz Biotechnology, Inc., Santa Cruz, CA), anti-ER-
B (1:50 dilution of a mouse anti-ER-3 monoclonal antibody [MCA1974s] AbD Serotec,

Raleigh, NC), anti-CD34 (1:100 dilution of a goat anti-CD34 polyclonal antibody, and an
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anti-VEGF antibody (1:100 dilution of a rabbit anti-VEGF polyclonal antibody [sc-152];
Santa Cruz Biotechnology, Inc.). Sections were then washed, incubated for 30 minutes
with a biotinylated secondary antibody (rabbit anti-mouse I1gG [DAKO] for anti-ER-3
labeled sections and a rabbit anti-goat IgG [DAKOY] for the anti-CD34 probed sections)
and then for 30 minutes with a streptavidin-linked horseradish peroxidase product
(DAKO). Sections for PR, ER-a. and VEGF were incubated with EnVision, a horseradish
peroxidase—labeled polymer conjugated to anti-rabbit antibodies (DAKO). Bound
antibodies were visualized following incubation with 3,3’-diaminobenzidine solution
(0.05% with 0.015% H,0, in PBS; DAKO) for 3-5 minutes. Sections were
counterstained with Meyer’s hematoxylin, dehydrated, and cover-slipped for microscopic
examination.

Texas red conjugated-tomato lectin: Sectioned frozen tumors at 8 microns on
cryostat. After rinsing, sections were incubated with 4% paraformaldehyde, rinsed again,
and mounted with DAPI (Vectashield Hardset with DAPI, Vector Lab, Burlingame, CA)
and cover slipped. In order to visualize Texas red-labeled tomato lectin staining, samples
were imaged with a 590 nm bandpass filter at 1/2.0 second exposure times.

Transformation of E. coli with shRNA plasmid for HIF-1«. T47-D cells were
stably transfected with four sShRNA sequences specific for HIF-1a. (SuperArray
Bioscience Corporation [Frederick, MD]) and one non-specific ShRNA (control), selected
for neomyecin resistance and tested for HIF-1a protein expression. Stably transfected
T47-D cells were selected for significant HIF-1o protein expression. Selected cells were

maintained in 10% FBS DMEM/F12 medium with 200 png/ml of G418 antibody.

Competent E. coli cells (100 ul, IM109, >107 cfu/ug [Promega]) were transformed with
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1 of 5 plasmids containing ShRNA sequences (SuperArray) by thawing cells onice. The
appropriate ShRNA (2 ul) was added to the cells and incubated on ice for 10 minutes.
Mixture was heat shocked (42°C) for 1 minute, and then incubated on ice for 2 minutes.
SOC medium (900 pl) was added to each transformed mixture and incubated for 1 hour
at 37°C. Transformed mixtures of 100 ul (1:10, 1:100, and undiluted) were plated on
agar plates, with ampicillin, and incubated at 37°C for 12-14 hours. Blue/white screening
was used to select transformed colonies. Two colonies were selected (from the 1:100
dilution plate) from each shRNA plasmid sequence, and placed in LB miller broth (with
50 ug/ml ampicillin); tubes were incubated with shaking 4 hours at 37°C. 2ml of
transformed E. coli suspension was added to 200 ml LB miller broth (with 50 pug/ml
ampicillin) in 500 ml flasks and incubated overnight at 37°C with shaking (150 rpm).
Plasmid Purification. Plasmids were purified using the EndoFree Plasmid Maxi
Kit (Qiagen) by collecting two, 45 ml aliquots from each flask of ShRNA in 50 ml
conical centrifuged tubes. Tubes were centrifuged for 20 minutes at 4500 rpm at 4°C.
Supernatant was discarded and the pellet re-suspended in 5 ml of buffer 1, tubes were
condensed from 2 to 1, resulting in one tube per clone. P2 Buffer (10 ml) was added to
each tube, mixed by inversion and incubated on ice for 10 minutes. Chilled P3 buffer
was added to each tube, mixed and immediately added to the QI Afilter cartridge and
incubated undisturbed for 10 minutes at room temperature. A plunger was used to force
the solution through the filter and lysate was collected. Buffer ER (2.5 ml) was added to
lysate and incubated on ice for 1.5 hours. Qiagen tips were equilibrated with Buffer
QBT, filtered lysate was poured into the Qiagen tips and flow through was discarded.

Columns were washed twice with 30 ml Buffer QC (wash was discarded). DNA was

66



diluted with 15 ml of Buffer QN and collected in 50 ml conical centrifuge tube. DNA
was precipitated out by adding 70% isopropanol to the mix which was then centrifuged
for 60 minutes at 5000g at 4°C. Supernatants were decanted and the pellet washed with
5ml endotoxin-free 70% ethanol. Tubes were centrifuged for 60 minutes at 50009 at
4°C. Supernatant was decanted and pellet dried for 10 minutes. Pellets were dissolved in
600 pul TE buffer and stored at -20°C until transfection.

Enzyme Digestion (Pst1). DNA plasmids were thawed onice. Ina PCR reaction
tube, 1 ug of DNA, 16.3 ul ddH,0, 2 ul RE 10X buffer, 2 ul acetylated BSA, and 0.5 pl
Pstl restriction enzyme were added. A second set of tubes was prepared without Pstl
restriction enzyme. Samples were incubated at 37°C for 1.5 hours. Loading dye (4 ml of
6X dye) was added to each tube and samples were separated on a 1% agarose gel.

Lipofectamine Transfection of T47D cells with shRNA plasmid DNA. Plasmid
DNA (48 ng) was diluted in 3ml of serum-free DMEM/F-12 media (one for each clone).
Lipofectamine (120 ul) was diluted into 3ml of serum-free DMEM/F-12 media (one for
each clone). The two preparations were combined, and 3 ml of lipofectamine mixture
was added to one plate (performed in duplicate), T47D cells were 60-70% confluence in
100 mm cell culture plates. Plates were incubated for 5-6 hours at 37°C, after which 3 ml
of 20% FBS DMEM/F-12 was added to each plate and incubation proceeded for a further
48 hours at 37°C. Cells were grown in 10% FBS DMEM/F-12 with 600 pg/ml G418 for
2 weeks. Three colonies from each plate (6 colonies per clone), were selected and grown
in a 6-well plate with 10% FBS DMEM/F-12 with 200ug/ml G418. As each well
reached confluence, cells were harvested and grown in 100mm cell culture plates with

10% FBS DMEM/F-12 media with 200 ug/ml G418. As plates reached confluence,

67



clones were saved and kept in liquid nitrogen for later screening for HIF-1a. protein
expression.

VEGF ELISA. After treatment of cells (16-18 hours), 1 ml of cell culture medium
was collected from plates for assay using a Quantikine human VEGF enzyme-linked
immunosorbent assay kit (ELISA), obtained from R&D systems, Inc. (Minneapolis,
MN). Experiments were performed in triplicate, and analyzed according to the
manufacturer’s protocol. According to the manufacturer, the minimum detectable
concentration of VEGF is less than 5 pg/ml, and the intra-assay precision has a
coefficient variance (CV%) between 3.5-6.5%, while the CVV% of the inter-assay ranges
from 5.0-8.5%.

Bicinchoninic Acid Protein Assay. Cells were harvested and cell pellets were
resuspended in 300 pl of lysis buffer (50 mM Tris-HCI pH 8, 150 mM NacCl, and 1% NP-
40) and incubated on ice for 30 minutes. Samples were centrifuged for 20 minutes at
12,700 rpm at 4°C. Collected supernatant was used for protein determination by
bicinchoninic acid (BCA) assay using bovine serum albumin as a standard. Absorbance
was measured at 562 nm using a SpecTRA MAX 190 microplate reader (Sunnyvale,
CA). All samples were analyzed in duplicate.

Preparation of Nuclear Extract. Nuclear extract was collected from treated cells
using the ActiveMotif Nuclear Extract Kit (Carlsbad, CA). Following treatment, cells
were washed with PBS/Phosphatase inhibitors, scraped from cell culture dishes, collected
in a conical centrifuge tubes and centrifuged for 6 minutes at 1000 rpm. Supernatants

were removed, pellets were re-suspended in 500 ul hypotonic buffer and incubated for 15

minutes on ice. Twenty-five ul of detergent was added to samples which were vortexed
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for 10 seconds and centrifuged for 1 minute at 13,000 rpm. Supernatants were removed
and nuclear pellets were re-suspended in complete lysis buffer, vortexed for 10 seconds
and incubated on ice for 30 minutes. Samples were vortexed for 30 seconds and
centrifuged for 12 minutes at 13,000 rpm. Supernatant (nuclear fraction) was collected.
Supernatant fractions are 80% pure according to the manufacturer’s specifications.

Western Blotting. Proteins, 20 pg per lane, were separated on a 7.5% Tris-HCI
Criteron pre-cast gel from Bio-Rad Laboratories (Hercules, CA). Separated proteins
were transferred to a PVDF membrane from Bio-Rad Laboratories (Hercules, CA). The
blots were blocked for 1 hour at room temperature (or overnight at 4°C) in 5% non-fat
dry milk in TBS containing 1% Tween-20 (TBS-T). Blots were incubated with primary
anti-body at the specified dilution for 2 hours at room temperature (or overnight at 4°C):
anti-PR-AB (52) (1:200 dilution), anti-HIF-1a (28b) (1:100). Blots were washed 5 times
for 5 minutes each in TBS-T, and then incubated with secondary anti-body for 1 hour at
room temperature. Blots were washed again, 5 times for 5 minutes each in TBS-T, and
immuno-reactive bands were visualized following 5-minute incubation with the ECL plus
detection kit from Amersham Pharmacia Biotech (Arlington Heights, IL). Membranes
were stripped and re-blotted for B-actin (Sigma Aldrich, St. Louis, MO). Bands were
normalized to the B-actin signal in the same sample.

Chromatin Immunoprecipitation Assay. A ChIP Assay kit was purchased from
Millipore (Billerica, MA) and reagents were used to perform the ChlP Assay. Cells were
treated for 30 minutes; media was removed and replaced with 1% formaldehyde for
cross-linking, and incubated for 10 minutes at 37°C. Formaldehyde was removed and

cells were washed with ice-cold PBS, containing phosphatase inhibitors. 3ml of ice-cold
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PBS containing phosphatase inhibitors was added to plates and cells were gently scraped.
Cells were centrifuged for 6 minutes at 2000 rpm at 4°C, pellets re-suspended in 600 pl
of SDS lysis buffer and incubated on ice for 10 minutes. Cell lysates were sonicated 15
times, for 10 continuous seconds each. Sonicated samples were centrifuged for 10
minutes at 13,000 rpm at 4°C. 20 ul of sonicated material was kept at -20°C for
concentrated input, and remaining samples were diluted 10-fold. 20 ul of diluted sample
was removed and kept at -20°C for diluted input. Remaining diluted sample was pre-
cleared with Protein A Agarose/Salmon Sperm DNA for 1 hour at 4°C with rotation.
Samples were centrifuged 1 minute at 1000rpm; supernatant was collected and incubated
with 2 ug of HIF-1a or 1gG antibody overnight at 4°C with rotation. Protein A
Agarose/Salmon Sperm DNA was added to each sample and incubated for 2 hours at 4°C
with rotation. Samples were centrifuged for 1 minute at 1000rpm at 4°C. Supernatant
was discarded, and pellets were washed for 5 minutes each at 4°C in low salt, high salt,
LiCl salt and two times in TE buffer. After each wash, samples were centrifuged 1
minute at 1000 rmp at 4°C and supernatant was discarded. 500 pl of freshly prepared
elution buffer (84 mg NaHCO3, 500 ul 20% SDS, 9.5 ml nuclease-free H20) was added
to each sample which were incubated at room temperature for 15 minutes with rotation.
Samples were centrifuged for 1 minute at 1000 rpm. Supernatant was collected and 20 pl
of 5M NaCl was added to each sample. 1 ul 5M NaCl was added to input material and all
samples were incubated overnight at 65°C. 15ug proteinase K was added to all samples
(including input), 20 ml Tris-HCI +10 ul EDTA was added to each sample, while 1 pl
Tris-HCL and 1 ul EDTA was added to input material. All samples were incubated at

45°C for 2 hours. Samples and inputs were purified for PCR analysis using Qiagen
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Immunoprecipitation Assay. After at least 24 hours in 5% DCC DMEM F-12
media, T47D cells were pretreated with 1 uM RU-486 or 100 uM YC-1 for 30 minutes
then treated with 10 nM MPA the specified time. Cells were harvested and lysed for 30
minutes on ice in 1X RIPA Buffer (Santa Cruz Biotechnologies, Inc, Santa Cruz, CA).
Lysate was centrifuged and supernatant collected for BCA protein analysis to determine
protein concentration. Five hundred (500) ug of protein was incubated with 2 ug of
antibody (HIF-1c or 1gG) overnight at 4°C. Forty (40) ul of Protein G Agrarose beads
(Santa Cruz Biotechnologies, Inc, Santa Cruz, CA) was added to samples which were
incubated overnight at 4°C. Samples were centrifuged for 30 seconds at 10,000 rmp and
beads were washed three times with cold PBS. Forty ul of sample buffer (with -
mercaptoethanol) was added to beads and boiled for 10 minutes. Samples were
centrifuged for 10 minutes at 12,000 rpm and proteins in the supernatant separated on a
7.5% SDS-PAGE gel. Immunoblotting was carried out with the PR-AB and HIF-1a
antibody.

