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Summary
Breast cancer is a cellular disease characterized by the exploitation of several

cellular and molecular mechanisms involved in cell proliferation, apoptosis, motility, and
invasion. Effective treatment is available for non-invasive breast cancer at diagnosis,
leading to a very high survival rate compared to the low survival rate for those where the
breast cancer has spread. Thus, identifying effective therapies and preventative agents is
imperative to successfully treat breast cancer. Since diet compromises a large component
of the risk factors for breast cancer, it would be beneficial to examine dietary compounds
that could potentially play a beneficial role in inhibiting cancer progression. For this thesis
the two dietary compounds chosen for investigation are resveratrol and genistein. Both of
these compounds can be naturally found within the diet. Resveratrol is present within the
skin of red grapes and genistein is commonly found in soy products. Preliminary studies
reveal that these agents have a cancer fighting potential at the level of invasion,
proliferation, apoptosis, angiogenesis and motility, steps of the complex process of
metastasis.

Since current therapies are ineffective in treating the most advanced form of breast
cancer, examining dietary agents and their potential role in inhibition of breast cancer may
provide valuable insight on the influence of diet in inhibiting cancer progression. Our
research aims to investigate the use of two dietary agents (resveratrol and genistein) to
effectively combat metastasis at multiple targets simultaneously. The hypothesis for this
research is that the combination of two different dietary compounds (genistein and
resveratrol) could lead to a greater success in treating breast cancer invasion and

metastasis by targeting multiple steps in metastasis. This thesis aims at identifying where



these agents overlap in their mechanism of action and differ in their exploitation of
pathways in metastasis. This finding could lead to a combinatory therapy to treat and
prevent metastasized breast cancer via dietary agents.

From an extensive review of research literature in this thesis, resveratrol may play a
significant role in preventing/treating breast cancer by decreasing the invasive phenotype
of cancer cells, altering MMP expression, adhesion and migration of the cancer cells. In
addition, resveratrol also decreases cell proliferation, apoptosis and effectively represses
angiogenesis. These findings suggest that resveratrol exploits multiple signaling pathways
involved in cancer progression to effectively combat cancer.

From an extensive review of research literature on genistein revealed that it
effectively reduces metastasis through a wide variety of mechanisms. Genistein decreases
invasion of cancer cells by inhibiting migration, cell adhesion, proliferation, and played a
significant role in modulating the expression of angiogenesis facilitators and angiogenesis
inhibitors.

This thesis identifies the similar and different targets in breast cancer progression
that are utilized by both resveratrol and genistein to inhibit metastasis. These include:
inhibition of MMPs for invasion, adhesion and migration of cancer cells, angiogenesis, cell
cycle proteins and cell proliferation pathways employed by cancer cells, and an increase in
caspase activity and apoptosis (Fig 14a-d).

Thus, the combined effects of genistein and resveratrol should lead to a more
substantial increase by inhibiting tangential or multi-layered events in metastasis and
would probably have a greater potential preventing and treating metastasized breast

cancer at multiple levels.



This thesis also proposes future studies to explore the combinatory effects of

resveratrol and genistein in inhibiting breast cancer progression at the cellular level.



1. INTRODUCTION
1.1 Disease facts

Breast cancer is a cellular disease characterized by uncontrolled cell proliferation
and spread to various tissues in the body through a process known as metastasis.
According to the American Cancer Society, treating early stage breast cancer that is
diagnosed before it is able to metastasize has a high success rate. Unfortunately, on
average, 1 in 8 women in their lifetime will actually develop the invasive form of breast
cancer, which leads to metastasis. Invasiveness indicates the ability of breast cancer cells to
leave the site of origin by breaking down the basement membrane (barrier that separates
tissues), allowing for movement of cells through the tissue and entrance into the
neighboring blood vessel. Migration and spread of the cancer cells then occurs to other
surrounding tissues and organs, and eventually to several parts of the body via the process
of metastasis. In 2010 alone, 28% of the new cancer diagnoses were attributed to this
particular form of invasive breast cancer (1). The individuals diagnosed with this advanced
form of breast cancer that has reached distant sites and metastasized at the time of
diagnosis have a mere 5-year survival rate of 25% (1). In contrast, the 5-year survival rate
for localized breast cancer that has not spread is 98%, which highlights the importance of
early detection (1). Within the United States, among cancer related deaths, breast cancer is
now the second highest mortality factor in women, ranking just below lung cancer (1).
Therefore, it is important to improve our understanding of this disease through research
and increase the effectiveness of available therapies in combating metastatic breast cancer.

1.2 Steps of metastasis
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The high mortality rate that is attributed to breast cancer stems from its metastatic
potential. Thus, it is important to understand the cellular and molecular processes that
underlie metastatic progression in order to design effective therapeutic strategies against
it. It is necessary to be aware of the different targets and pathways that can be inhibited
within this process, especially since these steps may be potential sites for multiple target
therapy use. Cancer is a cellular disease, and carcinogenesis initiated by one transformed
or mutated cell, that gets damaged by external or internal stimuli, thereby altering the
normal function of the cell, into an uncontrollable state of growth.

Following these initial transformation events, the process of metastasis ensues and
this metastatic process occurs via:

1. Attachment of the cancer cells to the basement membrane, the tissue barrier
between the cells and other tissues or neighboring blood vessels

2. Breakdown of the basement membrane through the release of degrading enzymes

3. Invasion of the cancer cells into the bloodstream by a process called intravasation

4. Migration of the cancer cells throughout the body and arrest in secondary and
tertiary organs

5. Continuous growth and division through microcolonization, and

6. Obtaining a blood supply via angiogenesis

1.2.1 Attachment (step #1 in figure 1)

The process of migration from the primary tumor site begins when the cancer cells
attach to the neighboring basement membrane (Fig 1). At this point, there are certain
essential cellular functions that must occur for cell migration to take place. As shown in the

figure above, attachment begins with a loss of adhesion between neighboring cells. This
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reduction in adhesiveness occurs by the cancer cells losing several cell-to-cell binding

proteins, such as e-cadherins (2). This reduces the connections and cohesiveness of cancer

cells, allowing for detachment to happen, leading to an enhanced freedom for motility by

these cells.

Next, increased expression of receptors present on the plasma membrane of cells is seen.

These receptor proteins, also known as integrins, are composed of both alpha and beta

Carcinogenesis
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Figure 1: Steps in Metastasis and potential steps for therapeutic targets

subunits and have
the ability to
control cell-to-
basement
membrane
adhesiveness (Fig
1) (2). Integrins
can mediate
attachment to
fibronectins,

laminins and

collagens found in the basement membrane. It is important to emphasize the basic

structure of the integrins since specific alpha and beta subunits are more common in

certain cancer states. The attachment to the basement membrane is mediated through the

B1 subunits of the integrins. For example, «131 and a231 integrins bind to certain types of

collagen and laminin in the basement membrane, while integrins with the aV subunit

attach to the fibronectins and vitronectins in the basement membrane. In breast cancer
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certain integrins are up-regulated or down-regulated depending on their function (3).
Integrins a2, a5, and 1 have increased expression in breast carcinomas, which allows for
enhanced invasiveness and metastatic potential. It has also been shown that aV(33 and
aV5 integrins among others, are activated in metastasized breast cancer, and coincide
with an increase in cell adhesion, migration and microcolonization (4). Other integrins are
also linked to breast cancer aggressiveness and include; a181, a2f1, a3 1, a6B1, aVB1 and
aV5. Upon binding and activation of integrins, invasion of the cancer cells can occur and
increased cell motility effects can be seen by the promotional activation of downstream
signaling molecules. An increased amount of integrins seen within the plasma membrane
can be markers for breast cancer aggressiveness (2).

In summary, the cancers cells, now displaying decreased cell-to-cell adhesiveness,
and have gained an increased ability to attach themselves to the basement membrane
through these integrin receptors (2). This attachment between integrin and basement
membrane proteins leads to the regulation and release of chemotactic molecules that aid in
motility and proteases that aid in basement membrane degradation (5).

1.2.2 Breakdown of the basement membrane (step #2 in figure 1)

The cancer cells, now attached to the basement membrane, promote the release of
matrix metalloproteases (MMPs) from tumor cells (2). MMPs are protealytic enzymes, that
when activated lead to the degradation of the basement membrane, thereby breaking open
the barrier between the tissues (Fig 1) (2). MMPs are part of the urokinase plasminogen
activator (uPA) system (6). This system works by allowing the MMPs to transition from
inactive to their active form. Upon this change in expression, the enzymes degrade the

basement membrane. (3).

13



Specific MMPs play a role in the breakdown of different areas of the basement
membrane. They are classified into four main groups known as collagenases, gelatinases,
stromelysins and membrane-type MMPs (7). Collagenases degrade different forms of
collagen by using MMP-1, -2, and -8, while gelatinases degrade denatured collagen referred
to as gelatin through MMP-2 and -9. Stromelysins degrade several basement membrane
proteins including proteoglycans, laminin, fibronectin and include MMP-3, -11, -10 and -7
(8). The final group of membrane-type MMPs have a transmembrane domain and consists
of MT1-MMP which degrade several basement membrane substrates (8).

Individuals with breast cancer have been shown to have enhanced expression of
MMP-2 and MMP-9, which may lead to further activation of other MMPs within the tissue
(8). These proteases promote tumor progression, and lead to metastasis through invasion,
subsequently activating growth factors and promoting angiogenesis (8). Hence, the
breakdown of the basement membrane by specific MMPs, such as MMP-9 and MMP-2
would be a therapeutic step that can be targeted for the inhibition of invasion. (Fig 1)

1.2.3 Invasion (step #3 in figure 1)

Once the basement membrane is compromised the cancer cells are motile and enter
the blood vessel through a process called intravasation (Fig 1). The motility acquired
occurs by actin polymerization, new actin filaments produced at the leading side of the cell
allow for elongation of the cell to occur (9). Three main cytoskeleton fibers are present
within the cell leading to its normal structure and they include microfilaments,
microtubules, and intermediate filaments. In order for the for cell motility to occur, actin
fibers reorganize and polymerize into the leading edge allowing the cell to move forward at

the leading end of the cell (9). The actin structures reorganize during movement and the

14



different cellular structures, filopodia, lamellipodia, and focal adhesions, are extended from
the surface of the cell allowing for attachment to the substrate and movement to ensue. The
rear of the cell must then be able to retract forward through the myosin II and actin
interactions that allow for the final movement seen in cell crawling (10). Once in the blood
stream, these cancerous cells may encounter immunological factors of the infected
individual, and some die off. Those cells that are best suited for metastasis survive the
journey through the blood. This passage may be facilitated by the binding of these cells to
coagulation factors such as tissue factor, fibrinogen, fibrin, and thrombin (11).

1.2.4 Migration and invasion (step #4 in figure 1)

Once the cancer cells reach the target site they exit the blood vessels at the capillary
level, by a process called extravasation (Fig 1). The cancer cells then establish a suitable
microenvironment for their growth and survival (11). Breast cancer cells have shown
preferential distribution of cancer to certain sites like the liver, bone and lung since these
are the first pass organs in the vascular system. (11). This preferential dissemination has
been attributed to the production of chemoattractants, which are growth factors released
by target sites that provide a conducive environment for the cancer cells to survive and
grow (11).

1.2.5 Microcolonization (step #5 in figure 1)

Growth ensues once the cells find their secondary and tertiary sites, creating
increased cell division in these tissues. Cancer cells acquire an increase in proliferative
ability by activating certain cell pathways, such as epidermal growth factor (EGF), platelet-
derived growth factor (PDGF), fibroblast growth factor (FGF), transforming growth factors

(TGF), insulin-like growth factor (IGF), tumor necrosis factor (TNF), and interleukins (IL)
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(12). When growth factor expression is enhanced, for a number of different or abnormal
reasons, as seen in cancer, an increase in proliferation and evasion of apoptosis is seen
(12). Inhibiting growth signal pathways would be a beneficial target for dietary agents,
allowing the proliferative process to be halted and inducing apoptosis in the cancer cells.

There are several other key molecular targets for therapy to focus on including
nuclear factor-kappa B (NF-kB). This particular transcription factor can be activated by an
assortment of carcinogens as well as cytokines and inflammatory mediators among others
(12). NF-kB can induce transcription of over 200 genes including those that aid in the
metastatic process. For example, cyclin D1, a cell proliferation gene, can be expressed
through NF-kB and subsequent activator protein-1 (AP-1) activation as well as adhesion
molecules, and Bcl-2 which is anti-apoptotic (12). Other proteins may also be up regulated
during the course of cancer. This may include the cell survival kinase Akt, which promotes
cell survival through NF-kB activation as well as promoting anti apoptotic proteins.

Several other pathways may also be compromised including tumor suppressor gene
and oncogene pathways (12). Some examples of these altered regulators of the cell cycle
include p53, beta-catenin, and the Jak-stat pathway. The mitogen-activated protein kinase
(MAPK) pathway, is thought to further advance cell growth and initiate growth factor
activation important in metastasis (12). Cell adhesion molecules such as ICAM-1, VCAM,
and ELAM have also shown enhanced activation during metastasis.

Increased activation of these regulators and promoters during breast cancer makes
these proteins and genes essential targets in the microcolonization step in metastasis.
Within this proliferative and cell survival step, migratory factors are noted for their help in

movement of cells to secondary and tertiary sites. This movement is done mainly through
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chemoattractants and chemokines, which direct the cell to particular sites of the body and
allow for cell progression to occur. For example, the chemokine IL-8, upon binding with its
receptor, is able to promote proliferation and angiogenesis of the cancer cells (12). But,
cancer cells are only able to proliferate to a certain point before they must rely on this
outside blood supply and nutrients to continue their growth and metastasis.

1.2.6 Angiogenesis (step #6 in figure 1)

The blood supply necessary for tumor growth occurs through angiogenesis. This
process takes place when cancer cells release angiogenic factors that enable new growth of
pre-existing blood vessels (13). Breast cancer cells release signaling molecules known as
chemoattractants and angiogenic factors that are up regulated in cancer such as: vascular
endothelial growth factor (VEGF), epidermal growth factor (EGF), fibroblast growth factor
(FGF), interleukin 8, platelet-derived endothelial growth factor (PDEGF), transforming
growth factor alpha, and tumor necrosis factor alpha which direct the endothelial cells
toward the cancer site or a specific area needing a blood supply (13). Receptors are present
on the endothelial cells that facilitate binding between the chemoattractants and their
receptors on the endothelial cells which leads to the induction of a signaling cascade and
ultimately activated gene expression of the endothelial cells. Endothelial cell activation
gives rise to multiple changes in gene expression inducing endothelial cell proliferation,
releasing and activating matrix metalloproteases (MMPs), and endothelial cell migration to
the cancer cells which reorganizes the dividing cells in the cytoskeleton via angiogenesis
(13).

1.3 Compensatory vs. essential cell migration mechanisms
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There are certain compensatory mechanisms that the cancer cells can trigger which
allow them to overcome obstacles that may potentially block metastatic spread. The initial
compensatory process cancer cells are able to overcome is the loss of e-cadherins, which is
important in cell-cell adhesion. The loss of this adhesiveness may force single cell
migration of the cancer cells to occur through the basement membrane. Before migration
can occur, integrin-mediated attachment of the cells to the basement membrane must take
place, as shown in figure 1 step number 1. These cancer cells have the ability to
compensate for this integrin attachment through initiating different cell-matrix
interactions, and/or utilizing additional integrins that may be in or around that same area,
as well as promoting cytoskeletal shape changes of the actual cell itself (14). Normally,
after integrin attachment occurs in step 1, release of MMPs ensues, causing proteolytic
degradation of the basement membrane. If certain MMPs are inhibited through treatments
or other cellular mechanisms interfering with their expression, cancer cells may potentially
work to enlist the help of other available MMPs in the surrounding tissue. The cancer cells
may also acquire the ability to completely evade the use of degradation enzymes by
changing cellular cytoskeletal shape, that may allow for the cells to squeeze through the
membrane in areas of the least resistance (14). Lastly, activation of chemotactic factors and
cytokines, which help guide the cancer cells through the body, may also potentially be
compensated for. This is accomplished by the cells when they retain specific cytoskeleton
organization that leads to the maintenance of cell polarity and migratory movement via
cytoskeletal proteins, regardless of the presence or absence of chemotactic factors (14).

Hence, certain parts of the cell migration process may have the ability to be compensated
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for by some cancer cells, but these mechanisms are still very important, as the most utilized
routes of cancer cells for metastasis, and should not be overlooked in treating the disease.
On the other hand, there are essential components of cell migration that cannot be
compensated for by cancer cell machinery. Since the cells are capable of having enhanced
movement, it is necessary that they have some sort of physical contact with the basement
membrane in order to migrate through, and leave the original tissue (14). Once they have
pushed or squeezed through the membrane, the cells need to be able to maintain polarity,
which allows the cell to sense its surrounding environment. Once it is able to sense its
surrounding environment, it proceeds to move in the direction of movement through actin
filaments reorganization in the cell that promotes the formation of cellular protrusions.
These cytoskeleton reorganization events occur through actin polymerization and
depolymerization by the cell, utilizing the actin-myosin filaments. Consequently, cell
motility may be impaired through the inhibition of actin polymerization by drugs including
cytocalasin D, latrunculin and others that target myosin-II-activation of the actin filaments
(14). A form of therapy that could target these essential functions would focus on the
cytoskeleton and cell motility structures. It would also be useful to target cytokinesis as
well as chemotaxis, the ability of the cells to move based on chemicals in their environment.
A beneficial form of therapy that can be examined would include targets within
several specific steps of cancer cell migration, as discussed above, and inhibiting these
targets might potentially have a broad range of inhibition than specific targeted therapies.
Successful therapies for invasion and metastatsis would need to focus on inhibiting both
compensatory and essential, mechanisms in migration. Currently, there are only a few

different therapy options available for treating those with the advanced form of breast
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cancer. such as inhibitors of cell proliferation and angiogenesis, however, there are no
therapies that target essential steps involved in cell migration.

A therapy that would include both metastasis and cell motility in its mode of action
needs to be researched into as tumor cells have the ability to employ multiple pathways
within metastasis. The use of these multiple routes allows the cancer cells to become
resistant to radiotherapy, drug/hormone therapy and chemotherapy treatment, which is
currently available for unmetastasized breast cancer patients.

1.4 Current therapies: benefits and inefficacies:
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Figure 2: Steps of metastasis and targets of current therapeutic targets

breast

cancer including the use of matrix metalloprotease (MMP) inhibitors, angiogenic inhibitors,
and inhibitors of cell microcolonization. Each form of therapy is able to target a specific
step in the metastatic process.
1.4.1 MMP inhibitors

MMP inhibitors can target general MMP expression (Fig 2). Targeting proteases,

allows for the inhibition of both attachment and break down of the basement membrane,
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inhibiting invasion (Fig 2). MMP expression increases in malignhancies, treatment to combat
this increase is through the use of mitogen activated protein kinase (MAPK) inhibitors,
which inhibit general MMP expression, leading to a decrease in cancer invasiveness. (15).
Certain inhibitors in use include PD 166286, and SB 203560 (15). Antisense
oligonucleotides are also utilized to target specific MMPs, slowing the progression of cancer
(15). Potential therapeutic agents designed for metastasized breast cancer include the use
of peptidomimetic MMP inhibitors, nonpeptidic MMP inhibitors, tetracycline derivatives
and bisphosphonates (15).
1.4.2 Angiogenic inhibitors

Angiogenesis, as mentioned earlier, is the growth of new blood vessels from the
endothelial cells lining the existing blood vessels (16). Typically angiogenesis during
adulthood is activated during female reproduction, tissue and wound repair. In which case
angiogenesis is tightly regulated to ensure a proper blood supply to the site of injury or in
shedding of the endometrial lining monthly during the menstrual cycle. This fine regulation
is controlled by the concentration of both activator and inhibitor molecules of angiogenesis
(17). Typically when a tumor initiates angiogenesis it produces a greater amount of
activators, while decreasing the amount of angiogenic inhibitors, allowing for endothelial
cells to sprout and grow towards the tumor site (12). The tumor gains a blood supply
alongside oxygen and nutrients, allowing it to continuously grow and metastasize. For this
reason, inhibiting blood vessel growth is a key target for chemotherapeutic agents in
patients with tumor growth, much like metastasized breast cancer individuals.

Angiogenic inhibitors combat activating expression produced by breast cancer cells.

The inhibitors have a dual role, targeting angiogenesis both directly and indirectly (18).

21



The direct angiogenic inhibitors do not target the cancer cells directly, instead they stop the
progression of cell growth, migration and induce apoptosis in the vascular endothelial cells
(18). Current commercial drugs that target this process include vitaxin and angiostatin.
Indirect angiogenic inhibitors, on the other hand, such as herceptin, prevent signaling
proteins in cancer cells from activating angiogenesis, and/or blocking receptor expression
(final step in figure 2). High therapeutic doses are used to ensure that an inhibitory effect
on the metastatic cascade. Finally, synthetic inhibitors may be applied as a therapy and
they work by blocking the signaling of the stimulators elicited through the cancer cells.
Angiostatin, endostatin, thrombospondin, avastin are all examples of natural and synthetic
inhibitors (13). Hence, agents that could block angiogenic signaling would be beneficial in
slowing the progression of breast cancer. If this step is not inhibited, a blood supply is
established, growth ensues, and the cancer cells look to expand their horizons yet again in a
continuous metastatic process (Fig 2).
1.4.3 Microcolonization inhibitors

Invasive cells are able to acquire and use several signaling pathways, leading to
continual progression of the cell cycle and evasion of apoptosis. Some signaling pathways
important for metastatic progression include the phosphatidylinositol 3-kinase (PI3K)/Akt
pathway, the mitogen activated protein-kinase (MAPK), and Nuclear factor kappa Beta (NF-
kB) transcription factor (19). Although they are not the only ones recognized in advanced
breast cancer metastases, they play a vital role in cancer progression. Current use of drugs
such as gefitinib, may act as epidermal growth factor receptor (EGFR) tyrosine kinase
inhibitors (TKI), inhibiting the activation and growth of epidermal growth factor

expressing cells (19). Growth factors are a key target among others, including the down-
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regulation of the MAPK pathway, leading to a decline proliferation and an increase in
apoptosis.
1.4.4 Metastasis

All three therapies discussed above work by targeting important steps in the
formation of breast metastases. Unfortunately, tumors formed during metastasized breast
cancer are able to oppose the killing effects of drugs and procure a resistance to treatment
(20). This resistance can be seen with increased breast cancer therapy use, leading to a
greater resistance to form that can be applied to a large spectrum of drugs rather than an
individual /specific drug.

These therapies act by eliciting apoptosis in cancer cells, but the cancer can evade
this process by utilizing pathways that hinder cell death, allowing DNA damaged cells to
resist destruction by numerous therapies (20). This can be seen in metastasized breast
cancer, when the tumor shrinks with therapy use, but upon treatment completion, the
remaining tumor cells replenish the cancer population. The use of multiple drugs at the
most effective level is a good approach, but there are several problems that still arise in
regards to toxicity, effectiveness and long-term usage with current treatments. Other forms
of multiple target therapy must be investigated as such large portions of metastasized
breast cancer patients have a low survival rate.

1.5 Gaps in research: multiple target therapy

In order to stop or slow the invasion process, therapeutic agents that have potential
to combat cancers cell’s ability to exploit multiple pathways at multiple steps need to be
explored. It would be beneficial to look at a main environmental factor that already has an

impact on cancer occurrence, the diet. In particular, it would be useful to investigate the
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breast cancer fighting potential of both resveratrol and genistein, which are utilized in the
diet. The research throughout this paper will focus on these two dietary compounds for
their potential as multi-targeted therapeutic agents on invasion and metastasis. Current
therapy options include use of inhibitors against angiogenesis, cell proliferation and MMPs;
with each focusing on one single molecular target within metastasis. Thus, each current
therapy works on a single target, focusing on only one step in the metastatic cascade.
Implementing this type of therapeutic strategy enables the cancer cell to compensate by
employing other signaling pathways/mechanisms for its growth and survival, thereby
leading to the ineffectiveness of these therapeutic agents. Combining therapies together
(such as genistein and resveratrol) to have a multiple targeted approach at inhibiting
several steps in the metastatic process simultaneously is important and would be effective
against metastasis. This would be achieved by targeting several pathways and mechanisms
within the metastatic process, creating a better chance for treatment to inhibit the cancer
cells. Our research aims to investigate the use of dietary agents, resveratrol and genistein in
effectively combating metastasis at multiple targets simultaneously. The combinational
effects of these two dietary agents could potentially lead to an increased multiplicity of
inhibition of the several layers included in metastasis. In particular, the following cellular
processes will be focused: MMPs, angiogenesis, cell proliferation, and cell motility. Overall,
this thesis attempts to explore if these dietary agents can give an overarching coverage for
metastasized breast cancer therapy through the individual’s dietary intake or physiological
concentrations of genistein and resveratrol, leading to the best possible outcome for the
patient and their survival.

1.6 Advantages of using dietary agents
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One of the advantages of using these dietary compounds are that they can be
utilized at physiological concentrations, which is important for the patient and normal
processes occurring in the body. These agents when combined may lead to an overarching
multiplicity effect on the levels of metastasis.