RNA Extraction. Cells were co-treated with progestin (10 nM) and 100 uM YC-1
for 6 hours at 37°C. One (1) ml of Ultraspec RNA reagent (Biotecx Products, Oxon, UK)
was added to plates and cells were transferred to a 2 ml microcentrifuge tube and
incubated for 5 minutes at 4°C. Cholorform (300 uL; Acros Organics, New Jersey, USA)
was added to the cells which were vortexted for 15 seconds and incubated on ice for 5
minutes. Samples were centrifuged at 12,0009 for 15 minutes at 4°C. The aqueous phase
was carefully transferred to a fresh tube without disturbing the interphase, an equal
volume of isopropanol (Sigma Aldrich, St. Louis, MO) added and the solution incubated

for 10 minutes at 4°C. RNA precipitate was formed as a pellet at the bottom of the tube
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after centrifugation at 12,0009 for 10 minutes. Pellets were washed with 75% ethanol by
vortexing and subsequent centrifugation. Ethanol was decanted and pellets dried before
being re-suspended in DEPC treated water.

RT-PCR. RNA was DNase treated before RT-PCR, SuperScript 11 one-step RT-
PCR kit was used with 1 pg of RNA and 1 pl of 10 uM forward and reverse primers.
VEGF and B-actin primer pairs were purchased from R&D Systems, Inc (Minneapolis,
MN). Forward 5’-3’: ATGAGAAGTATGACAACAGCC, and reverse 5’-3’:
TGAGTCCTTCCACGATACC were used for GAPDH. The cycle used was 60°C for 30
minutes for cDNA synthesis, 94°C for 2 minutes for denaturing, and 40 cycles of 94°C
for 15 seconds, 50-55°C for 30 seconds, and 68°C for 1 minute, and final extension was 7
minutes at 68°C.

Statistical Analysis. The mean average value for VEGF levels (pg/mg) in the
untreated (control) samples was calculated from the number of determinants in that group
and used to calculate VEGF levels in untreated and treated groups as a percentage value.
Within each group, results were plotted as bar graph representing mean + SEM. Data
were analyzed by one-way ANOVA and all groups compared with controls. Data sets
with inhibitors were compared with VEGF values in progestin treated samples and
differences considered significant when p values were <0.05. SRB cell viability assay
was performed in multiples of six. All data sets were compared to controls for significant
difference following treatment. All data was checked for normality and homogeneity of
variance. Since a number of analyses did not satisfy these assumptions, data was ranked
and ANOVA performed as outlined by Conover and Iman [109]. Fisher’s protected least

significant difference (LSD) was performed to determine treatment differences, as

72



suggested by Chew [110]. All significance was based on the ranked transformations;
however treatment values were presented as actual values. For DMBA studies, a
difference in the growth curve of tumor size was compared via t-test. Curves were
considered significantly different when p values <0.05. For nude mice studies, points
along the tumor volume curve were compared via One-Way ANOVA, where differences
were considered significantly different when p values <0.05. FoveaoPro 3.0 ® software
analysis was used to determine positive staining by area in immunohistochemical studies.
One-Way ANOVA was used to statistically compare VEGF, CD34, and PR staining
differences among experimental groups. For all statistical comparisons, p<0.05 was

regarded as statistically significant.

4.3 Results

2ME2 and YC-1 inhibit progestin-induced VEGF secretion from T47-D cells. To
determine if 2ME2 was able to inhibit progestin-dependent VEGF secretion from T47-D
human breast cancer cells, cells were pre-treated for 30 minutes with 1, 10, or 100 uM
2MEZ2, or 1 uM RU-486 prior to the addition of 10 nM MPA, as described in the methods
section. It was previously established via SRB cell proliferation assay that 100 uM
2ME2 was not cytotoxic to T47D cells. As expected we observed a 4-fold increase in
VEGF secreted from T47-D cells with 10 nM MPA treatment and this effect was blocked
by pre-treatment with RU-486. We also observed that 2MEZ2 inhibits MPA- and

progestin-induced VEGF secretion from T47-D breast cancer cells.
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Figure4.1: VEGF ELISA. (T47D): 2MEZ2 inhibits MPA-induced VEGF secretion. Asdescribed in
Methods and Materials, cdlswere pre-treated for 30 minuteswith 1 uM RU-486 or 1, 10, or 100 uM
2ME2. Célswerethen treated with 10 nM MPA for 16-18 hours. Cell culture supernatant was
collected and analyzed for VEGF presenceasdescribed in Methods and Materials. Secreted VEGF
levels are expressed as pg/mg cell protein based on BCA Protein Assay results. One-way ANOVA
was used to statistically analyze data, Control = 271+ 35, n=3-9. * = Significant differencefrom
contral, ** = significant difference from appropriate progestin control, p<0.05.

To determine if 2ME2 was able to block the effects of the natural hormone,
progesterone, we pre-treated T47-D cells with 1 uM RU-486 or 100 uM 2MEZ2, as

previously described, before treatment with10 nM progesterone.
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Figure4.2: VEGF ELISA (T47D): 2MEZ2 inhibitsprogesterone-induced VEGF secretion. As
described in Methodsand Materials, cellswere pre-treated for 30 minuteswith 1 uM RU-486, or 100
uM 2ME2. Celswerethen treated with 10 nM progesterone for 16-18 hours. Cdll culture
supernatant was collected and analyzed for VEGF presence as described in Methods and Materials.
Secreted VEGF levelsare expresses as pg/mg cell protein based on BCA Protein Assay results. One-
way ANOVA was used to statistically analyze data. * = Significant difference from control, ** =
significant difference from appropriate progestin control, p<0.05.

We then wanted to examine if the inhibitory effects of 2ME were due to HIF-1a
inhibition. Because 2ME2 has targets other than HIF-1a, YC-1 was used to confirm the
involvement of HIF-1a. in this progestin-dependent pathway. Like 2ME2, it was
previously established via SRB cell proliferation assay that 100 uM Y C-1 was not
cytotoxic to T47D cells. Results from VEGF ELISAs show that YC-1 inhibited MPA-
and progesterone-induced VEGF secretion from T47-D cells (Figure 4.3). YC-1 also
inhibited induction from T47D cells as a result of treatment with other progestins
including norgestrel and norethindrone (Figure 4.4). Because YC-1 confirmed HIF-1a
involvement in the inhibition of progestin-dependent VEGF induction, this agent was
used in subsequent experiments to determine the role of HIF-1a in progestin-dependent

VEGF induction.
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Figure4.3: VEGF ELISA (T47D): YC-linhibits MPA-induced VEGF secretion. Asdescribed in
Methods and Materials, cdlswere pre-treated for 30 minuteswith 1 uM RU-486, or 100 uM Y C-1.
Célswerethen treated with 10 nM MPA or progesteronefor 16-18 hours. Cdl culture supernatant
was collected and analyzed for VEGF presence as described in Methodsand Materials. Secreted
VEGF levels areexpressed aspg/mg cell protein based on BCA Protein Assay results. One-way
ANOVA was used to statistically analyze data. * = Significant difference from control, ** =
significant difference from appropriate progestin control, p<0.05.

1800
1600
1400
1200
1000

800

600

400 -

VEGF pg/mg cell protein

Figure4.4: VEGF ELISA (T47D). Y C-1linhibits progestin-induced VEGF secretion. Asdescribed in
Methods and Materials, cellswere pretreated for 30 minuteswith 1 uM RU-486, or 100 uM Y C-1.
Cellswerethen treated with 10 nM MPA, norethindrone, or norgestrel for 16-18 hours. Cdl culture
supernatant was collected and analyzed for VEGF presence as described in Methods and Materials.
Secreted VEGF levelsare expresses as pg/mg cell protein based on BCA Protein Assay results. One-
way ANOVA was used to statistically analyze data. * = Significant differencefrom control, ** =
significant difference from appropriate progestin control, p<0.05.
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YC-1 did not inhibit progestin-induced VEGF secretion from BT474 cells. Based
on SRB cell proliferation assay, showing cytotoxic effects of YC-1 in BT474 at 100 uM
(Figure 4.5), BT474 cells were treated with 10 nM MPA and/or 50 uM YC-1 for VEGF
secretion analysis via ELISA, as opposed to the 100 uM YC-1 used with T47D cells.
This was to help determine if the involvement of HIF-1a in progestin-dependent VEGF
induction is cell type-specific. 50 uM of YC-1 was unable to block MPA-induced VEGF
secretion from BT474 cells. This suggests that there may be a threshold concentration

that is required to significantly inhibit HIF-1a activity.
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Figure4.5: SRB Assay (BT474): Cedlsweretreated with vehicle or with 10 nM MPA with and
without 1-100 uM Y C-1 for 18 and 16 hours at 37°C. Cell viability was measured using SRB Assay as
described in the Materials and Methods.
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Figure4.6: VEGF ELISA (BT474). Y C-1failed to inhibit MPA-induced VEGF secretion in BT474
cells. Asdescribed in Methods and Materials, cellswere pre-treated for 30 minuteswith 1 uM RU-
486, or 50 uM Y C-1. Cedlswerethen treated with 10 nM MPA or progesteronefor 16-18 hours. Cdl
culture supernatant was collected and analyzed for VEGF presence as described in Methods and
Materials. Secreted VEGF levels are expresses as pg/mg cell protein based on BCA Protein Assay
results. One-way ANOVA was used to statistically analyze data. * = Significant differencefrom
contral, ** = significant difference from appropriate progestin control, p<0.05.

2ME2 and YC-1 block progestin/hypoxia-mediated super induction of VEGF
secretion from T47D cells. Because growing tumors have a hypoxic microenvironment,
we treated T47D cells with both MPA (10 nM) and CoCl; (1 mM), which mimics
hypoxia by inhibiting the proteosomal degradation of HIF-1a. This combination
treatment resulted in a *super’ induction of VEGF section from T47D cells (Figure 4.7).
This super induction was partially blocked by 1 uM RU-486, suggesting that factors

other than PR are required for this induction.
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Figure4.7: VEGF ELISA (T47D). RU-486 (1 uM) partially inhibits MPA + CoCl ,-induced VEGF
secretion. Asdescribed in Methodsand Materials, cellswere pre-treated for 30 minuteswith 1 uM
RU-486. Cdlswerethen treated with 10 nM MPA and/or 1 mM CoCl, for 16-18 hours. Cdll culture
supernatant was collected and analyzed for VEGF presence as described in Methods and Materials.
Secreted VEGF levelsare expresses as pg/mg cell protein based on BCA Protein Assay results. One-
way ANOVA was used to statistically analyze data. * = Significant difference from control, ** =
significant difference from appropriate progestin control, p<0.05. RU=RU-486

Importantly, the super induction was completely abolished by 2ME2 and YC-1
treatment (Figures 4.8 and 4.9). This provides strong evidence that HIF-1a is required

for progestin-induced VEGF secretion from human breast cancer cells.
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Figure4.8: VEGF ELISA (T47D). 2MEZ2 inhibits MPA + CoCl ,-induced VEGF secretion. As
described in Methodsand Materials, cellswere pre-treated for 30 minuteswith 100 uM 2ME2. Cédlls
werethen treated with 10 nM MPA and/or 1 mM CoCl, for 16-18 hours. Céell culturesupernatant
was collected and analyzed for VEGF presence as described in Methodsand Materials. Secreted
VEGF levelsareexpresses aspg/mg cell protein based on BCA Protein Assay results. One-way
ANOVA was used to statistically analyze data. * = Significant differencefrom control, ** =
significant difference from appropriate progestin control, p<0.05.
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Figure4.9: VEGF ELISA. YC-1inhibits MPA + CoCl ,-induced VEGF secretion. Asdescribed in
Methods and Materials, celswere pre-treated for 30 minuteswith 100uM Y C-1. Cdlswerethen
treated with 10 nM MPA and/or 1 mM CoCl, for 16-18 hours. Cell culture supernatant was
collected and analyzed for VEGF presenceasdescribed in Methods and Materials. Secreted VEGF
levels are expresses as pg/mg cell protein based on BCA Protein Assay results. One-way ANOVA was
used to statistically analyzed data. * = Significant difference from contral, ** = significant difference
from appropriate progestin control, p<0.05
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T47D cells may require HIF-1« protein for Cell Survival. To confirm that HIF-
1o is required for progestin-induced VEGF secretion from human breast cancer cells, we
used shRNA in T47-D cells to stably knock down gene expression of HIF-1a.
Interestingly, screened clones showed no significant inhibition of HIF-1a.. It is however,
noteworthy that there were clones that did not adhere to the cell culture plate, thus not
surviving. These clones, if they did adhere, grew slowly, and had a high rate of cell
death, suggesting that HIF-1a may be vital to cell survival. It was later discovered the
cell culture plates used during this time were defective resulting in low adherence of cells

to plates. As a result, the ShRNA experiments were not carried out to completion.