Since these compounds are already consumed in the normal diet, they present an
advantage over ingestion of other chemicals that might present toxicity effects. And, also,
since these dietary compounds are utilized on a daily basis, they are widely and globally
available and rather inexpensive. This is of particular importance due to the higher toxicity
potential of certain therapies that becomes a problem with continuous use. Hence, these
dietary compounds have the potential to be utilized for undesignated amounts of time and
present none of the toxic effects and unwanted side effects that are normally seen in
chemotherapy and radiotherapy.

The nature of these dietary compounds suggest that they could potentially act via a
multi-targeted action, as discussed previously; multiple target therapies can inhibit more
than one-step of the metastatic process at a time. For example, resveratrol has been shown
to inhibit certain MMPs compromised in the degradation of the extracellular matrix, as well
as acting as an angiogenic inhibitor, inhibiting multiple micro-colonization pathways, and
halting cell motility (21). Hence, resveratrol targets multiple metastatic steps at one time,
leading to a greater inhibition of breast cancer progression than a single target therapy.
Treatment with more than one dietary agent, allows the two compounds to act on various
steps in metastasis, leading to a new and possibly beneficial therapy option that works
through the diet and may be utilized for prevention and treatment of metastasized breast

cancer.
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1.7 Hypothesis

Dietary compounds can utilize several pathways to cause cell cycle arrest, induce
apoptosis in the cancer cells, act to inhibit angiogenesis, prevent the breakdown of the
basement membrane, and increase cell motility, and thus would have tremendous potential
in treating breast cancer. The hypothesis of this thesis is that the two different dietary
agents (genistein and resveratrol) could have the potential ability to inhibit
metastasis at multiple steps and therefore could be more effective in treating cancer
metastasis. The approach taken for this thesis was to examine current literature and
identify potential areas of overlap and differences in their mechanism of action on
exploitation of pathways in metastasis. This could lead to a better-fit combinatory therapy
to treat and prevent metastasized breast cancer via the diet. The effects of these two
dietary agents will be examined on parameters employed by the cancer cells for
angiogenesis, invasion and migration.
1.8 Focus of review

To view the role of genistein and resveratrol in invasion and metastasis the
following factors must be examined and will be the focus of my investigation. As a starting
point, the inhibition of matrix-metalloprotease expression, degrading enzymes, and
integrins present in the basement membrane (step #1 and 2 in figure 1) was examined. The
next step explored was the role of both compounds in down-regulating pathways on cell
proliferation and microcolonization (step #5 in figure 1). Down-regulating these pathways
could potentially also down-regulate the spread of cancer throughout the body. Inhibition
of angiogenic growth factors and regulators (step #6 in figure 1), and finally, the effect of

resveratrol and genistein on actin polymerization and myosin II activity that occurs during
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cell migration (step #2, 3 and 4 in figure 1) was explored. Above all the other process, this
final mechanism might be a critical factor in metastasis, as it involves an essential step that
the cell cannot bypass, and hence may have an usefulness that could potentially extent
beyond breast cancer alone.

The other main focus, that encompasses all of the above criteria, is to see if these
compounds can exploit multiple targets/pathways in reducing metastasis at one time, and
if combining these agents would lead to multiple levels being inhibited. Overall, this would
lead to a higher multiplicity of inhibition as discussed earlier. The type of therapy to look
for throughout this thesis is one that keeps all of these mechanisms and issues mentioned
thus far into account. In order to examine these dietary compounds and their effects on
invasive breast cancer, individual research on resveratrol and genistein must be explored
in depth at each target of metastasis, giving the cellular and molecular components that are

at work in helping with cancer.

2. Review of literature

2.1 Resveratrol

oH| Resveratrol, a plant-derived polyphenol
phytoestrogen (Fig 3), has been found within
OH NS the skin of red grapes and other food
products/plants including raspberries,
blueberries, red wine, peanuts and certain

OH
Figure 3: Structure of Resveratrol types of pines (22). It has also been produced,
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to a lesser extent, as an antimicrobial agent by certain plants that have been under
pathogenic attack (22).

Resveratrol was widely tested and studied and showed several health benefits
(heart, neurological, liver, lungs, etc.) and has displayed a pertinent role in several age-
related illnesses including diabetes, arthritis, neurodegeneration and pulmonary disease
(23). Resveratrol’s effects on aging-relating conditions appears to be through the
activation of certain sirtuin NAD*-dependent proteins (24). Sirtuin NAD+*-dependent
proteins are known protein deacetylases that regulate transcription of genes relevant for
aging related processes, inhibiting apoptosis and cell cycle progression (24).

Resveratrol’s effects on cardiovascular health has been demonstrated in a
phenomenon called the “French paradox” (25). It was noticed that the French population
had a lower incidence of cardiovascular disease even though they consumed a high-fat diet.
Studies have shown that this could be due to the increased intake of red wines high in
resveratrol, leading to cardio protective qualities including anti-platelet aggregation, and
vasorelaxation (26). Resveratrol has also been shown to have beneficial cancer fighting
properties such as cell cycle inhibition, inhibition of DNA synthesis through reducing DNA
polymerase and ribonucleotide reductase activity (22, 27, 28), pro-apoptotic actions, cell
proliferation inhibition, as well as inhibition of angiogenesis, inflammation, adhesion-
related invasion and progression of metastasis (24).

Resveratrol was investigated in a number of different studies to explore its role in
the invasion of breast cancer cells by influencing MMPs, signaling pathways, and
angiogenesis which led to a decreased invasive potential and metastatic spread in breast

cancer phenotypes. In animal models it has been noted that resveratrol is quickly
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metabolized by the liver, while in humans who consumed 25mg of resveratrol, only 70%
was absorbed into the blood through the action of carrier molecules. The absorbed
resveratrol displayed a half-life of approximately 10 hours, reaching maximal plasma levels
near 2 uM (29). These next few subsections examined the beneficial role of resveratrol in
inhibiting the growth and promotion of metastasized breast cancer via inhibition of MMPs,
cell microcolonization pathways, angiogenesis and cell motility.

2.1.1 Resveratrol and MMP inhibition

Several studies have looked at the possible MMP inhibition by resveratrol in breast
cancer cells. The findings of extensive breast cancer research suggest an up-regulation of
the gelatinases, MMP-2 and MMP-9 in these cells. These particular MMPs, as discussed
earlier, are important in degrading collagen IV in the basement membrane. When over-
expression of MMP-2 and MMP-9 occurred, as displayed in several cancer states, a greater
invasive potential of the cancer cells was observed.

Resveratrol’s effects on MMPs were studied in multiple cancers, and have shown
agreement thus far on the beneficial role of resveratrol on inhibiting the invasive stage of
cancer. Studies included breast cancer trials, where estrogen receptor positive (ER+)
individuals had an increased likelihood of over-producing human epidermal growth factor
receptor 2 (HER-2), a known transmembrane tyrosine kinase (30). When up regulated,
HER-2 led to greater MMP-9 expression, and increased invasive potential of tumors
through its ability to activate multiple signaling pathways in the cell (30). This growth
factor receptor, among others, including HER-2, -3, and -4, were activated by heregulin-1
(HRG-f1), a growth factor that is expressed in around 1/3 of metastasized breast cancer

patients (30).
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Tang and colleagues utilized MCF-7 cell lines, which are estrogen receptor positive
human breast adenocarcinoma cells, and examined resveratrol’s effects on MMP-9
expression through modulation of HER-2 (30). The cell lines received low concentrations of
resveratrol (2, 5 and 10 uM), which were slightly higher than physiological concentrations
(100 pM to under 2 pM). Resveratrol treatment displayed a decrease in HRG-1 induced
MMP-9 expression (23, 27). The decreased expression of MMP-9 was mediated through
inhibition of ERK1/2 activation within the MAPK cascade, which reduced MMP-9
expression and mediated breast cancer cell invasion (30). The MAPK pathway, a cell
proliferative signaling cascade, was shown to lead to the activation or inactivation of
several transcription factors related to various metastatic processes. In breast cancer, any
defect or mutation in the MAPK pathway has been shown to lead to increased invasion,
among other processes. In the absence of resveratrol on the MCF-7 cell lines, the kinase
pathway was activated and promoted expression of the growth factor, HRG-$1, which led
to subsequent HER-2 mediated MMP-9 expression (similar in most cancer states) (30).
Upon resveratrol treatment, HER-2 activation was not induced, inhibiting downstream
signaling, including repressing MMP-9 expression, which inhibited invasion.

HRG-f31, being down regulated upon resveratrol use, also led to decreased
activation of Akt of the PI3K/Akt pathway (23, 27). In the context of metastasis, Akt
activation normally promoted cell proliferation by enabling cell survival (as discussed in
greater detail in the subsequent sections). Hence, resveratrol treatment on breast cancer
cells exhibited a subdued invasive phenotype, through inhibited MMP-9 expression.
Further in vitro studies performed on MCF-7 cell lines agreed with these findings even

though this cell line was non-aggressive it did show targeting of MMPs. Demonstrating that
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after cancer cells were administered varying concentrations of resveratrol (10, 25, and 50
uM), they displayed a dose-dependent decrease in MMP-9 expression (31).

Similarly, Banerjee et al, through an in vivo animal study on breast cancer, further
evaluated resveratrol’s effects on NF-kB, cyclooxygenase-2 (COX-2) and subsequent MMP-9
expression (31). Female Sprague dawley rats containing 7,12-Dimethylbenz(a)anthracene
(DMBA)-induced mammary tumors were used for this study. DMBA is a carcinogen that
causes mutations to occur leading to tumor progression. The results showed that rats fed
100 pg/rat resveratrol over a minimal period of 120 days displayed decreased expression
of MMP-9 suggesting that resveratrol was effective in reducing tumor incidence,
development, and growth in Sprague Dawley female rats (28).

[t is important to understand the mechanism through which resveratrol down-
regulated MMP expression. One such factor, NF-xB, a transcription factor, played an
important role in promoting breast cancer metastasis by activating the transcription of
several genes, including inducing expression of MMP-9 and Cyclooxygenase 2 (COX-2).
COX-2 is an enzyme expressed normally during inflammation, but was up regulated in
breast cancer and allowed progression of tumor metastases. NF-kB activation induced
transcription of the MMP-9 gene and subsequent MMP-9 expression, which was
upregulated in disease/cancer states (32). Treatment with resveratrol has demonstrated
down-regulation of NF-kB, which has led to inhibition of MMP-9 activation, and
consequently decreased its expression and invasive potential (33).

MMP-2 and MMP-9 (gelatinases) are the two main MMPs up regulated in breast
carcinomas, and target the denaturation of collagen in the basement membrane in order to

invade into the neighboring tissues by entering the blood stream. It is also important to
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mention the effects of resveratrol on MMP-2. Resveratrol showed inhibition of MMP-2
expression, reducing breakdown of the basement membrane through this protease as well.

Resveratrol effects on MMP-2 expression have been documented in multiple studies
discussed in the following section. In estrogen receptor negative breast cancer cells a
specific hormone, insulin-like growth factor 1 (IGF-1), was needed for the metastatic
spread of cancer cells (34). In certain cancers, IGF-1, when activated, displayed enhanced
protease expression, and increased invasiveness of cancer cells (34-36). IGF-1 activated
and induced both MMP-2 and MMP-9 expression, the two MMPs up regulated in metastasis
of breast carcinomas, as discussed (31). [t was also documented that IGF-1 expression in
prostate carcinoma cells, stimulated MMP-2 and MMP-9 expression through different
signaling routes (31).

Tang and colleagues investigated IGF-1’s role on MMP-2 expression in breast cancer
progression. Human breast cancer cell lines, MDA-MB 435, treated with resveratrol showed
a dose-dependent decrease in IGF-1 induced MMP-2 expression, maximal inhibition
occurred at 20 pM via down-regulation of the PI3K/Akt pathway (34),thereby reducing the
invasive potential of these breast cancer cells.

MMP-2 expression was also explored in an animal in vivo model. Nude mice were
transfected with heptoma cancer cells (liver cancer) (37). 50 and 100 pg/kg of resveratrol
were administered over 3 times per week after implantation of the tumor cells in the mice
(34). The results suggested that resveratrol caused a dose-dependent decrease of MMP-2
expression, similar to the results experienced in MDA-MB-435 cell lines. It was

hypothesized that the mechanism by which resveratrol promoted these effects, occurred
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through modulation of NF-kB expression and hence, down-regulated MMP-2 in the
heptoma cells of the nude mice (32).

MMP-2 inhibition was further demonstrated by Gagliano and his team when they
investigated resveratrol’s effects on glioblastoma cells (38). Glioblastoma cell lines, highly
metastatic brain tumors coupled with a very poor prognosis, were tested (T60, T63 and
GBM) and administered resveratrol concentrations between 1 and 50 uM (35). The data
was analyzed on MMP-2 expression and secreted protein acidic and rich in cysteine
(SPARC) expression. SPARC, a glycoprotein was evaluated because it had the capability of
inducing expression of MMP-2 and MMP-9 and mediating cell-matrix interactions in the
basement membrane (35).

MMP-2 mRNA levels decreased in a dose-dependent manner after 72 hours of
resveratrol administration (between 1 and 50 uM concentrations) (35). The SPARC gene
protein expression levels decreased as well following 72-hour treatment with resveratrol
(35). The down-regulation of MMP-2 expression that occurred was attributed to the
inhibition of NF-kB activation (33). Thus, an extensive literature review , supported
resveratrol’s influential role on inhibiting the breakdown of the basement membrane and
inhibiting the invasion of cancer cells through MMP-2 and MMP-9.

Literature reports throughout this section revealed resveratrol’s inhibitory
properties regarding over activation and initiation of proteases, glycoproteins,
transcription factors like NF-kB, and signaling pathways that help to modulate proteolytic
breakdown of the basement membrane (24-33). The down regulation of MMPs (MMP-9
and MMP-2) was essential in causing a reduction of the invasive phenotype of cancer cells.

The cellular mechanisms involved in invasion included up regulation or down regulation of
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several signal transduction pathways compromised within metastasis. Some of these have
been mentioned above, but will be covered in depth in the following cell microcolonization
section.

2.1.2 Resveratrol and cell microcolonization inhibition

Prior research demonstrated that various cell proliferative and survival signaling
pathways were important components of microcolonization, and were altered by
resveratrol. These cellular behaviors are important for the establishment of micro
metastases. This section thoroughly examined those pathways that resveratrol influences,
beginning with cell proliferation, cell cycle proteins, and finally apoptosis.
2.1.2.1 Resveratrol and cell proliferation

Resveratrol inhibited cancer cell proliferation through regulation of various
transcription factors including NF-kB, AP-1, and modulated estrogen receptors (ER)
expression. These transcription factors have been either shown to be affected by, as well as
cause effects on, various factors and stimuli, such as oncogenes, tumor suppressor genes,
tumor necrosis factor (TNF), p53, NO synthase, MMP-9, adhesion molecules, COX-2, c-MYC,
MAPK, reactive oxygen species (ROS), and the PI3K/Akt/mTOR pathway.

Research has explored resveratrol’s role on these pathways and mechanisms in
cancer. Studies displayed some of resveratrol’s actions occurring through the ER, due to its
similar structure to estrogen. This similarity to estrogen structure causes resveratrol to
bind to the estrogen receptor (ER), and inhibit cellular transcription causing a decreased
activation of gene products that aided in growth (25).

When estrogen was present in the system, resveratrol displayed an increased

binding to the ER in prostate cancer cell lines (LNCaP androgen sensitive cell lines) which
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allowed the compound to act as both an ER agonist (activated the receptor like estrogen
would) at lower concentrations of 10 and 50 pM and antagonist (inhibited activation of the
receptor) with increased concentrations of greater than 50 uM (39). When resveratrol
displayed agonistic properties it still allowed proliferation to occur, but when it acted as
antagonist, proliferation was inhibited. Resveratrol acted as an ER agonist/antagonist in ER
positive breast cancer cell lines additionally (40-43). The concentrations that caused both
the agonistic and antagonistic effects varied between the different breast cancer lines. The
agonistic effects for a variety of breast cancer cell lines (T47D, MCF-7) were exhibited at
resveratrol concentrations of 10-25 pM, while antiestrogenic effects occurred at
concentrations greater than 25 pM resveratrol (42). ER-negative cell lines (MCF-10, MDA-
MB-231 and MDA-MB-435) also displayed dose-dependent anti-proliferative effects upon
resveratrol treatment (40-44). Thus, resveratrol exerted biphasic effects on the cell cycle
(for proliferation) in a time and dose-dependent manner, based on the form of receptor
present (androgen or estrogen) (39). By mimicking estrogen, resveratrol reduced breast
cancer growth by inhibiting activation of the necessary transcription factors that led to
proliferation in metastasized cancers (25).

Another important transcription factor resveratrol regulated was NF-kB. NF-kB is
involved in regulation of several cellular processes (22, 45). In its normal state, NF-kB was
activated through a variety of signals that included oncogenes (i.e. Ras and Bcr-Abl),
growth factors, and kinases (i.e. Akt, p38), mitogens, cytokines, UV, ionizing radiation,
bacterial toxins, TNF, ROS, lipopolysaccharides (LPS), H202, okadaic acid and ceramide (Fig
4) (22, 46). When the stimuli were bound to their receptors in the cell membrane,

extracellular signals caused activation of the enzyme inhibitor of kappa B kinase (IKK). NF-
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kB, which was present in the cytosol, was inactive due to the formed complex with the

signals inhibitor of kappa B alpha
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Figure 4: Normal cellular pathway of NF-kB (Adapted from FIVEphoton Biochemicals, 2012)

the nucleus, NF-kb initiated
transcription and translation of certain genes that altered several cellular functions, which
included proliferation of the cell (Fig 4) (22, 47).

NF-kB was constituently activated in several cancers, which led to enhanced gene
expression of proteins and enzymes implicated in tumor proliferation, and metastasis (22,
32). Research on resveratrol use in multiple cancers, has displayed a reduction in NF-kB
activation, which has led to decreased proliferation of cancer cells through the modulation
of genes (or promoters) that NF-kB normally activated (IL-6, Bcl-2, Bcl-xL, XIAP, c-1AP,
VEGF, and MMP-9) (Fig 5) (47). The stimuli (as mentioned previously) that caused
increased NF-kB expression and were present in metastasized forms of cancer included;
oncogenes such as Bcr-Abl, Ras, growth factors, and kinases (Akt, p38, MAPK), were
implicated by resveratrol consumption (22, 28).

Resveratrol acted through multiple routes that decreased NF-kB expression in

cancer. Resveratrol targeted the promotional stage of cancer which occurred through
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activated TNF, phorbol ester and okadaic acid (46). TNF was a cytokine and inflammatory
mediator, which induced cell proliferation through activating NF-kB (46, 48). This occurred
because TNF produced reactive oxygen species (ROS) and caused lipid peroxidation, which
allowed protein kinases associated within the MAPK pathway to be activated, which

promoted expression of transcription factors like NF-kB and downstream AP-1 (facilitator

of tumorigenesis) (46). It

Resveratrol
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Figure 5: Resveratrol mediated effects on NF-kB EXPFGSSiOH in an in vitro

experiment performed by Manna and collogues (46). Resveratrol concentrations from 1 to
25 pM were used on U-937 myeloid cell lines, Jurkat lymphoid cell lines, HeLa epithelial cell
lines and H4 glioma cell lines (46). The mechanism through which resveratrol decreased
NF-kB activation was contrary to what had been seen in other phytochemicals, resveratrol
failed to block IkBa phosphorylation, so it was not degraded in the NF-kB pathway (46, 50,
51). Resveratrol prevented the phosphorylation and binding of the p65 NF-kB subunit,
which decreased transcription and subsequent translation that was normally induced via

TNF activation (46, 51).
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Resveratrol also demonstrated inhibition of the transcription factor AP-1 through
TNF. AP-1 was inhibited by reduced kinase activity associated with the MAPK pathway,
which included JNK and MEK, which also reduced ROS production. The TNF-mediated
events were inhibited by 90% upon 5 pM use of resveratrol, it was inhibited maximally 4
hours and on after use (which is comparable to the 25 uM administered to the skin of rats
during in vivo studies, and equivalent to physiological concentrations obtained from the
diet) (46). Hence, resveratrol demonstrated its importance in metastasis through its
repression of TNF-mediated NF-kB gene expression, which was crucial for activation of
several genes, proteins and enzymes in cancer (Fig 5) (31, 46, 52, 53).

Another essential pathway that was compromised in metastatic cancers was the
PI3K/Akt pathway, which included the tumor suppressor protein, PTEN. Under normal
conditions this pathway was activated via growth factors and other stimuli that induced
MAPK pathway activation. Activated PI3K phosphorylated membrane-bound PIP2, which
gets converted into PIP3. This step (conversion of PIP2 to PIP3) is regulated by a tumor
suppressor protein that functions to keep the concentrations of PIP2 and PIP3 balanced for
the cell. In cancer, increased concentrations of PIP3 were seen which activated the protein
kinase Akt, causing minimal cell cycle arrest and consequently, proliferation (54). This
pathway also activated an array of downstream cell proliferative proteins such as glycogen
synthase kinase 3 (GSK3) and mammalian target of rapamycin (mTOR).

The PI3K/Akt/mTOR pathway is overactive in cancer, usually from a faulty or
mutated PTEN protein. When PTEN was absent, the cell cycle progressed continuously and
failed to respond to any external regulatory signals (34). Hence, mutations in this pathway

have been observed in many cancers, including breast cancer. For example, in estrogen
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receptor negative breast cancer cells, IGF-1, a growth factor that was necessary for the
metastatic cells to spread and induced cell migratory events, acted through the PI3K/Akt
pathway (34). IGF-1, when bound to its receptor, IGF-1R, caused activation of the PI3K/Akt
pathway, which allowed the cell cycle to progress from G1 to the S phase, causing DNA
synthesis (55). An in-vitro study on resveratrol’s effects on the IGF-1 stimulated
proliferation of MDA-MB 435 ER negative breast cancer cells was investigated by Tang and
colleagues (34). Resveratrol concentrations (10 and 20 pM) were administered to the IGF-1
(10 ng/mL) cell lines. It was demonstrated that in the presence of IGF-1 alone, MDA-MB
435 cells had increased Akt activation and proliferation that occurred through an ER
independent mechanism (34). When resveratrol was added, the IGF-1 mediated activation
of Akt was effectively inhibited by 70% at 20 uM of resveratrol (34). The observed results
displayed resveratrol’s ability to down-regulate the PI-3K/Akt signaling pathway
effectively, which caused decreased cell cycle progression in ER negative cell lines. But,
resveratrol also displayed these effects on estrogen receptor positive breast cancer cell
lines.

In MCF-7 breast cancer cells, PI3K activity was analyzed in the presence of
resveratrol (10 to 150 uM), and shown to have a biphasic effect on ER positive cells (54).
Resveratrol demonstrated greater PI3K activity at lower concentrations, and diminished
activity at increasing concentration levels (54). Upon resveratrol being administered, ERa
regulated genes were also inhibited in a non-biphasic pattern, which showed that
resveratrol still inhibited cell proliferation of MCF-7 cells through the PI3K pathway.

Activated PI3K/Akt pathway has also led to the activation of the serine/threonine

protein kinase mammalian target of rapamycin (mTOR), which was part of the PI3K
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protein family and regulated cell proliferation (56). In U251 glioma cells, resveratrol
displayed inhibited PI3K/Akt/mTOR pathway activation after 100 uM use over 24 hours
(56). This was also examined in other forms of cancers, including gastric, breast,
pancreatic, thyroid and ovarian cancer cells, where Akt1 or Akt2 (or both) were up
regulated and over expressed, and resveratrol use reduced their activation and inhibited
proliferation (57-59).

Therefore, resveratrol’s extensive influence over this pathway has been
documented, and has potential to treat metastasized forms of cancer, including breast
cancer.

Resveratrol has demonstrated preliminary effects on other proliferative pathways,
which included the Wnt/f-catenin pathway. Studies on colon cancer cells examined the
effect of resveratrol on IGF-1’s influence on activation of the Wnt/f-catenin pathway,
which increased colon cancer cell production in cancer (55). Resveratrol demonstrated
decreased proliferation at 100-150 pM concentrations, which was done through inhibited
IGF-1R, which caused a reduction in the phosphorylation and subsequent activation of 8-
catenin, decreasing transcription in the Wnt pathway. At lower concentrations (50 pM)
there was no significant effect on the pathway, and proliferation remained similar to
normal HT-29 cell lines (55).

These results indicate that resveratrol repressed pathways and mechanisms that
promoted proliferation its specific targets include transcription factors and extensive
pathways (ER, NF-kB, PI3K/Akt, mTOR and PTEN), which play an important role in cellular
growth. Resveratrol supplementation could be a useful therapeutic tool, as it targeted many

key regulators in the growth process.
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2.1.2.2 Resveratrol and cell cycle proteins

Another important part of the microcolonization process was the cell cycle, which is
controlled via several cell cycle regulators. These include various cdks, cyclins, oncogenes,
and c-MYC. The modulators of the cell cycle are regulatory cyclin subunits (cyclin A, B, Ds
or E) that interact with cyclin-dependent kinases (Cdk 1, 2, 4 or 6) that allow the cell to
progress through G1, G2, M and S phases of the cell cycle. Cell cycle regulation can also
occur through inhibitor proteins, which include p21WAF1, and p27KIP1 (22, 60, 61).
Activators of the cell cycle such as cyclin D1, were over expressed in certain cancers
allowing for continuous progression through the cell cycle. Notably, cyclin D1 revealed
maximal cell cycle inhibition by resveratrol at 100 uM concentrations in U251 glioma cells
after a treatment period of 24 hours (56). The cdk-cyclin complex has been shown to bind
to and activate the retinoblastoma protein (Rb), allowing for the transcription of genes that
facilitate the progression of the cell from G1 to S phase (22).