Progesterone receptor and HIF-1« protein expression are not affected by 2ME2
and YC-1 treatment. To assure that the loss of progestin-dependent affects were not
mediated by a loss of PR and/or HIF-1a expression, nuclear extracts were collected from
treated cells. Immunoblotting was conducted to determine protein levels. Neither PR nor
HIF-1a protein levels were significantly decreased by 2ME2 at 16-18 hours (Figure 4.10)
or 2ME2 or YC-1 treatment after 6 hours (Figure 4.11). The presence of PR suggests that
2ME2 and YC-1 were not inhibiting progestin activity by down-regulating PR.
Interestingly, because HIF-1a levels were not significantly affected, as shown in Figures
4.10 and 4.11, we suggest that the inhibition of VEGF in response to progestin treatment,
may take place at the transcriptional level by inhibiting HIF-1a from binding to the

VEGF promoter.
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Figure4.10: Western Blot of T47D Cell Nuclear Extract. T47D cellsweretreated with 10nM MPA,
1 uM RU-486 or 100 uM 2ME2 for 16-18hrs. Nuclear extracts were collected as described in
Materials and Methods and 10-15ug of protein was loaded and probed for HIF-1a, PR-AB, ER-a,
and B-actin. RU=486.
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Figure4.11: Western Blot of T47D Cell Nuclear Extract. T47D cellsweretreated with 10 nM MPA,
1 uM RU-486, 100 uM Y C-1 or 100 uM 2ME2for 6hrs. Nuclear extracts were collected as described
in Materialsand Methods and 20 ug of protein was loaded and probed for HIF-1a,, PR-AB, and f3-
actin. RU=RU-486.
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VEGF transcript levels are decreased with YC-1 treatment. YC-1 has been
reported to inhibit HIF-1a from binding to the DNA of its target genes. We wanted to
determine if YC-1 affected VEGF mRNA transcript levels. This would allow us to
determine if the inhibitory effects of Y C-1 was transcriptional or translational. After a 30
minute pre-treatment with 1 nM RU-486 or 100 uM YC-1, cells were treated for 6 hours
with 10 nM progestin. Then RNA was extracted RT-PCR was performed using VEGF
primers. The results show that VEGF transcript levels were increased with MPA
treatment, while this induction was blocked with YC-1 treatment (Figure 4.12). This

suggests that YC-1 may prevent HIF-1a from binding to VEGF DNA.
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Figure4.12: T47D cdlsweretreated for 6 hoursand RT-PCR for VEGF mRNA was perfor med
using 1 ug of RNA from treated cells, as described in Materials and methods. RU=RU-486
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YC-1 and 2ME2 inhibits HIF-1o DNA Binding to VEGF Promoter. The mRNA
transcript levels of VEGF were reduced in cells treated with YC-1 and 2ME2, suggesting
that the inhibition of VEGF secretion occurs before transcription. Asa result, a ChIP
assay was performed to study the role of HIF-1a on the VEGF promoter in the presence
of MPA with and without treatment of YC-1 or 2ME2. Interestingly, we observed
increased HIF-1a binding to the VEGF promoter in response to MPA treatment (-1149
to -794) in T47D cells, compared to control (Figure 4.13). This increased binding,
however, was significantly blocked with YC-1 treatment and partially blocked by 2ME2

treatment (Figure 4.13).
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Figure4.13: T47D cdlsweretreated for 30 minutes, as described in Materials and Methods. ChlP
assay was performed and PCR using VEGF promoter primers (-1149 to -794) was conducted.

Progestin-mediated VEGF induction may not mediated by direct binding of PRto
the VEGF promoter. It has been hypothesized that PR directly binds to the VEGF
promoter [7, 32, 35, 36], thus directly regulating progestin-mediated VEGF induction.
However, no consensus PRE has been discovered on the VEGF promoter. In an effort to

locate the region on the VEGF promoter to which PR binds, a ChIP assay was performed
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on 4 regions of the VEGF promoter, scanning regions from -2263 to +50, in relation to
the transcription start site. Interestingly, after 30 minutes of MPA treatment (lane 2,
Figure 4.15), no binding of PR was observed to the VEGF promoter, whereas binding of
HIF-1a was observed with only 30 minutes of treatment (Figure 4.13). This suggests
that HIF-1o may be a critical transcription factor for progestin-mediated VEGF

induction, in that HIF-1a is required for PR to interact, indirectly, to the VEGF promoter.
Region 1 Region 2 Region 3 Region 4
1 2 3 1 2 3

Input

===
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Figure4.14: ChlP Assay in T47D cdls. Cdlsweretreated for 30minswith vehicle (lane 1), 10 nM
MPA (lane 2), or 10 nM MPA + 1 uM RU-486 (lane 3). Anti-PR was used to immunoprecipitate
DNA/protein complex from the cell lysate, as described in Materials and Methods. PCR was
conducted to scan the VEGF promoter to visualize PR binding to the VEGF promoter via PCR.
Region 1 (-2263 to -1810); Region 2 (-1810 to -794); Region 3 (-794 to -415); Region (-415 to +50)

HIF-1a and PR directly interact in T47D cells. An immunoprecipitation assay
was conducted in which anti-HIF-1a precipitates the HIF-1o protein from the cell lysate
of T47D cells after the designated treatment. PR protein levels were determined via
immunoblotting. As shown in Figure 4.15, after 5 minutes or 30 minutes of treatment,
PR was precipitated with HIF-1o, with no changes in response to treatment. Though the

current treatment does not influence the interaction under the present conditions, this is
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the first report to our knowledge that shows HIF-1o and PR have a direct protein-protein

interaction.
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Figure4. 15: Co-immunoprecipitation assay shows direct interaction between HIF-1a and PR.
After theindicated treatment, T47D lysate was incubated with 2 mg HIF-1a antibody overnight
followed by overnight incubation with Protein G Agarose beads. Eluate was collected and run on an
SDS-PAGE gd, and immunoblotted for the presence of both PR-AB and HIF-1a.. RU=RU-486

YC-1 inhibits progression of DMBA-induced, MPA-driven mammary tumors. We
have previously shown that MPA accelerates tumor development and progression of
DMBA-induced mammary tumors in female Sprague Dawley rats [61]. DMBA was
administered to female, Sprague Dawley rats (45-50 days old) on day 0. MPA pellets (25
mg, 60-day timed release) were placed subcutaneously on day 30. On day 68, tumor-
bearing animals were treated with YC-1 (3.75 mg/rat) via tail vain injection for 5
consecutive days, control animals were treated with vehicle. Tumors ranged in size from
2 mm? to 100 mm?  Animals were weighed to monitor toxicity and tumors measured and
palpated daily during injections, and 2-3 times per week after daily administration of YC-
1. As hypothesized, we observed a continuous increase in tumor size with vehicle-treated

animals, while YC-1 inhibited further progression of tumors with an original size less



than 100 mm? (Figure 4.16). Based on animal weights YC-1 seemed to be well tolerated

at this dose.
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Figure4.16: Ratsweregiven 20 mg DMBA via gavage. After 4 weeks, 25 mg/60-day timed release
pellets of MPA wereimplanted. 3.75mg Y C-1, or vehicle, was administered to animalsfor 5 daysvia
tail vein injection. Error barsrepresent SEM, n=3-4 animals; 7-9 total tumors/group treated with a
tumor sizelessthan 100mm? * Represents significance as analyzed by t-test, p<0.05.

Though there was no distinct difference in histology between the tumors from
treated and untreated animals (Figure 4.17), immunohistochemical analysis showed a
significant inhibition of VEGF expression in the mammary tumors in Y C-1-treated

animals, especially in the stroma (Figure 4.18).
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Figure 4.18: VEGF staining of tumor tissue shows a marked reduction in VEGF levelsin animals
treated with YC-1. Insert represents no antibody control. Original magnification was 20X.

The decreased VEGF expression coincided with a decrease in the number of

blood vessels, as stained with the antibody CD34 (Figure 4.19). There was 38.7%
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reduction in the number of positively stained blood vessels in the YC-1 treated tumors,
compared to the vehicle-treated tumors (Figure 4.19). Though this decrease was not
statistically significant analyzed via t-test (Figure 4.20), the vessels appeared to be
smaller in diameter suggesting a decrease in blood flow to the tumors, as depicted in

Figure 4.21.
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Figure 4.19: CD34 staining shows a slight reduction in vascular density. Arrows show positively
stained blood vessdls. Insert represents no antibody control. Original magnification was 20X.
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Figure4.20: Vascular Density based on 3 fields per section. Reduction was not statistically
significant as analyzed via t-test.
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To determine blood perfusion to the tumors, animals were administered Texas
red-conjugated tomato lectin (0.5 mg) vial tail vein injection 10 minutes prior to
sacrificing. Sections show a significant decrease in blood perfusion in tumors from

animals treated with YC-1 compared to animals that only received vehicle (Figure 4.21).

MPA + Vehicle

MPA +YC-1

Figure4.21: Texasred tomato-conjugated letcin staining in tumor tissue. Top pand showstumors
from animalstreated with MPA and vehicle, bottom pand shows tumor s from animalstreated with
MPA + Y C-1 (3.75 mg).

IHC was also conducted to determine progesterone and estrogen receptor o and
levels in tumor tissue (Figures 4.22, 4.24, and 4.25). There were no significant changes
or decreases in the expression of PR in the YC-1 treated tumors, compared to that of the
vehicle-treated controls (Figures 4.22 and 4.23). This supports the in vitro data shown

via western blot, suggesting that YC-1 is not inhibiting the PR protein expression.
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Figure4.22: PR staining in tumor tissue. Insert representsno antibody control. Original

magnification was 20X.
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Figure4. 23. Average number of PR-positively stained cells from 6 fields. MPA averaged atotal 114
+22 positively stained cells. MPA+Y C-1 averaged atotal of 92 +24 positively stained cells. No
statistical significance was found when analyzed viat-test.

ER expression and signaling is vital to the expression and function of the PR [148,

149], which is critical for P-dependent VEGF induction. As a result, we sought to

determine the expression levels of ERa and ERp after YC-1 treatment. As shown in
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Figure 4.24, ERa levels were unchanged after YC-1 treatment. Nonetheless, there
appeared to be a change in the location of ERa expression in the mammary tumors with
YC-1 treatment. In the vehicle treated mammary tumors, the ERa.-positive cells were
generally closer to the stromal component of the mammary tumor, as compared to the
YC-1 treated tumors; in which the ER-positive cells generally did not have contact with
the stromal component of the mammary tumor. Though this event was not seen in all
sections, the proximity of ERa. to the stroma, may play a role in the progression of P-

dependent mammary tumors, since ER is critical to PR function [150]. YC-1 may be

inhibiting this stroma-epithelial interaction.

MPA + Vehicle MPA +

Py R r Y I
Y F

Figure4.24: ERa stainingin tumor tissue. Arrowsshow cellsin contact with stroma. Insert
represents no antibody control. Original magnification was 20X.

As seen with ERa, ER showed no significant changes in expression in YC-1
treated mammary tumors, compared to those of the vehicle-treated control (Figure 4.25).
However, unlike ERa, ER( had a more evenly distributed expression, suggesting that

YC-1 has little, or no effect on ER[ expression levels in the mammary tumor.
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Figure4.25: ERf staining in tumor tissue. Insert represents no antibody control. Original
magnification was 20X.

YC-1 inhibits progression and induced regression of MPA-driven, T47D- and BT-
474- initiated tumorsin Nude Mice. Nude mice with established MPA-driven tumors
derived from T47D and BT-474 breast cancer cells were treated with YC-1 (600
ung/mouse/day) for 7-10 days, as described in Methods and Materials. Tumor volume
was measured throughout the study, as well as animal weight to monitor possible
toxicity.

T47D derived tumors showed a significant decrease in tumor volume after 7
treatments of YC-1 (600 ug/mouse/day). Based on animal weight, there was no sign of
toxicity after 7 days of treatment. As a result, we continued treatment for a total of 10
days to investigate the possibility of complete tumor regression. As shown in Figure
4.26, complete tumor regression was not observed within the given time, however,

significant tumor regression did occur in response to YC-1 treatment.
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Figure4.26: T47D-derived, MPA-driven tumorsin intact nu/nu mice. 600 pg Y C-1I/mouse/day was
administered viai.p. injection from day 61 to 72 and day 82t0 91. Averaging thetumor volumes
from day 82-91 with tumor volumes from day 61-72, based on treatment day, combined tumor
volumes from both treatment sets. * Represents significance as analyzed by One-Way ANOVA,
p<0.05, n=4-5
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Figure4.27: Tumor sizes before (upper pand) and after (lower panel) Y C-1 or vehicletreatment of
individual mice shown.

Two hours after the final (tenth) treatment of T47D-derived tumors, tumor tissues
were collected from animals at the time of sacrifice for immunohistochemical analysis.
At time of tissue collection, we observed a marked reduction in blood vessel number and
size surrounding the tumors in the MPA + YC-1 treated animals, compared to that of

those animals who only received MPA (Figure 4.28).
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E, Treated E, + MPA Treated E, + MPA + YC-1 Treated

Figure4.28: Comparison of vascularization of E2, E2+MPA+Vehicle, and E2+MPA+Y C-1
treatment.

Immunohistochemistry from T47D-derived tumors showed a similar trend
compared to the DMBA studies. Although not significantly different, CD34 staining
revealed a decrease in blood vessels in the MPA + YC-1-treated animals (16 + 2.3) n=3,

compared to MPA + vehicle-treated animals (20 + 5.5) n=5 (Figure 4.29).
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Figure4.29: Immunohistochemical analyss of MPA-dependent, T47D-derived tumors. H& E,
VEGF, CD34 PR and ER expression were analyzed in control (E,), untreated (E, + MPA + Vehicle)
and treated (E, + MPA + Y C-1) tumors. Collected tumor tissues wer e sectioned and immunostained
for thedesignated protein asdescribed in the Methods section. Insetsrepresent negative controls
with no primary antibody staining for each antibody. Original Magnification is 20X.

As expected, VEGF staining showed a statistically significant decrease in staining
among the three treatment groups (Figure 2.29). VEGF staining in the MPA + Vehicle
group was significantly increased compared to VEGF staining in the E, group. Tumors

collected from MPA + Y C-1 treated animals showed a significant decrease in VEGF

staining compared to MPA + Vehicle-treated animals. (Figure 4.30).
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Figure4.30: VEGF Staining of T47D-derived tumors. Six areas from each slides wer eanalyzed, the
area of positively stained pixelsis summed from each slide and the graph depictsthe average of the
sum. Photographs of slides were analyzed using FoveaoPro 3.0 analysis software. Positive VEGF
staining was quantified asthe number of VEGF-positivepixesin six different fields. Error bars
represent SEM, and * represents statistical significance compared to E2, as determined by One-Way
ANOVA, FishersLSD; while** represents statistical significance compared to MPA + Vehicle, as
determined by One-Way ANOVA, FishersLSD.

While ERa and ER levels remained unchanged, Figure 4.29 shows that PR
levels were significantly decreased in the MPA + Vehicle-treated animals compared to E,
treated animals, as well as MPA + YC-1-treated animals compared to both E; and MPA
+ Vehicle-treated animals, as shown in Figure 4.31. This decrease in PR levels was not
observed in DMBA studies, this may be attributed to the time elapsed between the last
YC-1 treatment and tumor collection in DMBA studies, allowing time for PR levels to be

recovered.
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Figure4. 31: Averagenumber of positively stained cellsfrom T47D Nude Mouse Tumors. Average
of 6 fieldsper slide, error Barsrepresent SEM. E2, n=3tumors; MPA + Vehicle, n=2tumors; MPA
+YC-1,n=5tumors. One-Way ANOVA, Fisher’s (L SD) was conducted, showing statistical
significance at p=<0.001).

To determine the effectiveness of YC-1 on a second progestin-responsive cell
line, we established tumors derived from BT-474 breast cancer cells in nude mice. After
only 7 days of YC-1 treatment (600 ng/mouse/day) tumor volume decreased after one
dose of YC-1, with statistical significance after the second dose (Figure 4.32). At day 54,
animals were re-inoculated with new MPA pellets which resulted in a slight increase in
tumor size in the treatment group, however the regression continued after this data point,

while untreated animals experienced continued tumor growth (Figure 4.32).
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Figure4.32: BT474derived, MPA-driven tumorsin ovariectimized nu/nu mice. 600ug Y C-
1/mouse/day was administered viai.p. injection from day 50 to day 57. New MPA pellets (10 mg/60-
day timed release) were placed on day 54. * Represents sgnificance as analyzed by One-Way
ANOVA, p<0.05, n=3-4.

At the conclusion of the study, animals were sacrificed and tumors photographed
and collected for IHC analysis. Though a significant regression in tumor size was
observed in the BT474-derived tumors, there was no observed inhibition in VEGF levels
in the analyzed tumors that were collected on day 71 of the study (data not shown). The
delay between the time of the last Y C-1 treatment and the collection of tumors may have
allowed the recovery of VEGF expression within the tumor, which would explain why

we observed no change in VEGF levels in the YC-1-treated, BT474-derived tumors.

4.4 Discussion

Previous reports provide strong evidence that progestins used in HRT increase the
risk of breast cancer in postmenopausal women by increasing the production of VEGF,
thus driving tumorigenesis [2, 18]. Since this discovery, compounds, specifically anti-

hormones, have been tested in an effort to combat the negative effects of progestins in
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HRT as it relates to breast cancer [60]. Unfortunately, investigators encounter numerous
problems that prevent the success of these compounds, including low/no bioavailability
[145] and lack of tissue or receptor specificity [60], which leads to the interference of
other body systems. HIF-1a has been termed a potential target for multiple cancer types
[58, 151, 152], however the role of HIF-1a in hormone-dependent cancers has not been
well studied. The current study investigates the role of HIF-1a in progestin-dependent
VEGF induction, a novel hypothesis that revealed a significant and mandatory role for
HIF-1a in the present model. It was previously reported that the human VEGF promoter
contains at least two hypoxia response elements (HyRE) [153], one of which has been
shown to be essential to hypoxia-induced VEGF transcription. The current study shows
that HYRE is essential for progestin-induced VEGF transcription. This is the first study
to show that progestins increase HIF-1o binding to the VEGF promoter, and that both
YC-1 and 2MEZ2 prevent such binding. This is also the first report to show that HIF-1a
and PR have a direct protein-protein interaction. Under the current conditions of IP, the
HIF-1a/PR complex is not influenced by YC-1 treatment, which may suggest the
involvement of other transcription factors in HIF-dependent VEGF transcription. A
recent study reports that YC-1 inactivates HIF-1 by stimulating Factor Inhibiting HIF
(FIH) as well as inhibiting the recruitment of p300 to HIF-1 in Hep3B cells [154]. This
may also occur in the present model.

The present study also shows that co-treatment of T47D cells with CoCl, and
MPA results in a super-induction of VEGF with higher levels secreted from cells. This
induction was partially blocked with anti-progestin, RU-486, but completely abolished

when HIF-1a activity was blocked with YC-1 or 2ME2. Though this study shows that
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HIF-1a is required for progestin-induced VEGF induction, the results also suggest that
HIF and PR interact with one another. The current data suggests the formation of a HIF-
1a/PR complex and binding to HyRE on the VEGF promoter. Though PRE sequences
are thought to be present on the VEGF promoter [35], the current study shows that direct
binding of PR to the VEGF promoter may not occur. Because YC-1 is able to inhibit
MPA-induced VEGF mRNA levels, it is possible that PR and HIF form a complex and
induce VEGF transcription activity by binding to the HyRE on the VEGF promoter.

Previous studies have provided strong evidence that both YC-1 and 2ME2 have
strong potential to target HIF-1o. in an effort to inhibit angiogenesis [151, 152, 155]. The
present study, however, suggests that HIF-1o. can be targeted by YC-1 and 2ME2 to
inhibit hormone-driven angiogenesis as well. This is the first study to demonstrate
inhibition of progestin-dependent angiogenesis of the mammary gland by targeting HIF-
1o with YC-1. Animal studies conducted in this study provide strong evidence that HIF-
1o is a worthwhile molecular target to inhibit progestin-driven angiogenesis and tumor
progression of the mammary gland. This study suggests that HIF-1o may also be used as
a molecular target to combat progestin-dependent breast cancer, and potentially other
hormone-dependent cancer types.

The present study also investigated the effect of YC-1 on PR expression, in vitro
and PR and ER invivo. There was no significant change in the expression of ovarian
hormone steroid receptors in vitro or in vivo in our DMBA studies. Although a significant
decrease in PR levels was observed in the T47D-derived xenograft model, based on PR
levels in DMBA studies, PR levels may be recovered after YC-1 treatment has ceased.

Due to the inability of YC-1 to maintain altered receptor expression, it may prove
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beneficial to explore combination treatment with YC-1 and an anti-hormone, such as RU-
486 or tamoxifen. Having multiple drug targets may prove more to be a more effective
treatment for receptor positive tumors, thus providing a more promising outcome for
cancer patients.

In conclusion, progestins cause an increase in HIF-1o binding to the VEGF
promoter, and blocking the DNA binding results in decreased VEGF mRNA levels and
protein secretion. Thus, HIF-1a is required for progestin-induced VEGF induction in
breast cancer cells. Also, YC-1 blocks progestin-driven angiogenesis and tumor
progression in DMBA-induced tumors in Sprague-Dawley rats and progestin-driven
T47D- and BT474-derived human xenograft mammary tumors in nude mice. This study
provides strong evidence that HIF-1o. may be a useful molecular target through which to

treat progestin-dependent mammary tumors.
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CHAPTERS

CONCLUSIONS AND DISCUSSION

As previously discussed, progestin-dependent mammary cancer is prevalent
among post-menopausal women who receive, or have received, combined HRT [2].
Studies have revealed that the progestin component of this treatment is a major factor in
the increased risk of breast cancer among these women [2, 18]. The findings in these
reports have led to many studies aiming to elucidate the mechanism through which
progestins accelerate mammary cancers [7, 61, 117]. These studies have linked
progestins to the production of VEGF in breast cancer cells [28, 35, 156], providing a
target for inhibiting progestin-dependent breast cancer. Previous studies and findings in
this field have led to the work described in the aforementioned chapters. The initial
studies, described in chapter 2, included a screening of natural compounds that had the
potential to inhibit progestin-induced VEGF secretion from human breast cancer cells, in
an effort to block progestin-dependent angiogenesis of the breast. Based on the results
from initial studies, both curcumin (chapter 3) and 2ME2 (chapter 4) showed promise as
chemotherapeutic agents and were investigated in detail utilizing in vitro and in vivo
models. As a result, this following discussion is focused primarily on results accumulated
from curcumin and 2ME2/HIF-1a. studies. Also discussed, are the potential future
studies that may be conducted for further investigation of curcumin and 2MEZ2, as it
relates to YC-1 and HIF-1a.

5.1 Curcumin
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Previous studies show that progestins stimulate secretion of VEGF from human
breast cancer cells expressing PR and mutant p53 protein [28]. VEGF in turn stimulates
proliferation of PR-positive and PR-negative breast cancer cells that express receptors for
VEGF [28]. VEGF also suppresses apoptosis and stimulates survival of endothelial and
breast tumor cells [29]. In DMBA-treated rats, progestins accelerate PR- and VEGF-
dependent development of mammary gland tumors [61]. Thus, inhibition of progestin-
dependent secretion of VEGF may be an effective strategy by which to control the
growth and spread of progestin-dependent breast cancer.

The studies described in chapter 3 show that curcumin specifically reduces MPA-
induced secretion of VEGF from T47-D cells, but has no inhibitory effect with other
progestins. This suggests that PR is not directly targeted by curcumin, which is
consistent with earlier observations suggesting that progesterone and MPA induce
secretion of VEGF by distinct pathways [93]. Chapter 3 also investigates the androgen
receptor and the transcription factor NF-kB as possible targets of curcumin in this
system. It was concluded that the androgen receptor is not activated by MPA, either in
vitro or in vivo, and DNA binding of NF-xB was not altered in the presence of curcumin.
It may be speculated that curcumin interacts with or interferes with extra-nuclear
pathways that are specific to MPA and not to progesterone [128]. It is also possible that
curcumin activates an inhibitory pathway that is selective in its suppression of MPA-
induced VEGF but does not interfere with VEGF induction by other progestins. Because
curcumin failed to inhibit MPA-induced VEGF secretion in BT474 cells, it is possible
that the MPA-specific pathway may also be cell-type specific and that the inhibitory

pathway activated by curcumin may not be present or critical in other cell types. In this
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context it is interesting to note that recent studies identify membrane progesterone
receptors [129, 130], which may also be responsible for some of the differential curcumin
effects observed in the present in vitro studies. Nevertheless, studies discussed in chapter
3 imply that curcumin may be useful as a preventive agent to minimize the cancer risk
associated with MPA-containing HRT. Curcumin is under investigation as an anti-tumor
agent in a Phase Il clinical trial [131] and appears to be well-tolerated and lacks dose-
limiting effects. Such studies should encourage future clinical trials designed to evaluate
the efficacy of curcumin in lowering breast cancer risk in women exposed to MPA in the
context of HRT.

Chapter 3 shows that curcumin delays MPA-accelerated, DMBA-induced tumor
formation by approximately one week, and markedly inhibits morphological changesin
MPA-exposed mammary glands, suggesting that curcumin may block MPA effects in the
process of tumorigenesis, which could prove beneficial to women receiving combined
HRT. Because no change in ER or PR levels was observed, it may be concluded that
curcumin may exert anti-cancer properties on the mammary gland with little to no effect
on ovarian hormone receptor expression. Although no significant changes were observed
in ovarian hormone receptor levels, VEGF staining revealed reduced VEGF expression in
the ductal epithelial cells of the mammary gland from animals treated with curcumin,
which may help elucidate the inhibitory mechanism of curcumin on DMBA-induced,
MPA-accelerated tumor formation in the rat. This is the first study, to our knowledge,
that utilizes an animal model to provide evidence that curcumin has the ability to exert
chemopreventive properties on progestin-dependent breast cancer. Based on a brief pilot

study—it was concluded that curcumin may not show as much promise as a therapeutic
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agent as it does as a chemopreventive agent. Curcumin appears to be safe with no
toxicity at high doses. A phase I clinical trial with curcumin reports that no toxicity was
observed when patients were given up to 8000mg/day [136]. The dose administered in
the current study elicited little to no toxic effects on the animals, based on animal weight.
The specific mechanism by which curcumin inhibits angiogenesis is unknown;
however, based on the results described in chapter 3, the inhibition of VEGF may play a
critical role. Nonetheless, there are studies that suggest cyclin D [111] and p21 [137] are
involved in the anti-cancer effects of curcumin, however, no studies provide information
on how curcumin interacts with progestin-dependent mammary cancers. Some studies
that led to the investigation described in chapter 3 include a report in which NF-xB is a
target for curcumin [125, 138, 139]. Curcumin was reported to inhibit NF-xB activation,
thus decreasing VEGF mRNA expression in breast cancer cells and ovarian cancer cells,
and to reduce the expression in matrix metalloproteinases (MMPs) as a result of
decreased NF-«kB activity and transcriptional down-regulation of AP-1 [140]. Although
it is possible that curcumin inhibits NF-kB activity in the DMBA study previously
described, it was also reported that curcumin specifically induces apoptosis in cancer
cells and causes cell cycle arrest in G2 phase [111]—which may also be a possible
mechanism for curcumin inhibition. Nonetheless, literature reports a vast number of
molecular targets affected by curcumin that may result in suppression of tumor growth or
progression [141], as depicted in Figure 3.17. Due to the numerous possible targets of

curcumin, the inhibitory mechanism in this model remains unknown.