Resveratrol also demonstrated repression of the cell cycle by modulating the cdk-
cyclin activity in MCF-7 breast cancer cell line (62). Proliferation was inhibited at the G1/S
and G2 /M checkpoints following resveratrol use in prostate cancer cells (39). Resveratrol’s
mechanism of action appears to be regulating the activation of p53. p53 is a tumor
suppressor protein, referred to as “the guardian of the genome” which, when activated,
mediates p21 expression which inhibits cdk-cyclins that subsequently cause cell cycle
arrest (25, 39). p53 is typically activated under stressful conditions by an array of protein
kinases, which include the MAPK pathway (JNK, ERK, p38, MAPK) that lead to the
expression of growth inhibiting genes including p21WAF1, p300/CBP, APAF1, and Bak (22,

63).
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Resveratrol’s effects on p53 expression was also investigated by Zhou and his team
who worked with pancreatic cancer cell lines capan-1, capan-2, colo357, miapaca-2, and
bxpc-3 (22, 64). Various concentrations of resveratrol were used this study (20, 50, 100
and 200 pM), and upon treatment, p53 was up regulated by increased ATM
phosphorylation, causing inhibition of cancer cell proliferation (22, 64, 65). Resveratrol
also demonstrated MAPK activation, maximally seen at 200 pM concentrations, which led
to downstream up-regulation of p21 (through p53), causing cell cycle arrest (64).

This Ras-MAPK dependent activation of p53-induced cell cycle arrest that was
discussed above was also observed in both papillary and follicular thyroid carcinoma (22,
66). When activated by resveratrol, p53 induced p21 activation, which inhibited cdk-
cyclins that caused G2 arrest. It was noted that p53-independent p21 activation and cell
cycle arrest also occurred upon resveratrol use, thus resveratrol worked through both p53
dependent and independent pathways (65, 67).

Resveratrol also induced S phase arrest; by targeting those cancers that over
expressed cellular MYC (c-MYC) (22, 68). Resveratrol targeted and inhibited expression of
Cdk1, which downregulated survivin, a protein necessary for survival of over expressed c-
MYC tissues, and this led to cell cycle arrest (22, 68, 69).

Resveratrol regulated c-MYC-inhibition can cause cell cycle arrest as observed in in
vitro studies as well as in vivo studies in mouse lymphoma and hepatoblastoma carcinomas
(22, 68). A study on medulloblastoma cell lines (UW228-2 and UW228-3) that expressed c-
MYC displayed these similar effects upon resveratrol treatment. S phase was arrested and
observed in over 50% of the cells after 100 uM concentrations of resveratrol were utilized

for a period of 24 hours, while 0% of the cells exhibited movement through the G2/M phase
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at that time point (69). Hence, resveratrol demonstrated reduced transcription of c-MYC in
cancer cells that led to cell cycle arrest. The research presented in this section,
demonstrated how several cell cycle regulators were compromised in different carcinomas,
and the effects of resveratrol on exerting anti-carcinogenic effects.

2.1.2.3 Resveratrol and apoptosis

Resveratrol inhibited proliferation and cell cycle proteins, as documented from the
research above, but it also promoted apoptosis of cancer cells as discussed within this
section. Apoptosis, or cellular death, is evaded by cancer cells, through exploitation of
several signaling mechanisms (Fig 6). Several studies have shown that apoptosis, a complex
process, was induced with resveratrol supplementation.

Resveratrol activated both caspase 2 and casapase 8 in the apoptotic caspase
cascade, which initiated the programmed cell death process. When caspase 2 was activated,
it caused a conformational change in pro-apoptotic proteins like Bax and Bak and Bid (70),
altering the permeability of the mitochondrial membrane, leading to the release of
mitochondrial proteins such as cytochrome c in the cytoplasm, that form the apoptosome.
The apoptosome structure consists of cytochrome c, APAF-1 and caspase 9 proteins (22,
71). Subsequently, this leads to activation of caspase 9, followed by activation of caspase 3,
6 and 7. Caspase 3 activation executes apoptosis (72, 73). The second mitochondria-
derived activator of caspase (SMAC), a protein, that when present, binds to inhibitor of
apoptosis proteins (IAP) and causes its deactivation, resulting in cytochrome c-dependent
apoptosis (71). Anti-apoptotic proteins, such as Bcl2 inhibit cytochrome c release, while
pro apoptotic proteins such as Bax and Bid (previously mentioned), relocate into the

mitochondria and induce cell death (74). Activation of the mitochondria is also believed to
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initiate activation of caspase-independent death effectors, apoptosis inducing factor (AIF)
and endonuclease G, which aid in cellular death (70).

Apoptosis can also be mediated by caspase 8, which signals through membrane-
bound death receptors, and is not dependent on cytochrome c release (75, 76). This
mitochondria-independent route, where activated caspase-2 also triggers caspase 8
activation, followed by caspase 3 activation leading to apoptosis. In a diseased or cancer
state, overexpression of antiapoptotic proteins like Bcl-2 and Bcl-xL were seen, and
subsequently cytochrome c release was inhibited (73). Inhibition of both proapoptotic
proteins and reduced cytochrome c release led to drug resistant forms of several
carcinomas (73). Resveratrol induced apoptosis in cancer via both mitochondrial
pathways and to a lesser extent, non-mitochondrial pathways (Fig 6) (62, 70, 76).

Apoptosis is a key component for therapies to target in cancer. Resveratrol brought
about this apoptotic effect in prostate cancer cell lines DU-145 (10-100 mpg/mL), as well
as leukemia cell lines (50 muM) through caspase-9 activation (77, 78).

Both the intrinsic (mitochondrial) route and extrinsic (mitochondrial-independent)
route of apoptosis were effective in causing cellular death in cancer cells, yet research
shows that the pathways and proteins that activate these two routes are separate or there
is cross-talk between the two. Benitez and colleagues investigated resveratrol’s apoptotic
action on prostate cancer lines, and observed that prostate cancer cell lines over expressed
estrogen receptors, and lacked expression of androgen receptors in highly metastasized
forms of the disease. Hence, they utilized PZ-HPV-7 non-tumorigenic cell lines, LNCaP
androgen sensitive cell lines and PC-3 androgen insensitive cell lines (39). Concentrations

of over 100uM (including 150 uM) resveratrol induced apoptosis (39). The mechanism of
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apoptotic action was due to the altered Bax/Bcl-2 ratio. Resveratrol caused increased Bax
accumulation, and enhanced caspase 9 activation with subsequent caspase 3 induced
apoptosis in both LNCaP and PC-3 cell lines (39). Of the prostate cancer cell lines tested, the
LNCaP (androgen sensitive) cell line was most sensitive to the effect of resveratrol. Thus,
the results suggested that resveratrol caused apoptosis to occur via the intrinsic
(mitochondrial) route, which included activation of caspase 3 and caspase 9 (39); and to a
lesser extent, through the extrinsic pathway, which included caspase-8 that was also
activated slightly in the PC-3 (androgen insensitive) cell line, and could be involved in
prostate cancer cell apoptosis.

This same mitochondrial intrinsic apoptotic pathway, activated by resveratrol in the
prostate cancer cell lines, was also seen in other cell lines. This was observed when
resveratrol supplementation of 100 uM and above, increased apoptosis in a time-
dependent manner in Y79 retinoblastoma cells (79). Activated apoptosis occurred via
several mechanisms in different cancers, as noted previously. Similar to the prostate cancer
cell lines above that were androgen sensitive, estrogen sensitive MCF-7 breast cancer cells
also displayed a marked increase in apoptosis due to resveratrol administration. The MCF-
7 cells induced apoptosis through a non-caspase dependent route (39, 62). At less than 50
UM concentrations of resveratrol, MCF-7 cells activated cell cycle regulators, causing
increased expression of p27, p53 and p21, which led to induction of apoptosis without
direct caspase activation (62). This suggested that the presence or absence of estrogen, or
androgens in the case of prostate cells, could have an effect on the type of apoptotic
mechanism resveratrol utilized. It was proposed that those cells expressing steroid

hormone receptors could be capable of inducing apoptosis with resveratrol as well (62).
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However, MDA-MB-231 cells that were treated with resveratrol at higher concentrations,
200 pM, failed to enhance tumor suppressor proteins p27, p53 and p21, and the apoptotic
cascade was not initiated (62). Thus, supporting that cell death could be promoted via
different mechanisms (62, 80).

Further in vivo studies on resveratrol’s apoptotic potential were evaluated. Mohan
and colleagues observed the role of resveratrol on inducing apoptosis in mouse embryonic
fibroblasts (MEF) cell lines containing a Bax knock-out, Bak knock-out, double knock-out
and wild type (70). The MEF Bak and Bax deficient cells were utilized from the mouse
model and treated with 50 uM concentrations of resveratrol, which still showed a
reduction in apoptosis through this route, this suggested that resveratrol activated
apoptosis through a mitochondria independent route as well in these cells, activating
caspase 2 or 8, or both (70).

Human colon adenocarcinoma (HCT 116) cell lines were also investigated following
resveratrol treatment (25, 50, 75 and 100 uM) over 24 to 72 hours (70). Resveratrol
induced apoptosis at or higher than 50 pM through caspase activation upstream of the
mitochondria, and the mitochondrial route appeared to play a major role in cellular death
(70). The death signals, induced by caspase-8 and caspase-2 in the colon cancer cell lines,
were mediated by a conformational change that occurred in both Bax and Bak, that
subsequently activated caspase 9 and 3 (70, 81, 82). However, the mechanism through
which resveratrol induced caspase-2 activation, upstream of the mitochondria, was not
well known. Studies suggested that ceramide production in MDA-MB-231 breast cancer
cells could be a possible trigger for activated caspase 2, yet the reason for it in colon cancer

cells remained unclear at this point (83). Following resveratrol administration to the colon
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cancer cells, cytochrome c, AIF, and endonuclease G were released, which triggered the
apoptotic events seen in these cancer cells.

Thus, these results support the notion that resveratrol is an inducer of apoptosis in
several different cancers. As documented, resveratrol supplementation promoted this
action through first, the main route of mitochondrial dependent apoptosis utilizing caspase
2, -8 and Bax or Bak accumulation which produced cytochrome c, endonuclease G and AIF
being released from the mitochondria, and initiated apoptosis. But, resveratrol also acted
through an alternative mitochondrial independent route that relied on caspase 2 and
caspase 8 activation that led to downstream caspase promotion and apoptosis (70). Hence,
resveratrol would be considered a useful therapeutic tool for cancer to target apoptosis via
two distinct routes.

Multiple in vitro studies have investigated the apoptotic action of resveratrol use,
including those investigated below. For example, MCF-7 and MDA-MB-231, which
displayed apoptotic effects at 10 uM concentrations and above, had maximal effects seen
after 24 hours (84). Additionally, studies with pancreatic cancer cell lines showed similar
results upon resveratrol treatment at 20, 50, 100 and 200 uM (22, 64). Capan-2 and
colo357 colon cancer cells also induced apoptosis through 200 pM of resveratrol treatment,
in a time-dependent manner (64). Other colon cancer cell lines, HT-29 and SW480,
demonstrated apoptotic action at 100-150 uM (maximally seen at 100 uM) resveratrol
concentrations over a period of 24 to 72 hours (55). Resveratrol’s apoptotic effects were
also observed in Drug-resistant human multiple myeloma cell lines (U266 and RPMI 8226)

which revealed 50 to 100 uM and above of resveratrol use, induced apoptosis (85).
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However, lower plasma levels of resveratrol, from 20 nM to 2 pM (physiological
concentrations) were the most effective in inducing apoptosis in in vivo studies (31, 86, 87).
Resveratrol has been shown to alter several proteins that aid in the release of death
promoting factors and initiate the caspase cascade. The following section investigates
several proteins that resveratrol has an effect on and are involved in activation of different
areas within the apoptotic cascade. The role of resveratrol will be demonstrated first on
COX-2 accumulation, followed by up regulated p53 and STAT3, which includes MAPK-
induced apoptosis. Discussion will then occur on resveratrol’s influential role that has been
displayed within the PI3K/Akt/mTOR pathway, on NF-kB inhibition, and finally how it

inhibited cathepsin D. These various proteins and pathways were regulated by resveratrol

RESVERATROL and displayed initiation

/ \ of apoptosis in multiple
Caspase 8
Caspase 2
NF-KB .
l / b srAT3+ N cancers (Flg 6).
D

Active Casapse 2

} Itis clear

‘ from the extensive

Bid
i Bak Bax
MAPK(p38) /
research on
% / resveratrol, that this
N

\(ijpmq compound has played a

Caspase 3 W:ecl AIF A
Nucleus €= wbaspase 3 significant role on

_> avoprosis L

COX-2 (nuclei)

p53

PI3K/Akt/
mTOR

N—— targeting several

Figure 6: Resveratrol mediated effects on apoptosis

important proteins like
receptor tyrosine kinases, protein kinases, cyclooxygenase and p53 (88). Tang and

colleagues explored the role of the enzyme cyclooxygenase-2 (COX-2) and its apoptotic



abilities within breast cancer cells. COX-2 is produced through the inflammatory response
and allows tumor growth to occur, as well as invasion and evasion of apoptosis in normal
expression (84). COX-2 produces prostaglandins, which is part of a lipid group that is
known to aid in the metastatic process of several carcinomas (22, 89-91). Abnormal or
increased expression of COX-2 was observed in cancerous tissues, which led to malignant
phenotypes. It was observed that COX-2, upon conversion to arachidonic acid, produced
ROS, which created oxidative stress and damaged the DNA, which helped to create this
phenotype (22, 89, 92). COX-2 also monitored p53 expression, which, as mentioned, is a
tumor suppressor protein that regulates cell cycle progression, and is involved in
apoptosis. p53, a central transcription factor, activates other genes that are involved in
regulating normal cellular functions.