5.1.1 Potential Future Studies with Curcumin
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Curcumin studies conducted herein did not result in the elucidation its mechanism
of inhibition. However, multiple mechanisms were explored and results suggest that the
proposed transcription factors do not play a role in this system. To further prove that
HIF-1a, NF-xB, and AR are not involved in the inhibitory mechanism of curcumin, a
ChIP assay should be conducted to show that treating breast cancer cells with curcumin
does not inhibit binding of these ligands to the VEGF promoter. Positive results from
this study would confirm that these transcription factors do not play a role in the
inhibitory mechanism of curcumin in the present system.

To investigate the molecular differences in MPA-accelerated, DMBA-induced
mammary tumors and non-tumor mammary tissue in animals treated with and without
curcumin, a micro array with tissue samples from the animals should be performed.
Results from this experiment would determine which genes are up/down regulated.
These genes could play a major role in determining the mechanism by which curcumin
decreases VEGF and delays DMBA-induce/MPA-driven mammary tumorigenesis in the
rat and prevent MPA-driven morphological changes of the mammary gland.

Though the pilot study with curcumin as a treatment did not provide clear or
conclusive results, a full study may be worthwhile to determine a better, more concise
conclusion as to whether curcumin would be a beneficial treatment for progestin-
dependent breast cancer. By administering curcumin to an appropriate number of
animals with established MPA-accelerated, DMBA-induced mammary tumors we may be
able to better conclude whether this turmeric root derivative has potential as a therapeutic

agent for progestin-dependent mammary tumors.
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Studies may be conducted to determine if curcumin is beneficial in treating or
preventing of progestin-driven angiogenesis utilizing the nude mouse model, previously
established in our lab. Results from this study will provide data about the potential to
treat established tumors or prevent the establishment of tumors derived from human
breast cancer cells. Previously proposed studies, utilizing the rat model, are useful in
determining how heterogeneous tumors respond to treatments, while the currently
proposed study investigates how homogenous tumors, derived from human breast cancer
cells respond to the treatment. Positive results from this study would provide strong
evidence that curcumin has the potential to treat and/or prevent progestin-dependent
human breast cancer by inhibiting angiogenesis of the breast, and thus may prove
beneficial to ingest alongside HRT.

In conclusion, in this pre-clinical study we report that curcumin has inhibitory
properties on MPA-driven mammary tumorigenesis. We were unable to elucidate the
specific mechanism by which curcumin elicits these inhibitory properties; however, we
show that AR, PR, and ER are not involved. Lastly, we show that curcumin blocks the
morphological changes in the mammary gland caused by exposure to MPA in the process
of tumorigenesis and inhibits MPA-induced VEGF expression in the mammary gland
exposed to DMBA, suggesting that curcumin may decrease the risk of breast cancer
associated with HRT. This study provides strong evidence that curcumin may be an
excellent candidate as a chemopreventive agent in clinical trials for postmenopausal
women who are prescribed combined hormone replacement therapy that includes both

estrogens and progestins.
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5.2 2ME2/YC-1

Previous reports provide strong evidence that progestins used in HRT increase the
risk of breast cancer in postmenopausal women by increasing the production of VEGF,
thus driving tumorigenesis [2, 18]. Since this discovery, compounds, specifically anti-
hormones, have been tested in an effort to combat the negative effects of progestins in
HRT as it relates to breast cancer [60]. Unfortunately, investigators encounter numerous
problems that prevent the success of these compounds, including low/no bioavailability
[145] and lack of tissue or receptor specificity [60], which leads to the interference of
other body systems. HIF-1a has been termed a potential target for multiple cancer types
[58, 151, 152], however the role of HIF-1a in hormone-dependent cancers has not been
well studied. The current study investigates the role of HIF-1a in progestin-dependent
VEGF induction, a novel hypothesis that revealed a significant and mandatory role for
HIF-1a in the present model. It was previously reported that the human VEGF promoter
contains at least two hypoxia response elements (HyRE) [153], one of which has been
shown to be essential to hypoxia-induced VEGF transcription. The study described in
chapter 4 depicts the HyRE as an essential factor to progestin-induced VEGF
transcription. This is the first study to show that progestins increase HIF-1a binding to
the VEGF promoter, and both YC-1 and 2ME?2 reduced the binding of HIF-1a to the
VEGF promoter. This finding may be beneficial in the discovery of a more efficient drug
for progestin-dependent breast cancer therapies in that HIF-1o may be a new, more
effective target for therapy for this disease.

It was also reported in chapter 4 that co-treatment of T47D cells with CoCl, and

MPA, results in a super-induction of VEGF being secreted from the cells. This induction
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was partially blocked with anti-progestin, RU-486, but completely abolished when HIF-
la activity was blocked with YC-1 or 2ME2. Though this study shows that HIF-1a. is
required for progestin-induced VEGF induction, the results also suggest that HIF and PR
interact with one another. The current data suggests the formation of a HIF-1a/PR
complex and binding to HYRE on the VEGF promoter. Though PRE sequences are
thought to be present on the VEGF promoter, the current study shows that direct binding
of PR to the VEGF promoter may not occur. Because Y C-1 is able to inhibit MPA-
induced VEGF mRNA levels, it is possible that PR and HIF form a complex and induce
VEGF transcription activity by binding to the HyRE on the VEGF promoter. This
hypothesis was also tested in chapter 4, as this is the first report to show that HIF-1o and
PR have a direct protein-protein interaction. Though not influenced by the treatment of
YC-1 under the described IP conditions, the HIF-1a/PR complex may include other
transcription factors that are influenced by YC-1 treatment. It has been reported that YC-
1 inactivates HIF-1a by stimulating Factor Inhibiting HIF (FIH) as well as inhibiting the
recruitment of p300 to HIF-1 in Hep3B cells [154]. This may also occur in the model
utilized in chapter 4.

Previous studies have provided strong evidence that both YC-1 and 2ME2 have
strong potential to target HIF-1a in an effort to inhibit angiogenesis [151, 152, 155].
Results described in chapter 4 however, suggest that HIF-1a can also be targeted by YC-
1 and 2MEZ2 to target hormone-driven angiogenesis. This is the first demonstration
showing inhibition of progestin-dependent angiogenesis of the mammary gland by
targeting HIF-1a with YC-1. Animal studies described in chapter 4 provide strong

evidence that HIF-1o is a worthwhile molecular target through which to inhibit
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progestin-driven angiogenesis and tumor progression of the mammary gland. This study
suggests that HIF-1o may also be used as a molecular target to combat progestin-
dependent breast cancer, and potentially other hormone-dependent cancer types.
Interestingly, there was no significant change in the expression of ERa in vitro or in vivo.
Although PR levels were decreased in T47D-derived tumors, this decrease was not
observed in DMBA studies, suggesting that PR levels may recover after YC-1 treatment
has ceased. Because of this, it may prove beneficial to explore combination treatment
with YC-1 and an anti-hormone, such as RU-486 or tamoxifen. Having multiple drug
targets may prove to be a more effective treatment for receptor positive tumors, thus
providing a more promising outcome for cancer patients.

In conclusion, in chapter 4 we report that MPA causes an increase in HIF-1a
binding to the VEGF promoter, and blocks the DNA binding with YC-1, resulting in
decreased VEGF mRNA levels and protein secretion. Thus, HIF-1a is required for
progestin-induced VEGF induction in breast cancer cells. Also, YC-1 blocks progestin-
driven angiogenesis and tumor progression in DMBA-induced tumors in Sprague-
Dawley rats and progestin-driven T47D- and BT474-derived human xenograft mammary
tumors in nude mice. In chapter 5 we provide strong evidence that HIF-1o may be a

useful molecular target for progestin-dependent mammary tumors.

5.2.1 Potential Future Studies with 2ME2/YC-1

The mechanistic studies conducted herein show that YC-1 and 2ME2
inhibit/reduce HIF-1o from binding to the VEGF promoter. However, the method by

which YC-1 and 2ME2 may differ should be investigated. This study could improve how
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drugs are developed and would assist in creating the most effective method of inhibiting
HIF-1 activation. A recent study reports that YC-1 inactivates HIF-1 by stimulating FIH
as well as inhibiting the recruitment of p300 to HIF-1 in Hep3B cells [154], a scenario
that may also occur in the present model. By decreasing the protein expression of Factor
Inhibiting HIF (FIH) with siRNA, we will be able to determine if FIH is required for YC-
1- and/or 2ME2-dependent inhibition. Also, performing an IP assay, in which p300 is
precipitated from the lysate of treated cells, and probing for the presence of HIF-

la protein would prove vital in determining if there is a reduction in complex formation
due to treatment.

Combination therapies of cancers are more and more common as more research
develops that elucidates the involvement of different cellular mechanisms in different
cancer types. Because YC-1 did not down regulate ER and PR expression, combination
treatments with YC-1 may prove beneficial. Targeting HIF-1a with a selective estrogen
receptor modulator (SERM) or selective progesterone receptor modulator (SPRM) may
prove extremely effective in the inhibition of progestin-induced VEGF secretion, thus
reducing angiogenesis of the mammary gland. By pairing YC-1 or 2ME2 with tamoxifen
the activation of both HIF-1a and estrogen receptors in the breast, but not the uterus,
would be inhibited. This may prove beneficial in the case that the cells become
tamoxifen resistant, HIF-1a is still being targeted and thus tumor regression would still
occur. Intheory, this deactivation would block angiogenesis by inhibiting two required
components in the pathway of angiogenesis, thus bringing about more effective tumor
regression. Another potential study would be targeting HIF-1a with YC-1 paired with a

second molecular target, such as mt-p53 with PRIMA-1, which may increase the efficacy
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of YC-1 and PRIMA-1 to decrease progestin-driven angiogenesis of the mammary gland.
Our lab has shown in unpublished data that PRIMA-1 decreases HIF-1a protein
expression, as well as allowing mtp53 to function as wt-p53. In theory, such combination
therapy would eradicate the progestin response and target HIF-1a to decrease VEGF
levels and reduce angiogenesis and tumor formation/progression.

Due to the effectiveness of YC-1 in the inhibition of MPA-dependent
angiogenesis in DMBA-induced tumors and a human breast cancer xenograft model, YC-
1 treatment with other progestins should be investigated. Our lab has demonstrated that
all progestins do not elicit the same biological responses, in regards to tumorigenesis and
angiogenesis. As a result, the effectiveness of the ability of YC-1 to inhibit angiogenesis
induced by other progestins should be determined. A positive result from this study
would prove that HIF-1a is a common required component of progestin-dependent
angiogenesis and progestin-driven tumor formation. A negative result from this study
would suggest that different progestins elicit different pathways that ultimately lead to
tumor formation and/or progression. Though unlikely based on in vitro data, a negative
result would also suggest that HIF-1ow is hot a common mechanism among the
investigated progestins and a treatment targeting HIF-1c could only be used for the

progestins that utilize a HIF-1a pathway.

114



10.

11.

12.

13.

14.

15.

16.

REFERENCES

Jemal, A., Siegel R, Ward E, Hao Y, Xu J, Murray T, Thun MJ, Cancer Statistics,
2008. CA Cancer J Clin, 2008. 58(2): p. 71-96.

Investigators, W.G.f.t.W.s.H.I., Risks and benefits of estrogens plus progestinsin
healthy postmenopausal women: principle results from the Women's Health
Initiative randomized controlled trial. JAMA, 2002. 288: p. 321-333.

Hyder, S., Stancel GM, Inhibition of progesterone-induced VEGF production in
human breast cancer cells by the pure anti-estrogen ICI 182, 780. Cancer Letters,
2002. 181: p. 47-53.

Martin, L., Finn CA, Trinder G, Hypertrophy and hyperplasia in the mouse uterus
after oestrogen treatment: an autoradiographic study. The Journal of
endocrinology, 1973. 56(1): p. 133-44.

Martin, L., Theinhibition by progesterone of uterine epithelial proliferation in the
mouse. Journal of Endocrinology, 1973. 57(3): p. 549-554.

Chen, B., Pan H, Zhu L, Deng Y, Pollard JW, Progesterone Inhibits the Estrogen-
Induced Phosphoinositide 3-Kinase-> AKT->GSK-3{beta}->Cyclin D1->pRB
Pathway to Block Uterine Epithelial Cell Proliferation. Mol Endocrinol, 2005.
19(8): p. 1978-1990.

Hyder, S., Murthry L, Stancel GM, Progestin regulation of vascular endothelial
growth factor in human breast cancer cells. Cancer Res, 1998. 58: p. 392-395.
Wu, J., Richer J, Horwits KB, Hyder SM, Progestin-dependent induction of
vascular endothelial growth factor in human breast cancer cells: preferential
regulation of progesterone receptor B. Cancer Res, 2004. 64: p. 2238-2244.
Groshong, S.D., et al., Biphasic Regulation of Breast Cancer Cell Growth by
Progesterone: Role of the Cyclin-Dependent Kinase Inhibitors, p21 and p27Kipl.
Mol Endocrinol, 1997. 11(11): p. 1593-1607.

Lange, C., Richer JK., Horwitz KB, Hypothesis: Progesterone Primes Breast
Cancer Cellsfor Cross-Talk with Proliferative or Antiproliferative Sgnals. Mol
Endocrinol, 1999. 13(6): p. 829-836.

Lentz, S., et al., High-dose megestrol acetate in advanced or recurrent
endometrial carcinoma: a Gynecologic Oncology Group Study. J Clin Oncol,
1996. 14(2): p. 357-361.