Treatment with resveratrol (>10 uM) down-regulated the expression of COX-2.
Resveratrol regulated the phosphatase, MKP5, which is an inflammatory mediator that
inactivates MAPKs (93, 94), this was previously observed in prostate cancer cell lines
where MKP5 production was increased (95). In particular p38 and JNK protein kinases
were inhibited, causing decreased NF-kB and COX-2 expression (22, 93, 94).

COX-2 activated apoptosis in not only prostate cancer cells, but human breast cancer
cells, where resveratrol acted as an anti-inflammatory agent (84). Upon investigation of
MCF-7 and MDA-MB-231 cell lines, COX-2 expression was induced by resveratrol, which
caused COX-2 to accumulate in the nuclei of the MCF-7 cells at 10 uM of resveratrol and
above, and maximal effects were seen after 24 hours (84).

The above-mentioned effects of resveratrol were brought about through increased

DNA binding activity of the transcription factor AP-1. Activated AP-1 was necessary for
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resveratrol mediated COX-2 expression. The accumulated COX-2 in the nuclei caused
increased Ser15-phosphorylated p53 inside the cells as well, which led to p300 activation
(a transcriptional co activator) and initiated downstream apoptosis.

The results suggested that COX-2 expression could have a dual role, causing
enhanced cancer progression under normal (untreated) conditions, and actually influenced
p38 mediated apoptosis of MCF-7 breast cancer cells possibly through a ceramide signaling
route (referred to as the tumor suppressor lipid), after being treated with 10 uM (and
above) of resveratrol (84). This pathway though not unclear, presents the possibility that
the actions of resveratrol are upstream to the mitochondrial events in the cascade (84).
Thus inflammatory mechanisms and inflammatory related pathways were important in
resveratrol’s cancer fighting process.

The next important protein that induced apoptosis was p53 (Fig 6). COX-2
production, as mentioned, activated and caused Ser15-phosphorylated p53 to increase
inside the cells, and induced p300 activation. p300 had antitumor effects because it is a
transcription co activator, which alters the binding and activation ability of several
transcription factors (NF-kB, p53, Egr1l) which play a role in cell death (96). Ser15-
phosphorylated p53 also displayed increased ERK1/2 activity in the MAPK pathway
through resveratrol use and caused apoptosis in the cells via this route (84). The
interaction that occurred between resveratrol and COX-2/p53/p300, which led to
apoptosis, was observed to be dependent on ERK 1/2 activity (84). This showed that p53
acted through the MAPK pathway as well as p300, to progress apoptosis through multiple

mechanisms.
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Another way resveratrol displayed its beneficial effects on p53, was through pro-
apoptotic factors. Apoptosis was initiated when an enhanced expression of pro-apoptotic
factors (Bax, Bak, PUMA, Noxa, and Bim) was seen, while a simultaneous decrease in anti-
apoptotic factors (Bcl2, Bcl-XL, and Mcl-1) also occurred (97). Zhou and his team observed
resveratrol mediated p53 effects on colon cancer cell lines (capan-2, colo357, miapaca-2,
and bxpc-3) upon 20, 50, 100 and 200 uM treatment with resveratrol (22, 64). Apoptosis
was detected in a time and dose-dependent manner (maximal effects after 200 uM
concentrations) upon resveratrol administration, which caused increased caspase 3
activity (64).

Resveratrol also enhanced p53 accumulation within the cells, in order for
resveratrol to do this, it was necessary that the cell lines had a functional p53 pathway
(64). Thus, mutated p53 pathways observed in colon cancer cells (miapaca-2, bxpc-3, and
capan-1) were unable to be stimulated by resveratrol treatment and could not induce
apoptosis (64). Though mutant p53 pathways blocked resveratrol induced apoptotic
effects through this mechanism, a multitude of cancers were still able to utilize the p53
protein, thus these cancers still yielded to these cellular death events (44, 55, 64, 98-100).

Another important pathway involved in multiple protein interactions, which can
lead to apoptosis, is the MAPK pathway (figure 6). For example, resveratrol inhibited p38
and JNK protein kinases within this signal transduction route, causing decreased NF-kB
expression as well as COX-2 expression (22, 93, 94), which indirectly allowed other
pathways to decrease cell survival. The MAPK pathway also demonstrated an essential role
in mediating COX-2 expression after 10 pM of resveratrol was administered, which

produced the increased Ser15-phosphorlyated p53 (84). Hence, this showed that COX-2
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accumulation in the nuclei from resveratrol treatment was MAPK pathway dependent. In
colon cancer cells (Capan-2 and colo357), treatment with 200 uM of resveratrol caused
downstream effects, phosphorylating ERK (one of the MAPKs), which initiated PUMA
activation. This protein caused apoptosis in the cells, and was further up regulated by
resveratrol treatment (64). Further roles of resveratrol impacting the MAPK dependent
apoptosis pathway need to be documented and evaluated by additional research at this
time.

Another major pathway involved in resveratrol-mediated apoptosis was the
PI3K/Akt/mTOR pathway. In relation to this pathway, IGF-1’s influence was explored. IGF-
1 appears to be pertinent in several cancers, and elevated expression levels during obesity
usually considered relevant to several obesity linked cancers. Vanamala and his research
team observed resveratrol’s apoptotic effects in the presence of IGF-1 (55). Their research
on colon cancer cells (HT-29 and SW480) displayed that varying concentrations of
resveratrol (50 to 150 uM over 24, 48, and 72 hours) were shown to exert apoptotic effects
(maximally at 100-150 uM concentrations) through suppression of IGF-1R, which caused
reduced Akt activation, and also increased p53 expression (55). Lower concentrations of
resveratrol (50 uM) on colon cancer cells, displayed no significant effect on the apoptotic
pathways, and cell survival remained relatively unchanged (55). Thus, resveratrol showed
therapeutic potential on those cancers that were promoted by IGF-1, as was seen in certain
forms of breast cancer.

Research also presented findings on resveratrol-mediated effects on the PI3K/Akt
pathway, when IGF-1’s influence was absent. Akt, discussed previously, was a group of

serine/threonine protein kinases that mediated cell proliferation and apoptosis via a
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variety of routes that included regulation of Bad, caspase-9, glycogen synthase kinase 3
(GSK3), Forkhead transcription factors and NF-kB (56, 101). Resveratrol treatment
induced a time and dose-dependent increase in apoptosis in such cell lines as gliomas
(U251) that were partially regulated by the PI3K/Akt/mTOR route (102). Jiang and
colleagues further examined the glioma cells after resveratrol treatment and also observed
increased caspase 3 expression, maximally seen at 100 uM concentrations over a period of
24 hours (56). Resveratrol inhibited the pro survival ability of the PI3K/Akt pathway,
which cleaved pro-caspase 3 to activated caspase 3, increasing its expression up to 27.7
fold (102). Hence, resveratrol’s increased ability to down regulate this pathway was
important in initiating apoptosis.

A further regulatory component of the apoptotic cascade is the transcription factor,
NF-kB (figure 6). As discussed in prior sections, NF-kB activation led to transcription of cell
proliferative genes, but NF-kB also promoted transcription of cell survival genes, and thus
plays an influential role in apoptosis as well. Importantly, resveratrol suppressed NF-kB
activation in multiple myeloma cell lines, which led to increased apoptosis (85).
Resveratrol advanced apoptosis through inhibiting both, NF-kB expression, and other
transcription factors like STAT3 expression. Resveratrol mediated NF-kB and STAT3
expression reduced transcription of antiapoptotic gene products (Bcl-xL, IL-6, Bcl-2, cyclin
D1) (85, 103). Bhardwaj et al (2007) explored resveratrol’s effects on NF-kB as well as
STATS3, and how they influenced antiapoptotic gene expression (85). Drug-resistant human
multiple myeloma cell lines (U266 and RPMI 8226) after being treated with 50 uM
concentrations of resveratrol and above, displayed an increase in apoptosis (85). Again, it

was observed that resveratrol down-regulated the constitutively activated NF-kB and

53



STAT3 with this concentration of resveratrol (85). Resveratrol reduced the expression of
NF-kB, and also induced caspase 2 expression, independent of NF-kB. Hence, apoptosis
occurred after resveratrol treatment through both of these routes (70).

Resveratrol-induced inhibition of [kBa kinase and p65 sub-unit mediated NF-kB
activation (85). Due to this down-regulation, Bax increased and caused subsequent
cytochrome c release, which led to activated caspase-3 (an initiator in the apoptotic death
cascade), and inhibited several of the antiapoptotic products that included cyclin D1, Bcl-2,
and Bcl-xL (85). Overall increased apoptosis was observed in the cells lines that were
administered with resveratrol.

Normally, the intrinsic pathway displays increased activation of proapoptotic
proteins, like Bax and Bak, both members of the Bcl-2 family. It was hypothesized that they
were released from upstream signals of caspase 2, which produced cytochrome c release
(figure 6) (70). In was observed in certain conditions, such as epithelial breast cancer,
proteins like cathepsin D, an aspartic endoprotease (a tumor marker of breast cancer
aggressiveness) were overexpressed (104). In ER-positive cells, meaning the estrogen
receptors are over-expressed in the tissues, estrogen and growth factors (IGF1 and EGF)
regulate lysosomal cathepsin D production (22, 104). When cathepsin D matured, it could
lead to inhibited release of cytochrome c and reduced caspase 3 and 9 activation, and
decreased apoptosis to occur (22, 104). It was observed that resveratrol exerted its
apoptotic effects partly through inhibiting the lysosomal pathway of cathepsin D, which
was a novel target for cancer cells. Resveratrol displayed that effect in ER positive, but not
ER negative, breast cancer cells in a biphasic manner. Resveratrol inhibited cathepsin D

expression and IGF-II at higher concentrations of 10-4 M, and enhanced production
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cathepsin D at lower concentrations of 10-¢ M resveratrol (22, 105). Thus resveratrol
demonstrated the vast role it has in the induction of apoptosis in several cancers.

[t was apparent from the extensive amount of research, that resveratrol regulated
cell microcolonization in cancer cells via multiple routes that involved inhibition of cell
proliferation, cell cycle proteins, and induction of apoptosis. Resveratrol had the ability to
exert these effects through a variety of mechanisms including the similar estrogenic
structure it displays, its down regulative ability of transcription factors such as NF-kB, AP-1
and STATS3, increased production of antiapoptotic gene products (Bcl-xL, IL-6, Bcl-2, cyclin
D1) and finally by inhibition of proapoptotic factors (Bax, Bak). Resveratrol’s effects were
observed at higher concentrations through inhibited cathepsin D production. Apoptotic
effects were displayed through enhanced cytochrome c release, caspase 3, 8, 7, and 9
release, which worked in initiating the final cell death signals. Resveratrol was also shown
to increase activated p53, and influenced apoptotic mediators. Resveratrol’s influential role
has been displayed on several kinases, which included regulator of the extensive MAPK
pathway (ERK1/2, Jun).

But, these were not the only roles of resveratrol regarding its cancer therapeutic
potential. Resveratrol demonstrated increased accumulation of COX-2 in the cancer cell
nuclei, which activated a variety of other factors that aided in repressing cancer growth and
metastasis. In certain cancers, such as ER negative breast cancer, IGF1 mediated the
overproduction of PI3K/Akt, and resveratrol again demonstrated inhibition of the
PI3K/Akt/mTOR survival pathway. Resveratrol was observed to exert its effects most

efficiently at a consistent range from 5 to at least 100 uM concentrations for many in vitro
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studies (31, 55, 106), but lower plasmas levels of 20 nM to 2 uM were documented in in
vivo studies (31, 86, 87).

Thus, resveratrol has played an essential role in repressing the cell
microcolonization pathways that were important in progressing cancer metastasis and this
compound should be considered in furthering research on cancer prevention and
treatments.

2.1.3 Resveratrol and inhibition of angiogenesis

Resveratrol has been shown to regulate cancer metastasis via cell microcolonization
and MMP expression, but also to decrease angiogenesis. Angiogenesis is a necessary
process for tumors in their metastatic progression, in order to acquire nutrients through
the blood supply. Current research has reported resveratrol as a potential novel angiogenic
inhibitor, especially when consumed normally through the diet (22, 107).

VEGF, an essential growth factor in the angiogenic pathway, works to promote
proliferation, movement and tubular growth of endothelial cells, aid in proteolytic break
down of the basement membrane (fig 7) (107). Under normal conditions angiogenesis is
induced during times of wound healing, which provide a blood supply to the infected area.
While during cancer states, the normal balance between angiogenic facilitators and
inhibitors are disrupted. Metastasized cancer cells only obtain a limited amount of oxygen
from their environment before they enter a hypoxic state and die off; in order to counter
this problem the tumor cells up regulate hypoxia inducible factor-1a (HIF-1a) (96, 108).
HIF-1a causes activation of several angiogenic factors, including over expression of growth
factors such as VEGF. HIF-1a binds to p53, and p53 produces the opposite effect of HIF-1a

and increases angiogenic inhibitors such as thrombospondin-1 (TSP1) (108-110). VEGF, on
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the other hand, further promotes cancer progression by activating the PI3K pathway and
subsequently Akt, which continuously encourages endothelial cell blood vessel growth, and
provides an endless source of oxygen and nutrients to the growing metastases (22, 111,
112).

In cancer states, up-regulation of growth factors through multiple routes (one example

being HIF-1a discussed above), allows increased amounts of VEGF to be released from the

tumor. Subsequently
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Figure 7: VEGFs role in angiogenesis

angiogenesis (113).

One such pathway that is activated is the MAPK pathway (22, 114). ERK1/2 within this
pathway is phosphorylated following receptor binding of the growth factor, which
promotes the signaling cascade events in this pathway and induce proliferation and
survival of the endothelial cells, as well as plasminogen activation (115). Overall, these

promotional events allow angiogenesis occurrence and aid in cancer progression. Findings
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have demonstrated how resveratrol is beneficial in reducing VEGF-dependent angiogenesis
through signaling pathway (22, 116).

Resveratrol’s effect on angiogenesis has been the target of multiple studies.
Research performed with resveratrol in vitro has shown that it inhibited angiogenesis via
multiple routes, as discussed below. In myeloma cell lines (YUZAZ6, M14 and A375) co
cultured with a monolayer of vascular endothelial cells, resveratrol treatment inhibited
angiogenesis at a concentration of 50 uM and above over 48 hours (108). Down-regulation
of angiogenesis occurred via suppressed HIF-1a expression by resveratrol. HIF-1q, as
mentioned previously, was strongly correlated with VEGF levels, thus inhibited expression
of HIF-1a causes a reduction in VEGF as well (108).

It was hypothesized that resveratrol mediated angiogenesis production in cell lines
through up-regulation of p53, which targets down-stream signalers including secreted
matrix protein, thrombospondin 1 (TSP1). When TSP1 is activated, it functions as an
angiogenic inhibitor (108), showing that resveratrol can function through the p53 pathway
promoting TSP1 expression and subsequent inhibition of angiogenesis. Those cancers with
a mutant p53 pathway did not have enhanced amounts of TSP1, and consequently did not
reduce angiogenesis.

Other studies have displayed direct inhibition on the secretion of both VEGF and
basic fibroblast growth factor (bFGF) when treated with 25 pM of resveratrol in multiple
myeloma cell lines (107). Resveratrol concentrations of 100 uM and above for a period of
48 hours also exhibited a reduction in VEGF activity in MDA-MB-231 breast cell lines (114).
This decrease in VEGF activity by resveratrol in these in vitro studies could possibly be

through a decreased phosphorylation of MAPK, in particular, ERK1/2 in the MAPK
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pathway. Thus, the down-regulation of this pathway was shown to inhibit endothelial cell
growth and reduce plasminogen activation leading to decreased angiogenesis to the tumor
site (117-119). Resveratrol also further mediated this decrease in VEGF secretion through
ERp in breast cancer cells (114).

Other cell lines that were studied pointed to a decrease in essential growth factors
and MAPK signaling after resveratrol treatment. For example, in bovine capillary endothelial
(BCE) cell lines, resveratrol was shown to inhibit FGF-2 induced phosphorylation of
ERK1/2 in the MAPK pathway at concentrations of 10 and 20 pM, which led to suppression
of angiogenesis in these cell lines (113). Porcine aortic endothelial cell lines, which
consistently express VEGFR-2 (PAE/VEGFR-2), have also demonstrated a reduction of
angiogenesis upon resveratrol treatment. In these cell lines, 1uM of resveratrol inhibited
VEGF production and subsequent migration of endothelial cells and neovascularization
(113). This demonstrated how resveratrol inhibited growth factors and MAPK expression
that were important for angiogenic progression (113). This was particularly important
because the MAPK signaling pathway, as mentioned, was a key route for endothelial cell
proliferation that was exhibited in angiogenesis (113). Therefore, inhibition of both the
FGF-2 and VEGF receptors by resveratrol produced a large reduction in endothelial cell
growth pertinent to angiogenesis.

Resveratrol’s anti-angiogenic ability was additionally observed in gliomas, where
enhanced vessel formation was linked with tumor aggressiveness (117, 120, 121). VEGF
levels were reduced in RT-2 glioma cells with 10, 25, and 100 uM concentrations of
resveratrol over a 24-hour period, showing increased suppression with increasing

concentrations. As opposed to previous findings where VEGF suppression was related to a
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decrease in MAPK activity, glioma cell inhibition of VEGF was thought to be due to
decreased micro vessel density and decreased proliferation (121). In particular, resveratrol
treatment revealed VEGF to have a decreased binding ability to human umbilical vein
endothelial cells (HUVECs), important for producing micro sized tubes significant for
angiogenesis (121). But, the mechanism for VEGF suppression was not similar to the breast
cancer cell lines that have been previously reported. Through the work of Tseng et al
(2004), the MAPK pathway was not down regulated (as seen with breast cancer cells), and
no significant change in expression was observed, meaning it might not be the only
signaling pathway inhibiting angiogenesis in glioma specific cancers, and other pathways
such as PI3K/Akt may be working at that point to increase VEGF expression (121).
Typically higher concentrations of resveratrol ranging from 50 to 100 pM produced the
down-regulation of MAPK expression, leading to VEGF suppression in several forms of
cancer which included both breast and pancreatic forms (118, 119). Therefore, this data
suggested that angiogenesis could be inhibited through suppression of VEGF working
through down-regulation of MAPK pathway in certain cancers, as well as down regulation
of other possible pathways relating to angiogenesis that have not been as thoroughly
investigated.

In vivo studies have also explored resveratrol’s influence on angiogenesis. Studies
that examined the mouse cornea related to tumor production have shown reduced
angiogenesis via resveratrol inhibiting both VEGF and bFGF secretion (107, 113, 121).
VEGF is an important target for anti-angiogenic therapies, and the mechanism through
which resveratrol suppressed VEGF induced neovascularization could be through different

routes, as explored previously.
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In studies relating to breast cancer cells, the estrogen response element (ERE) has
been found in the VEGF gene, meaning estrogen (and other sex steroids) would initiate
transcription of VEGF through the ERE (114, 122). This is an important factor when
considering the role of angiogenesis in breast cancer patients. Nude mice when injected
with MDA-MB-231 breast cancer cells and treated with resveratrol inhibited angiogenesis
in vivo at concentrations of 25 mg/kg per day for a time period of 3 weeks, which was
comparable to pharmacological levels (114). VEGF displayed a decrease in expression
under these conditions in mice, and it was hypothesized that the mode of inhibition could
have been through decreased activation of the MAPK pathway, reducing VEGF mediated
effects on endothelial cells (114).

Brakenhielm and colleagues further examined resveratrol induced VEGF inhibition
via the MAPK pathway in vivo as well. This was done through testing male and female
C57B16/] mice implanted with murine fibrosarcomas. Oral intake of resveratrol took place,
with mice consuming 5.7 pg/ml (equivalent to 25 pM) resveratrol (113). This oral
administration revealed that resveratrol had the ability to hinder angiogenesis in murine
fibrosarcoma tumor cells in mice. But, at the same time, reduced angiogenesis occurrence
also correlated with an inhibition of wound healing under these circumstances.

Other studies have shown that angiogenesis can be inhibited when resveratrol was
administered orally, such as through the consumption of red wine or grapes in humans.
Similarly, mice implanted with FGF-2 and VEGF corneas, which consumed a total of
48ug/kg resveratrol (equivalent to 3 glasses of wine/day for humans), showed greater
inhibition of neovascularization in the cornea due to VEGF and FGF-2 suppression (113).

Similar to these findings, it was seen that resveratrol inhibited FGF-2 and VEGF activation
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and subsequent phosphorylation of ERK1/2 in the MAPK pathway (113). Thus, FGF-2 and
VEGF were again shown to be reduced due to resveratrol treatment, which coincidently
decreased vessel density (113).

To further validate resveratrol’s anti-angiogenic effects, RT-2 glioma cells were
injected into a rat model, and resveratrol (40 mg/kg/day) was administered over 4 weeks
(121). This amount of resveratrol consumption was equivalent to around 25 uM in peak
plasma levels. Resveratrol was shown to increase survival time and decrease the tumor
growth rate, concurrent with inhibiting angiogenesis. The reduction in angiogenesis was
thought to be due to resveratrol decreasing micro vessel density in the gliomas (121). This
decline in density was associated with decreased angiogenesis as well, and thus may be
attributed to resveratrol working at higher concentrations on reducing angiogenesis in
vivo.

Through several studies angiogenesis was inhibited in vivo at concentrations of
resveratrol ranging from 2.5 to 100 mg/kg for a period ranging from 15 days to 28 days
(24,113,114, 121, 123, 124). Resveratrol also displayed anti-angiogenic properties in vitro
in a range of amounts from 10 to 100 pM with maximal effects seen after 24 to 48 hours,
with many of those anti-angiogenic effects seen in a time and dose-dependent manner (24,
107,108, 113, 114, 121). Resveratrol, therefore, could be beneficial as an angiogenic
inhibitor. Structurally similar molecules to resveratrol could also have the potential to be
used as angiogenic inhibitors, as they could induce similar effects on the angiogenic
pathway, but that would be something to further explore in the future. From here, studies
to investigate further how angiogenesis is inhibited through resveratrol could continue by

using different breast cancer cell lines, animal models, and clinical trials.
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2.1.4 Resveratrol and inhibition of cell migration and motility

Resveratrol thus far has been shown to be an angiogenic inhibitor, MMP inhibitor
and influence different cellular pathways within metastasis. It is also essential to mention
the effects that resveratrol could have on the actin cytoskeleton, especially when
considering the mechanisms of cell migration that are essential in nature.
For directed cell migration to occur in any form of breast cancer, cell movement occurs

through actin polymerization and production of actin-based protrusions including
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could become lamellipodia via signals from growth factor receptors (Fig 8).

During the migratory process, integrins, attachment proteins on the plasma
membrane of the cells create complexes referred to as focal adhesions, by which cells
attach to the basement membrane. Focal adhesion kinase (FAK) and Src are recruited to
the membrane by integrins and growth factor receptors, causing activation of the focal
adhesions (10). This whole process can initiate breast cancer cell migration, invasion and

also cell proliferation (10). During cell migration, the Rho family of GTPases, which include
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Rac and Cdc42, play an essential role in the remodeling of the actin cytoskeleton that
occurs during metastasis (10). In particular, Cdc42 contributes to filopodia production
while Rac functions in lamellipodia formation (Fig 8) (10, 125).

As mentioned previously, the structure of resveratrol is similar to that of estrogen
and therefore mimics estrogen by binding to the two different kinds of estrogen receptors,
ERa and ER (10). This suggests that resveratrol could produce estrogenic (ER agonist)
and anti-estrogenic (ER antagonist) effects. This also could mean that certain forms of
breast cancer, depending on the estrogen receptors present or absent, could be affected by
resveratrol. In particular, metastasized breast cancer tends to lose the ERa form. This was
why MDA-MB-231 breast cancer cell lines were utilized in multiple cell line studies, since
they are ERa negative and ERp positive (10).