Aupperlee, M., Kariangina A, Osuch J, Haslam SZ, Progestins and breast cancer.
Breast Dis, 2005. 24: p. 37-57.

Wang, S., Counterman LJ, Haslam SZ, Progesterone action in normal mouse
mammary gland. Endocrinology, 1990. 127(5): p. 2183-9.

Purmonen, S., Tommi M, Pasi P, Timo Y, Progestins regulate genes that can
elicit both proliferative and antiproliferative effectsin breast cancer cells.
Oncology reports, 2008. 19(6): p. 1627-34.

Haslam, S., Progesterone effects on deoxyribonucleic acid synthesis in normal
mouse mammary glands. Endocrinology, 1988. 122(2): p. 464-70.

Sutherland, R., Prall OWJ, Watts CKW, Musgrove EA, Estrogen and Progestin
Regulation of Cell Cycle Progression. Journal of Mammary Gland Biology and
Neoplasia, 1998. 3(1): p. 63-72.

115



17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.
28.

29.

30.

31.

32.

33.

Moore, M., Spence J, Kiningham K, Dillon J, Progestin inhibition of cell death in
human breast cancer cell lines. J Steroid Biochem Mol Bio, 2006. 98: p. 218-227.
Ross, R., Paganini-Hill A, Pike MC, Effect of hormone replacement therapy on
breast cancer risk: Estrogen versus estrogen plus progestin. J Natl Cancer Inst,
2000. 92: p. 328-332.

Leung, D., Cachianes G, Kuang WJ, Goeddel DV, Ferrara N, Vascular
endothelial growth factor is a secreted angiogenic mitogen. Science, 1989.
246(4935): p. 1306-1309.

Ribatti, D., Napoleone Ferrara and the Saga of Vascular Endothelial Growth
Factor. Endothelium, 2008. 15(1): p. 1 - 8.

Connolly DT, H.D., Nelson R, Olander JV, Eppley BL, Delfino JJ, Seigel NR,
Leimgruber RM, Feder J, Tumor vascular permeability factor stimulates
endothelial cell growth and angiogenesis. J Clin Invest, 1989. 84(5): p. 1470-
1478.

Senger, D., Perruzzi CA, Feder J, Dvorak HF, A Highly Conserved Vascular
Permeability Factor Secreted by a Variety of Human and Rodent Tumor Cell
Lines. Cancer Res, 1986. 46(11): p. 5629-5632.

Folkman, J., Klagsbrun M, Angiogenic factors. Science, 1987. 235(4787): p. 442-
447,

Peters, K., De Vries C, Williams LT, Vascular endothelial growth factor receptor
expression during embryogenesis and tissue repair suggests a role in endothelial
differentiation and blood vessel growth. Proceedings of the National Academy of
Sciences of the United States of America, 1993. 90(19): p. 8915-8919.

Terman, B., Carrion ME, Kovacs E, Rasmussen BA, Eddy RL, Shows TB,

| dentification of a new endothelial cell growth factor receptor tyrosine kinase.
Oncogene, 1991. 6(9): p. 1677-83.

Millauer, B., Wizigmann-Voos S, Schnirch H, Martinez R, Mgller NPH, Risau
W, Ullrich A, High affinity VEGF binding and developmental expression suggest
Flk-1 asa major regulator of vasculogenesis and angiogenesis. Cell, 1993. 72(6):
p. 835-846.

Genentech, Angiogenesis, Angiogenesis-1, Editor. 2009.

Liang, Y., Hyder SM, Proliferation of endothelial and tumor epithelial cellsby
progestin-induced VEGF from human breast cancer cells: paracrine and
autocrine effects. Endocrinology, 2005. 146: p. 3632-3641.

Liang, Y., Brekken RA, Hyder SM, Vascular endothelial growth factorsinduce
proliferation of breast cancer cells and inhibit the anti-proliferative activity of
anti-hormones. Endocrine Related Cancer, 2006. 13(3): p. 905-919.

Millauer, B., Longhi MP, Plate KH, Shawver LK, Risau W, Ullrich A, Strawn
LM, Dominant-Negative Inhibition of FIk-1 Suppresses the Growth of Many
Tumor Typesin Vivo. Cancer Res, 1996. 56(7): p. 1615-1620.

Connolly, D., et al., Human vascular permeability factor. Isolation from U937
cells. J. Biol. Chem., 1989. 264(33): p. 20017-20024.

Hyder, S., Stancel GM, Regulation of VEGF in the reproductive tract by sex-
steroid hormones. Histology and histopathology, 2000. 15(1): p. 325-34.

Kazi, A., Koos RD, Estrogen-induced activation of hypoxia-inducible factor-1a,
vascular endothelial growth factor expression, and edema in the uterus are

116



34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.
46.

47.

48.

49.

mediated by the phoshatidylinositol 3-kinase/Akt pathway. Endocrinology, 2007.
148: p. 2363-2374.

Hyder, S., Stancel GM, Regulation of Angiogenic Growth Factorsin the Female
Reproductive Tract by Estrogens and Progestins. Mol Endocrinol, 1999. 13(6): p.
806-811.

Mueller, M., Vigne J-L, Pritts EA, Chao V, Dreher E, Taylor RN, Progestins
activate vascular endothelial growth factor gene transcription in endometrial
adenocarcinoma cells. Fertility and Sterility, 2003. 79(2): p. 386-392.

Hyder, S., Sex steroid regulation of vascular endothelial growth factor in breast
cancer. Endocrine Related Cancer, 2006. 13: p. 667-687.

Jensen, E., Jordan VC, The Estrogen Receptor: A Model for Molecular Medicine.
Clin Cancer Res, 2003. 9(6): p. 1980-1989.

Jensen, E., Steroid hormones, receptors, and antagonists. Annals of the New
York Academy of Sciences, 1996. 784: p. 1-17.

Hammes, S., Levin ER, Extranuclear Steroid Receptors. Nature and Actions.
Endocr Rev, 2007. 28(7): p. 726-741.

Schwarzenbach, H., Chakrabarti G, Paust HJ, Mukhopadhyay AK, Gonadotropin-
Mediated Regulation of the Murine VEGF Expression in MA-10 Leydig Cells. J
Androl, 2004. 25(1): p. 128-139.

Stoner, M., Wormke M, Saville B, Samudio I, Qin C, Abdelrahim M, Safe S,
Estrogen regulation of vascular endothelial growth factor gene expression in ZR-
75 breast cancer cellsthrough interaction of estrogen receptor [alpha] and SP
proteins. Oncogene, 2003. 23(5): p. 1052-1063.

Stoner, M., Wang F, Wormke M, Nguyen T, Samudio I, Vyhlidal C, Marme D,
Finkenzeller G, Safe S, Inhibition of Vascular Endothelial Growth Factor
Expression in HEC1A Endometrial Cancer Cells through Interactions of Estrogen
Receptor alpha and Sp3 Proteins. J. Biol. Chem., 2000. 275(30): p. 22769-22779.
Kawai, H., Huchun L, Philip C, Shalom A, Hava Karsenty A, Direct interaction
between BRCA1 and the estrogen receptor regulates vascular endothelial growth
factor (VEGF) transcription and secretion in breast cancer cells. Oncogene,
2002. 21(50): p. 7730-9.

Fuckar, D., Dekanic A, Stifter S, Mustac E, Krstulja M, Dobrila F, Jonjic N,
VEGF Expression is Associated with Negative Estrogen Receptor Satusin
Patients with Breast Cancer. International Journal of Surgical Pathology, 2006.
14(1): p. 49-55.

Desai, U., Progesterone Receptor Action. 2000.

Balint E, E. and K.H. Vousden, Activation and activities of the p53 tumour
suppressor protein. British journal of cancer, 2001. 85(12): p. 1813-23.

Vousden, K., Lu X, Liveor let die: the cell'sresponse to p53. Nat Rev Cancer,
2002. 2(8): p. 594-604.

Selivanova, G., Wiman KG, Reactivation of mutant p53: molecular mechanisms
and therapeutic potential. Oncogene, 2007. 26(15): p. 2243-2254.

Liang, Y., Wu J, Stancel GM, Hyder SM, p53-dependent inhibition of progestin-
induced VEGF expression in human breast cancer cells. J Steroid Biochem Mol
Bio, 2005. 95: p. 173-182.

117



50.

51.

52.

53.

54.

95.

56.

o7.

58.

59.

60.

61.

62.

63.

64.

Liang Y, B.-W.C., Benakanakere I, Hyder SM, Re-activation of the p53-
dependent pathway inhibitsin vivo and in vitro growth of hormone-dependent
human breast caner cells. Int J Oncology, 2007. 31: p. 777-784.

Pal, S., Datta K, Mukhopadhyay D, Central Role of p53 on Regulation of
Vascular Permeability Factor/Vascular Endothelial Growth Factor (VPF/VEGF)
Expression in Mammary Carcinoma. Cancer Res, 2001. 61(18): p. 6952-6957.
Mukhopadhyay, D., Tsiokas L, Sukhatme VP, Wild-Type p53 and v-Src Exert
Opposing Influences on Human Vascular Endothelial Growth Factor Gene
Expression. Cancer Res, 1995. 55(24): p. 6161-6165.

Ravi, R., Mookerjee B, Bhujwalla ZM, Sutter CH, Artemov D, Zeng Q, Dillehay
LE, Madan A, Semenza GL, Bedi A, Regulation of tumor angiogenesis by p53-
induced degradation of hypoxia-inducible factor 1alpha. Genes Dev., 2000.
14(1): p. 34-44.

Kimbro, K., Simons JW, Hypoxia-inducible factor-1 in human breast and
prostate cancer. Endocr Relat Cancer, 2006. 13(3): p. 739-749.

Semenza, G., Evaluation of HIF-1 inhibitors as anticancer agents. Drug
Discovery Today, 2007. 12(19-20): p. 853-859.

Carroll, V.A., Ashcroft M, Role of Hypoxia-Inducible Factor (HIF)-1{alpha}
versus HIF-2{alpha} in the Regulation of HIF Target Genes in Response to
Hypoxia, Insulin-Like Growth Factor-I, or Loss of von Hippel-Lindau Function:
Implications for Targeting the HIF Pathway. Cancer Res, 2006. 66(12): p. 6264-
6270.

Forsyth, J., Jiang B-H, lyer NV, Agani F, Leung SW, Koos RD, Semenza G,
Activation of vascular endothelial growth factor gene transcription by hypoxia-
inducible factor 1. Mol & Cell Bio, 1996. 16(9): p. 4604-4613.

Semenza, G., Targeting HIF-1 for cancer therapy. Nat Rev Cancer, 2003. 3(10):
p. 721-732.

Wang, G., Jiang BH, Rue EA, Semenza GL, Hypoxia-inducible factor 1isa
basi c-helix-loop-helix-PAS heterodimer regulated by cellular O2 tension. Proc
Natl Acad Sci USA, 1995. 92(12): p. 5510-5514.

Horwitz, K., The molecular biology of RU-486. Isthere a role for anti-progestins
in the treatment of breast cancer? Endocrine Reviews, 1992. 12: p. 146-163.
Benakanakere, 1., Williford CB, Schnell J, Brandt S, Ellersieck MR, Molinolo A,
Hyder SM, Natural and synthetic progestins accelerate 7, 12-

dimethylbenz] a] anthracene-initiatiated mammary tumors and increase
angiogenesisin Sprauge-Dawley rats. Clinical Cancer Res, 2006. 12: p. 4062-
4071.

Liang Y, B.-W.C., Brekken RA, Hyder SM, Progestin-dependent progression of
human breast tumor xenografts. a novel model for evaluating antitumor
theraputics. Cancer Res, 2007. 67(20): p. 9929-9936.

Wu, J., Liang Y, Nawaz Z, Hyder SM, ICI 182, 780 (Falsodex) exhibits partial
progestin-like activity in human breast cancer cells expressing increased levels of
PRB. Int J Oncology, 2005. 27: p. 1647-1659.

Noble, R., Gout PW, Wijcik LL, Hebden HF, Beer CT, The Distribution of

[3H] Vinblastine in Tumor and Host Tissues of Nb Rats Bearing a Transplantable

118



65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77,

78.

79.

Lymphoma Which is Highly Sensitive to the Alkaloid. Cancer Res, 1977. 37(5): p.
1455-1460.

Walsh, V., Goodman J, Cancer chemotherapy, biodiversity, public and private
property: the case of the anti-cancer drug Taxol. Social Science & Medicine,
1999. 49(9): p. 1215-1225.

Duffin, J., Poisoning the spindle: serendipity and discovery of the anti-tumor
properties of the Vinca alkaloids. Can Bull Med Hist, 2000. 17(1-2): p. 155-192.
Zhao, L., Brinton RD, WHI and WHIMS follow-up and human studies of soy
isoflavones on cognition. Expert Review of Neurotherapeutics, 2007. 7(11): p.
1549-1564.

Mense SM, H.T., Ganju RK, Bhat HK, Phytoestrogens and breast cancer
prevention: possible mechanisms of action. Environ Health Prospects, 2008.
116(4): p. 426-433.

Sirtori, C., Arnoldi A, Johnson SK, Phytoestrogens: End of a tale? Annals of
Medicine, 2005. 37(6): p. 423 - 438.

Zava, D., Dollbaum CM, Blen M, Estrogen and progestin bioactivity of foods,
herbs, and spices. Proc Soc Exp Biol Med, 1998. 217(369-378).

Zand RS, J.D., Diamandis EP, Steroid hormone activity of flavonoids and related
compounds. Breast Cancer Res Treat, 2000. 62(1): p. 35-49.

Berges, R., Siess M-H, Arnault I, Auger J, Kahane R, Pinnert M-F, Vernevaut M-
F, le Bon A-M, Comparison of the chemopreventive efficacies of garlic powders
with different alliin contents against aflatoxin B1 carcinogenicity in rats.
Carcinogenesis, 2004. 25(10): p. 1953-1959.

Mousa, A., Shaker AM, Anti-angiogenesis efficacy of the garlic ingredient alliin
and antioxidants: role of nitric oxide and p53. Nutrition and cancer, 2005. 53(1):
p. 104-10.

Rosenberg RS, G.L., Jenkins DJA, Kendall CWC, Diamandis EP., Modulation of
Androgen and Progesterone Receptor s by Phytochemicalsin Breast Cancer Cell
Lines. Biochemical and Biophysical Research Communications, 1998. 243(3): p.
935-939.

Duthie G., C.A., Plant-derived phenolic antioxidants. Current opinion in clinical
nutrition and metabolic care, 2000. 3(6): p. 447-51.

FangJ, Z.Q., Liu L-Z, Xia C, Hu X, Shi X, Jiang B-H, Apigenin inhibits tumor
angiogenesis through decreasing HIF-1{alpha} and VEGF expression.
Carcinogenesis, 2007. 28(4): p. 858-864.

Campbell, F., Collett GP, Chemopreventice properties of curcumin. Future Oncol,
2006. 1: p. 405-414.

Lim, G., Chu T, Yang F, Beech W, Frautschy SA, Cole GM, The Curry Spice
Curcumin Reduces Oxidative Damage and Amyloid Pathology in an Alzheimer
Transgenic Mouse. J. Neurosci., 2001. 21(21): p. 8370-8377.

Begum, AJ.M., Lim GP, Morihara T, Kim P, Heath DD, Rock CL, Pruitt MA,
Yang F, Hudspeth B, Hu S, Faull KF, Teter B, Cole GM, Frautschy SA,
Curcumin Structure-Function, Bioavailability, and Efficacy in Models of

Neur oinflammation and Alzheimer's Disease. J Pharmacol Exp Ther, 2008.
326(1): p. 196-208.

119



80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

Leong, H., Mathur P, Greene G, Inhibition of mammary tumorigenesisin the
C3(1)/Sv40 mouse model by green tea. Breast Cancer Research and Treatment,
2008. 107(3): p. 359-369.

Rodriguez SK, G.W., Liu L, Band MA, Paulson EK, Meydani M, Green tea
catechin, epigallocatechin-3-gallate, inhibits vascular endothelial growth factor
angiogenic signaling by disrupting the formation of a receptor complex. Int J
Cancer, 2006. 118: p. 1635-1644.

Sartippour, M., Shao Z-M, Heber D, Beatty P, Zhang L, Liu C, Ellis L, Liu W, Go
VL, Brooks MN, Green Tea Inhibits Vascular Endothelial Growth Factor
(VEGF) Induction in Human Breast Cancer Cells. J. Nutr., 2002. 132(8): p. 2307-
2311.

Fan S, M.Q., Auborn K, Carter T, Rosen EM, BRCA1 and BRCA2 as molecular
targets for phytochemicals indole-3-carbinol and genistein in breast and prostate
cancer cells. British journal of cancer, 2006. 94(3): p. 407-26.

Aggarwal, B., Haruyo, I, Molecular targets and anticancer potential of indole-3-
carbinol and its derivatives. Cell cycle (Georgetown, Tex.), 2005. 4(9): p. 1201-
15.

Sesso HD, B.J., Zhang SM, Norkus EP, Gaziano JM, Dietary and Plasma
Lycopene and the Risk of Breast Cancer. Cancer Epidemiol Biomarkers Prev,
2005. 14(5): p. 1074-1081.

Hultén, K., Van Kappel A, Winkvist A, Kaaks R, Hallmans G, Lenner P, Riboli
E, Carotenoids, alpha-tocopherols, and retinol in plasma and breast cancer risk
in northern Sveden. Cancer Causes and Control, 2001. 12(6): p. 529-537.
Prakash, P., Russell RM, Krinsky NI, In Vitro Inhibition of Proliferation of
Estrogen-Dependent and Estrogen-1ndependent Human Breast Cancer Cells
Treated with Carotenoids or Retinoids. J. Nutr., 2001. 131(5): p. 1574-1580.
Wang, Y., Lee KW, Chan FL, Chen S, Leung LK, The Red Wine Polyphenol
Resveratrol Displays Bilevel Inhibition on Aromatase in Breast Cancer Cells.
Toxicol. Sci., 2006. 92(1): p. 71-77.

Soleas, G., Diamandis EP, Goldberg DM, Wine as a biological fluid: history,
production, and role in disease prevention. J Clin Lab Anal, 1997. 11(5): p. 287-
313.

Lee, S., Chan J, Clement M-V, Pervaiz S, Functional proteomics of resveratrol-
induced colon cancer cell apoptosis. Caspase-6-mediated cleavage of lamin Ais
a major signaling loop. Proteomics, 2006. 6: p. 2386-2394.

Zhang, Q., Tang X, Lu QY, Zhang ZF, Brown J, Le AD, Resveratrol inhibits
hypoxia-induced accumulation of hypoxia-inducible factor-1{alpha} and VEGF
expression in human tongue squamous cell carcinoma and hepatoma cells. Mol
Cancer Ther, 2005. 4(10): p. 1465-1474.

Li, X., Zhang S, Safe S, Activation of kinase pathways in MCF-7 cells by
17[beta] -estradiol and structurally diver se estrogenic compounds. The Journal of
Steroid Biochemistry and Molecular Biology, 2006. 98(2-3): p. 122-132.

Wu, J., Brandt S, Hyder SM, Ligand- and cell-specific effects of signal
transduction pathway inhibitors on progestin-induced vascular endothelial
growth factor levelsin human breast cancer cells. Mol Endo, 2005. 19: p. 312-
326.

120



94.

95.

96.

97.

98.

99.

100.

101.

102.

108.

104.

105.

106.

107.

Lim, J., Joe AK, Suzui M, Shimizu M, Masuda M, Weinstein IB, Sulindac Sulfide
and Exisulind Inhibit Expression of the Estrogen and Progesterone Receptorsin
Human Breast Cancer Cells. Clin Cancer Res, 2006. 12(11): p. 3478-3484.
Giardiello, F., Hamilton SR, Krush AJ, Piantadosi S, Hylind LM, Celano P,
Booker SV, Robinson CR, Offerhaus GJA, Treatment of Colonic and Rectal
Adenomas with Sulindac in Familial Adenomatous Polyposis. N Engl J Med,
1993. 328(18): p. 1313-1316.

Lim, J., Piazza GA, Han, Edward K-H, Delohery TM, Li H, Finn TS, Buttyan R,
Yamamoto H, Sperl GJ, Brendel K, Gross PH, Pamukcu R, Weinstein 1B,
Sulindac derivatives inhibit growth and induce apoptosisin human prostate
cancer cell lines. Biochemical Pharmacology, 1999. 58(7): p. 1097-1107.

Cyran, C., Sennino B, Chaopathomkul B, Fu Y, Rogut V, Shames D, Wendland
M, McDonald D, Brasch R, Magnetic resonance imaging for monitoring the
effects of thalidomide on experimental human breast cancers. European
Radiology, 2009.

Mellin, G., Katzenstein M, The saga of thalidomide. Neuropathy to embryopathy,
with case reports of congenital anomalies. The New England journal of medicine,
1962. 267: p. 1238-44 concl.

Grover, J., Vats K, Thalidomide: from teratogen to anti-angiogenic. Indian
journal of cancer, 2001. 38(1): p. 22-32.

Eisen, T., Boshoff C, Mak I, Sapunar F, Vaughan MM, Pyle L, Johnston SRD,
Ahern R, Smith | E, Gore ME, Continuous low dose Thalidomide: a phase Il
study in advanced melanoma, renal cell, ovarian and breast cancer. Br J Cancer,
2000. 82(4): p. 812-817.

Mabjeesh, N., Escuin D, LaVelle TM, Pribluda VS, Swartz GM, Johnson MS,
Willard MT, Zhong H, Simon, 2ME2 inhibis tumor growth and angiogenesis by
disrupting microtubles and dysregulating HIF. Cancer Cell, 2003. 3: p. 363-375.
Fostis, T., Zhang Y, Peper MS, Adlercreutz H, Montesano R, Nanroth PP,
Schwigerer L, The endogenous oestrogen metabolite 2-methoxyestradiol inhibits
angiogenesis and suppresses tumor growth. Nature, 1994. 368: p. 237-239.
Kamath K, O.T., Larson G, Panda D, Wilson L, Jordan MA, 2-Methoxyestradiol
suppresses microtubule dynamics and arrests mitosis without depolymerizing
microtubules. Mol Cancer Ther, 2006. 5(9): p. 2225-2233.

Klauber, N., Parangi S, Flynn E, Hamel E, D'Amato RJ, Inhibition of
angiogenesis and breast cancer in mice by the microtubule inhibitors 2-
methoxyestradiol and taxol. Cancer Res, 1997. 57: p. 81-86.

Sibonga, J., Lotinun S, Evans GS, Pribluda VS, Green SJ, Tuner RT, Dose-
response effects of 2-methoxyestradiol on estrogen target tissuesin the
oveariectomized rat. Endocrinology, 2003. 144: p. 785-792.

Moobery, S., Mechanism of action of 2-methoxyestradiol: new developments.
Drug Resistance Updates, 2003. 6: p. 355-361.

Sweeney, e.a., A Phase Il multicenter, randomized, double-blind, safety trial
assessing the pharmacokinetics, pharmacodynamics, and efficacy of oral 2-
methoxyestradiol capsules in hormone-refractory prostate cancer. Cancer Res,
2006. 11(18): p. 6625-6633.

121



108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

Berg, D., Sonsalla R, Kuss E, Concentrations of 2-methoxyestradiol in human
serum measured by a heterologous immunoassay with an 125I-labeled ligand.
Acta Endocrinol (Cophen), 1983. 103(2): p. 282-288.

Conover, W., Iman RL, Rank transformations as a bridge between parametric
and nonparametric statistics. The American Statistician, 1981. 35: p. 124-129.
Chew, V., Comparison among treatment means and analysis of variances,
USDA. p. 32-35.

Choudhuri, T., Pal S, Das T, Sa G, Curcumin Selectively Induces Apoptosisin
Deregulated Cyclin D1-expressed Cells at G2 Phase of Cell Cyclein a p53-
dependent Manner. J. Biol. Chem., 2005. 280(20): p. 20059-20068.

Dahan, K., Fennal M, Kumar NB, Lycopene in the prevention of prostate cancer.
Journal of the Society for Integrative Oncology, 2008. 6(1): p. 29-36.

Qaden, L., Perez-Stable CM, Anderson C, D'Ippolito G, Herron A, Howard GA,
Roos BA, 2-Methoxyestradiol induces G2/M arrest and apoptosis in prostate
cancer. Biochem & Biophys Res Comm, 2001. 285: p. 1259-1266.

Ricker, J., Chen Z, Yang PX, Pribluda VS, Swartz GM, Waes CV, 2-
Methoxyestradiol inhibits hypoxia-inducible factor 1, tumor growth, and
angiogenesis and augments paclitaxel efficacy in head and neck squamous cell
carcinoma. Clinical Cancer Res, 2004. 10: p. 8665-8673.

LaVelle, T., Zhan XH, Herbstrit CJ, Kough EC, Green SJ, Pribluda VS, 2-
Methoxyestradiol inhibits proliferation and induces apoptosis independently of
estrogen receptors a and b. Cancer Res, 2002. 62: p. 3691-3697.

Clarke, C., Sutherland RL, Progestin regulation of cellular proliferation.
Endocrine Reviews, 1990. 11: p. 266-301.

Hyder, S., Chiappetta C, Stancel GM, Pharmalogical and endogenous progestins
induce vascular endothelial growth factor expression in human breast cancer
cells. IntJ Cancer, 2001. 92: p. 469-473.

Maheshwari, R., Singh AK, Gaddipati J, Srimal RC, Multiple biological activities
of curcumin: a short review. Life Sci, 2006. 78(2081-2087).

Verma, S., Goldin BR, Lin PS, The inhibition of the estrogenic effects of
pesticides and environmental chemical by curcumin and isoflavonoids. Environ
Health Prospects, 1998. 106: p. 807-812.

Singletary, K., MacDonald C, Wallig M, Fisher C, Inhibiton of 7, 12-
dimethylbenz] a] anthracene (DMBA)-induced mammary tumorigenesis and
DMBA-DNA adduct formation by curcumin. Cancer Letters, 1996. 103: p. 137-
141.

Shao, Z., Shen Z, Liu C, Sartippour MR, Go VL, Herber D, Nguyen M, Curcumin
exerts multple suppressive effects on human breast carcinoma cells. Int J Cancer,
2002. 98: p. 234-240.

Russo, J., Russo IH, Atlas and histological classification of tumors of the rat
mammary glan. J Mammary Gland Biol Neoplasia, 2000. 5: p. 187-200.

Bental, J., Birrell SN, Pickering MA, Holds DJ, Horsfall DJ, Tilley WD,
Androgen receptor agonist activity of the synthetic progestin,

medr oxyprogester one acetate, in human breast cancer cells. Mol Cell Endo,
1999. 154: p. 11-20.

122



124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

Bachmeier, B.E., et al., Curcumin downregulates the inflammatory cytokines
CXCL1 and -2 in breast cancer cells via NF{kappa}B. Carcinogenesis, 2008.
29(4): p. 779-789.

Lin, Y.G., et al., Curcumin Inhibits Tumor Growth and Angiogenesisin Ovarian
Carcinoma by Targeting the Nuclear Factor-{kappa}B Pathway. Clin Cancer
Res, 2007. 13(11): p. 3423-3430.

Nardulli AM, G.G., O'Malley BW, Katzenellenbogen BS, Regulation of
progesterone receptor messenger ribonucleic acid protein levelsin MCF-7 cells
by estradiol: analysis of estrogen's effect on progesterone receptor synthesis and
degradation. Endocrinology, 1988. 122(3): p. 935-944.

Read LD, S.C., Miller JS, Greene GL, Katzenellenbogen BS, Ligand-modulated
regulation of progesterone receptor messenger ribonucleic acid and proteinin
human breast cancer cell lines. Mol Endo, 1988. 2(3): p. 263-271.

Carnevale, R., Proietti CJ, Salatino M, Urtreger A, Peluffo G, Edwards DP,
Boonyaratanakornkit V, Charreau EH, Bal De Keir Joffe E, Schillaci R, Elizalde
PV, Progestins on breast cancer cell proliferation, protease activation, and in
vivo development of metastatic phenotype all depend on PR capactiy to activate
cytoplasmic signaling pathways. Mol Endo, 2007.

Zhu, Y., Rice CD, Pace M, Thomas P, Cloning, expression, and characterization
of a membrane progestin receptor and evidenceitis an intermediary in meiotic
maturation of fish oocytes. Proc Natl Acad Sci USA, 2003. 100: p. 2241-2236.
Karteris, E., Zervou S, Pang Y, Dong J, Hillhouse EW, Randeva HS, Thomas P,
Progesterone signaling in human myometrium through two novel membrane G
protein-coupled receptors:. potential role in functional progesteron withdrawal at
term. Mol Endo, 2006. 20: p. 1519-1534.

Sharma, R., Euden SA, Platton SL, Cooke DN, Shafayat A, Hewitt HR, Marczylo
TH, Morgan B, Hemingway D, Plummer SM, Pirmohamed M, Gescher AJ,
Steward WP, Phase | clinical trial of oral curcumin: biomarkers of systemic
activity and compliance. Clinical Cancer Res, 2004. 10: p. 6847-6854.

Carroll, C., Ellersieck MR, Hyder SM, Curcumin inhibits MPA-induced secretion
of VEGF from T47-D human breast cancer cells. Menopause, 2008. 15(3): p. 570-
574.

Nakamura, K., et al., Curcumin down-regulates AR gene expression and
activation in prostate cancer cell lines. International journal of oncology, 2002.
21(4): p. 825-30.

Ohtsu, H., et al., Antitumor Agents. 217. J. Med. Chem., 2002. 45(23): p. 5037-
5042.

Lin, L., et al., Antitumor agents 247. New 4-ethoxycar bonylethyl curcumin
analogs as potential antiandrogenic agents. Bioorganic & Medicinal Chemistry,
2006. 14(8): p. 2527-2534.

Cheng, A.L., etal., Phasel clinical trial of curcumin, a chemopreventive agent, in
patients with high-risk or pre-malignant lesions. Anticancer research, 2001.
21(4B): p. 2895-900.

Lv, B.-H., et al., [Inhibition of curcumin on histone deacetylase and expression
promotion of P21 (WAF1/CIP1) in HepG2 cells] ABSTRACT. Zhongguo Zhong

123



138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

yao za zhi = Zhongguo zhongyao zazhi = China journal of Chinese materia
medica, 2007. 32(19): p. 2051-5.

Huang, S., et al., Blockade of Nuclear Factor-{{kappa}}B Sgnaling Inhibits
Angiogenesis and Tumorigenicity of Human Ovarian Cancer Cells by
Suppressing Expression of Vascular Endothelial Growth Factor and Interleukin
8. Cancer Res, 2000. 60(19): p. 5334-5339.

Shibata, A., et al., Inhibition of NF-xB Activity Decreases the VEGF mRNA
Expression in MDA-MB-231 Breast Cancer Cells. Breast Cancer Research and
Treatment, 2002. 73(3): p. 237-243.

Bachmeier, B., Nerlich AG, lancu CM, Cilli M, Schleicher E, Vene R, Dell'Eva
R, Jochum M, Albini A, Pfeffer U, The chemopreventive polyphenol curcumin
prevents hematogenous breast cancer metastases in immunodeficient mice. Cell
Physiol Biochem, 2007. 19: p. 137-152.

Anand, P., Sundaram C, Jhurani S, Kunnumakkara AB, Aggarwal BB, Curcumin
and cancer: An "old-age" disease with an "age-old" solution. Cancer Letters,
2008. 267(1): p. 133-164.

Yeo E-J., C.Y.-S., Park J-W, New anticancer stratagies targeting HIF-1.
Biochem Pharm, 2004. 68: p. 1061-1069.

Lottering, M.-L., Haag M, Seegers JC, Effects of 17b-estradiol on cell cycle
eventsin MCF-7 cells. Cancer Res, 1992. 52(5926-5932).

Lui, Z.-J., Zhu BT, Concentration-dependent mitogenic and antiproliferative
actions of 2-ME in estrogen receptor positive human brest cancer cell lines. J
Steroid Biochem Mol Bio, 2004. 88: p. 265-275.

Dahut, W., Lakhani NJ, Gulley JL, Arlen PM, Kohn EC, Kotz H, McNally D,
Parr A, Nguyen D, Yang SX, Steinberg SM, Venitz J, Sparrenboom A, Figg WD,
Phase| clinical trial of oral 2-methoxyestradiol, an antiangiogenic and apoptotic
agent, in paitients with solid tumors. Cancer Bio & Therapy, 2006. 51(22-27).
Ko, F., Wu CC, Kuo SC, Lee FY, Teng CM, YC-1, a novel activator of platelet
guanylate cyclase. Blood, 1994. 84: p. 4226-4233.

Yeo E-J,, C.Y.-S., Cho Y-S, Kim J, Lee J-C, Kim M-S, Park J-W, YC-1: A
potential anticancer drug targeting hypoxia-inducible factor 1. J Natl Cancer Inst,
2003. 95(7): p. 516-525.

Nardulli, A., Green GL, O'Malley BW, Katzenellenbogen BS, Regulation of
progesterone receptor messenger ribonucleic acid protein levelsin MCF-7 cells
by estradiol: analysis of estrogen's effect on progesterone receptor synthesis and
degradation. Endocrinology, 1988. 122(3): p. 935-944.

Read, L., Snider CE, Miller JS, Greene GL, Katzenellenbogen BS, Ligand-
modulated regulation of progesterone receptor messenger ribonucleic acid and
protein in human breast cancer cell lines. Mol Endo, 1988. 2(3): p. 263-271.
Flototto, T., Niederacher D, Hohmann D, Heimerzheim T, Dall P, Djahansouzi S,
Bender HG, Hanstein B, Molecular mechanism of estrogen receptor (ER)[alpha] -
specific, estradiol-dependent expression of the progesterone receptor (PR) B-
isoform. The Journal of Steroid Biochemistry and Molecular Biology, 2004.
88(2): p. 131-142.

Carmeliet, P., Dor Y, Herbert J-M, Fukumura D, Brusselmans K, Dewerchin M,
Neeman M, Bono F, Abramovitch R, Maxwell P, Koch CJ, Ratcliffe P, Moons L,

124



152.

153.

154.

155.

156.

Jain RK, Collen D, Keshet E, Role of HIF-1[alpha] in hypoxia-mediated
apoptosis, cell proliferation and tumour angiogenesis. Nature, 1998. 394(6692):
p. 485-490.

Yeo E-J, C.Y.-S,, Park J-W, New anticancer stratagiestargeting HIF-1. Biochem
Pharm, 2004. 68: p. 1061-10609.

Forsythe, J., et al., Activation of vascular endothelial growth factor gene
transcription by hypoxia-inducible factor 1. Mol. Cell. Biol., 1996. 16(9): p.
4604-4613.

Li, S., Shin, DH, Chun, Y-S, Lee, MK, Kim, M-S, Park, J-W, A novel mode of
action of YC-1 in HIF inhibition: stimulation of FIH-dependent p300 dissociation
from HIF-1{alpha}. Mol Cancer Ther, 2008. 7(12): p. 3729-3738.

Kazi, A., Jones JM, Koos RD, Chromatin Immunoprecipitation Analysis of Gene
Expression in the Rat Uterusin Vivo: Estrogen-Induced Recruitment of Both
Estrogen Receptor {alpha} and Hypoxia-Inducible Factor 1 to the Vascular
Endothelial Growth Factor Promoter. Mol Endocrinol, 2005. 19(8): p. 2006-
2019.

Shimizu, T. and A. Miyamoto, Progesterone induces the expression of vascular
endothelial growth factor (VEGF) 120 and Flk-1, its receptor, in bovine
granulosa cells. Animal Reproduction Science, 2007. 102(3-4): p. 228-237.

125



APPENDI X

126



I. CHEMICAL STRUCTURES OF PROGESTINS AND ANTI-PROGESTINS

COMPOUND TYPE STRUCTURE

Norgestrel Synthetic progestin

Norethindrone Synthetic progestin

Medroxyprogesterone Synthetic progestin

Acetate (MPA)

Progesterone Endogenous
progestin

RU-486 (mifepristone) Synthetic anti-
progestin
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II. CHEMICAL STRUCTURES OF SCREENED COMPOUNDS

Compound Sour ce Structure
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Epigallocatechin
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HO 0 O
OH
OH
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Resveratrol

Phytochemical
(grapes, wine,
etc)

Sulindac Sulfide

Synthetic,
NSAID

OH N O S{
‘o

Thalidomide

Synthetic, anti-
nausea
medication and
teratogen

YC-1

Synthetic,
soluble
guanylate
cyclase
activator,
specific HIF-1a
inhibitor

HO. / o\

2-Methoxyetradiol

Natural,
Endogenous
estrogen
metabolite
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Abstract: Progestins have been under observation for their effects on breast cancer
incidence in postmenopausal women undergoing Hormone replacement therapy.
However, the efficacy, as well as the different mechanisms of action on prevention and
proliferation of breast cancer remains largely unknown. This study seeks to address and
examine the cancer prevention or proliferation effects of medroxyprogesterone acetate
(MPA), norgestrel, norethindrone, and Megestrol acetate (MGA) in DMBA induced
Sprague Dawley rats. We found that while MPA accelerated the incidence (60%) and
latency period (35 days after DMBA )of tumors compared to controls(33% incidence and
latency period 45 days after DMBA), norgestrel and norethindrone were protective,
norgestrel animals were 100% tumor free and Norethindrone animals were 90% tumor
free, and MGA was similar to placebo animals. Further norgestrel was protective at 10
and 25 mg doses. Histological data shows that norgestrel treated animals have
preneoplasia, suggesting that norgestrel could block the DMBA tumors at preneoplastic
stages. Immunohistochemical data suggests that all animals exposed to progestins
expressed VEGF in their preneoplastic mammary gland. As norgestrel exposure blocked
tumors we stained for proteins like FLK, FLT, ER and PR to see if they were affected.
Norgestrel and norithindrone treatments that blocked the DMBA tumors had down-
regulated FLT, less than 3% of cells expressed ERalpha, PR was also down-regulated in
these tumors. Serum hormone levels indicated that in animals, MPA exposure down-
regulated progesterone (0.92+0.51 compared to controls 22.50+£11.87) and prolactin
(6.0£2.09 compared to controls 31.2+6.22). Norgestrel exposure upregulated prolactin
t0150.7+ 32.32 compared to 31.2+6.22 in controls. Norgestrel introduced at late time

points of 90 days after DMBA once tumors were present, failed to offer protection to the
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progressing tumors. Norgestrel could accelerate these tumors from size 29.83+13.6 to
78.8+14.5 compared to control sizes from 28.4+3.7 to 7.1£2.0. In summary, different
progestins have different effects in the breast. Norgestrel being safest of the lot, when
exposed at earlier time points and MPA the most dangerous in this model of DMBA

induced breast cancer in rats.
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(ABRCMS) held in Dallas, TX. Poster presentation: Effect of hydration
during long duration exercise on cardiovascular drift and maximeal
oxygen uptake

Annual Biomedical Research Conference of Minority Students
(ABRCMS) held in San Diego, CA. Poster Presentation: Correation of
Airway Impedance and Upper Airway Noise in Horseswith Laryngeal
Hemiplegia

Annual L eadership Alliance Symposium held in Chantilly, VA. Poster
Presentation: Correlation of Airway Impedance and Upper Airway
Noise in Horses with Laryngeal Hemiplegia

Annual Student Research Symposium at Tougaloo College in
Tougaloo, MS. Oral Presentation: The Effects of Urine pH on
Veterinary Bladder Tumor Antigen Test. (Awarded Best Biological
Presentation)

Annual Student Research Symposium at Tougaloo College in
Tougaloo, MS. Oral Presentation: Correlation of Airway Impedance
and Upper Airway Noisein Horses with Laryngeal Hemiplegia.
(Awarded Best Biological Presentation)

Annual Gatewaysto Veterinary M edicine Research Symposium held
in Columbia, MO. Oral Presentation: The Effects of Urine pH on
Veterinary Bladder Tumor Antigen Ted.
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