Estrogen and EGF, when added to the breast cancer cell lines, showed an increase of
cell migration coupled with an increase in lamellipodia, which could enhance cellular
movement (10, 126). Resveratrol supplementation in MDA-MB-231 cell lines had the
opposite effect, and decreased cell migration in estrogen and EGF treated cells at 50 uM
concentrations of resveratrol, over a period of 8 hours. This could be occurring by
restructuring of the filopodia, and decreasing recruitment of FAK and focal adhesions in the
basement membrane (10, 126). This also points to an important component of cell
migration, which is cell polarity that aids in the forward movement and migration of cells.
With the increased presence of filopodia in the resveratrol-treated cells, their appeared to
be no polarity and thus cell migration was also suppressed through this mechanism (10,
126). Thus resveratrol reduced cell motility in ERa negative and ER positive breast cancer

tissues that also expressed the EGF receptor (EGFR) (126).
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MDA-MB-231 cells treated with 50 uM showed inhibited cell motility through a
decreased production of lamellipodia after 8 hours (10). This inhibition of cell motility
complexes at higher concentrations of resveratrol were thought to be due to a more
sustained and larger response through Cdc42, which did not promote the conversion of
filopodia to lamellipodia, the motile actin structure (10). But, the production of un-
polarized filopodia through higher concentrations of resveratrol could have worked
independently of Cdc42, and other GTPases could have had a larger effect on the decreased
mobility of these cells as well (10).

Resveratrol supplementation has also displayed the importance of cytoskeleton
remodeling in the presence of IGF-1, which could be upregulated in several cancer states. In
particular, FAK and IGF-1R worked together to induce survival and continual proliferation
via activation of downstream signalers (55). Talin, a regulatory integrin protein, was
thought to further influence the activity of FAK which could lead to actin-based enhanced
motility cytoskeleton changes, as well as mediating cell survival pathways (55). The
interaction of talin and FAK, produce changes in downstream effectors, as was seen in
several carcinomas (55, 127, 128). It was found in colon cancer cell lines (HT-29) that
resveratrol suppressed talin and phosphorylated FAK in IGF-1 present cells at a
concentration of 150 pM (55). This same finding was demonstrated in the absence of IGF-1
as well, but IGF-1R acted synergistically with FAK, which led to multiple downstream
effects in IGF-1 upregulated cancer states. Resveratrol also displayed enhanced cell
detachment, and decreased protein interactions in the extracellular matrix due to

inhibition of the cytoskeleton talin-FAK pathway (55).
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Thus resveratrol acted on the cytoskeleton structures of cells, which are important
in motility and activating downstream signaling pathways that could promote metastasis
as well.

2.1.5 Conclusions on resveratrol

With the extensive research that has been discussed above, it was obvious that
resveratrol could play an influential role on invasive breast cancer. Not only did these
studies give insight into the significant role of resveratrol, but also showed that more
research is necessary regarding this specific phytochemical and its breast cancer fighting
potential. Resveratrol had the potential to inhibit multiple targets in the metastatic cascade,
which included MMP inhibition, modulating cell microcolonization events, suppressing
angiogenesis and down-regulating cell motility structures that helped cancer cells to
continually metastasize. In summary, the many molecular targets of resveratrol included,
NF-kB, MMP-2 and -9, VEGF, FGF, MAPK, PI-3K/Akt/mTOR, p53, TNF, AP-1, cMYC, COX-2,
HRG-f1, HER-2, multiple caspases, IGF-1, cathepsin D, STAT3, HIF-1q, talin-FAK (17).

Thus, with research displaying resveratrol modulating many different pathways,
proteins, and complexes, it would have great potential as a form of therapy for
metastasized breast cancer. Resveratrol supplementation is already in clinical phase I trials
utilizing COX-2 as a biomarker, on patients diagnosed with resectable colorectal cancer. As
the safety of resveratrol on human trials, which has been positive thus far, continues to be
investigated, other analogs of resveratrol should be explored and as they could have great

promise in helping to treat cancer (22, 129).
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2.2 Genistein

oH| Another phytoestrogen (dietary
OH 0
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igure 9: Structure of genistein

Genistein, an isoflavone, is a biologically active phenolic compound, and is found in several
plants, most notably in soybeans and soy products (130). Dietary intake of genistein has
been shown to aid in the prevention of cardiovascular disease by decreasing cholesterol
and triglyceride levels (131).

Genistein ingestion has been linked to a reduction in bone loss by activating the
process of bone formation, thus aiding in osteoporosis, a common disease condition in
postmenopausal women (132). Genistein’s mechanism of action, like resveratrol, has been
proposed to be due to its similar structure to 17-f-estradiol, which allows it to bind to both
ERa and ERP (with much greater affinity) and promotes their activation and estrogen-like
effects (130, 133). Stimulation of the estrogen receptor by genistein has led to alleviation of
several postmenopausal symptoms (134). Genistein has also been shown to reduce heart
disease, atherosclerosis, and Type 2 diabetes (130, 131), and contains antioxidant,
estrogenic and cancer fighting properties. This isoflavone appears to have the greatest
impact on both breast and prostate cancer, as discussed throughout the following parts of

this section (130, 131, 135, 136).
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Population based studies have investigated the lifestyle and dietary factors that
could have led to a lower incidence of breast cancer in specific populations. In fact, a lower
incidence of breast cancer has been documented in Eastern Asian countries where the diet
utilizes a higher proportion of soy (137-144). Japanese and Chinese women who lived in
Asia had a 5-fold decrease in breast cancer occurrence compared to women also of
Japanese and Chinese descent in North America and Western countries (137). High soy
consumers of Southeast Asia had genistein blood concentrations 100 to 1,000 times higher
than people in western populations who ingested a low soy diet (138). Typically, within
higher soy-consuming individuals, genistein consumption was around 0.3 to 1.0 mg per
kilogram per day (145-152). Genistein, upon ingestion (which is usually in the micro molar
range), is broken down to a mostly conjugated form, and 10% free form (which was in
nanomolar concentrations) (153, 154). After immigration of Asian women into the USA and
Western Europe, and adoption of the Western diet and lifestyle factors, the risk of breast
cancer was comparable to Caucasian women after only two generations (140, 155). Hence,
an environmental factor, such a diet based on high soy consumption, could be attributed to
this lower incidence of breast cancer in these Southeast Asian populations.

Southeast Asian male populations have also seen an associated decline in cancer,
but in their case it was a reduction in prostate cancer incidence. Again, genistein
consumption was much greater in these individuals and with this increase in dietary intake
of soy; there was also a ten-fold decrease in metastatic prostate cancer occurrence (130,
138-140). Again, like breast cancer, it was seen that one generation after immigration to
western cultures, that metastatic prostate cancer risk increased (140). Similar evidence has

also been found that linked increasing genistein ingestion with a lower incidence of colon
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cancer (144, 156). Thus, through environmental factors like the diet, genistein
consumption could potentially contribute to the decreased incidences of breast, prostate
and colon cancer in these populations with high soy-consuming diets (16, 130).

An array of in vitro, in vivo and clinical trials have been performed on genistein
ranging from micro molar to nanomolar concentrations, in order to determine its effects on
cancer at multiple stages. Genistein has been found to have a large impact on cancer
metastasis and has been shown to inhibit several steps of this cascade. Importantly,
genistein has been shown to be useful at inhibiting the activation of MMPs and integrins
that aid in invasion, as well as inhibiting cell cycle regulators, inducing apoptosis,
repressing angiogenesis and decreasing cellular motility (130, 157). The pathways and
mechanisms involved in each of these processes will be discussed throughout the following
sections.

2.2.1 Genistein and MMP inhibition

Cellular invasion, as mentioned previously, enlists activated MMPs in order to
degrade the basement membrane (158). Activation of MMPs normally aid in endothelial
cell proliferation and division, but has also been shown to increase tumor growth and
metastasis by promoting growth factor release which leads to disorganized growth and
division (159). Thus dietary agents like genistein, may show promise in targeting specific
MMPs, such as the gelatinases (MMP-2 and MMP-9) and could provide assistance in
targeting this process in vivo in advanced forms of breast cancer.

Genistein’s ability to aid in down-regulation of specific MMPs has been seen in
multiple cancer related studies. Concentrations of 10 nM (similar to physiological levels)

and above have shown inhibition of metastatic prostate cancer cell lines in vitro (160).
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Similar effects have also been documented in PC3 (hormone-dependent) and LNCaP
(hormone-independent) prostate cancer cell lines. In this case, a reduction of MMP-2
activity was seen in both cell lines with concentrations starting at 5 pg/mL and showing
enhanced inhibition with greater concentrations (50 pg/mL) and time (161). Higher
concentrations of genistein varying from 30 to 50 pM have also demonstrated a reduction
of MMP-2, as well as MMP-7 (a matrilysin) in the primary breast cancer cell line HCC13995
(162). More invasive breast cancer phenotypes (MCF-7 and MDA-MB-231) have confirmed
these findings, that genistein administration inhibits invasion through suppression of
MMP-2, MMP-7 and MMP-9 (163).

Inhibition of invasion following basement membrane degradation is one of the key
features targeted in the progression of metastasized cancer forms. In human glioblastoma
cells (UB7MG) MMP-2 activation was observed and decreased with genistein
administration in a dose and time dependent manner, ranging from 2 to 20 uM
concentrations (164). This decrease in MMP-2 expression, at least in relation to
glioblastomas, was thought to be partially due to the reduced protein levels of membrane
type-1 MMP (MT1-MMP), present on the basement membrane, which aided in MMP-2
activation (164). A particular cellular component of the basement membrane, laminin 5y2,
also assists with membrane breakdown during metastasis, and was hindered as a result of
genistein treatment (164).

MMP-9, the other key gelatinase was also down regulated upon genistein treatment
in cancer cell lines. MMP-9, upon genistein treatment, was inhibited in vitro in both MDA-
MB-231 and MCF-7 breast cancer cell lines, glioblastomas and pancreatic cancer cell lines

(162-165). A pharmacological dosage of 50 uM of genistein concentration has displayed a
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reduction of MMP-9 activation in PC3 prostate cancer cell lines as well (166). PC3 prostate
cancer cells have also demonstrated decreased MMP-2 and MMP-9 expression with a
concentration of 50 uM of genistein (167, 168). In MDA-MB-435 cells, up-regulation of
breast cancer cells was enhanced with c-erbB-2 expression. C-erbB-2, also known as
human epidermal growth factor receptor 2 (HER2), is a protein that aids in the
pathogenesis and progression of several forms of cancer (169). MDA-MB-435 cancer cell
lines transfected with c-erbB-2, showed enhanced MMP-2 and MMP-9 secretion (169).
These overexpressing c-erbB-2 cells, when treated with genistein, showed a reduction in c-
erbB-2 expression and a subsequent decrease in MMP-2 and MMP-9 expression (169).

It is also of importance to note that clinical trials on genistein have begun, and in
particular, phase II trials have documented decreased MMP activity in prostate cancer
patients (170). Patients were administered 2 mg of genistein per kilogram of body weight
(with a blood concentration of free genistein around 140 nM) compared to control
individuals. Following genistein therapy, radical prostatectomies were performed, and
prostate cells were viewed for prostate cancer invasive potential. It was seen through these
trials that MMP-2 activity shrank to 24% the levels compared to the untreated group
(control), which supported the role that genistein played in inhibiting the invasion process
of cancer (170).

Thus, decreased MMP-2, MMP-9, MMP-7 and laminin 5y2 activity in multiple cancer
cells, was observed after genistein administration which reduced cellular invasion and
metastasis. Through exploitation of genistein’s anti-metastatic properties, it could be
possible to help treat invasive cancer phenotypes by reducing the initiation and activity of

several specific MMPs that were upregulated in this process. As clinical trials on genistein
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have already begun on specific cancers, research continues to expand and support the
valuable effects that genistein could have through the diet in reducing invasion of cancer.
2.2.2 Genistein and cell microcolonization inhibition

In the previous section on genistein, research demonstrated genistein effects on
MMPs that had the ability to work through multiple cell signaling pathways. In this section,
genistein’s mass effects on cell microcolonization pathways were explored. To begin, this
review is from research on genistein’s ability to reduce cell proliferation, inhibit cell cycle
proteins that play a role in cell growth, and finally the reduction in apoptosis.
2.2.2.1 Genistein and cell proliferation

Genistein administration demonstrated effects on many regulators of cell
proliferation. Cell growth, is essential for the cancer to establish a micro metastasis in the
new secondary site. Review of literature reveals that genistein has a vast role in inhibiting
several key pathways in cellular proliferation. Throughout this section, genistein’s effects
on NF-kB, Akt activation, MAPK pathway, IGF-1 mediated cellular proliferation and its
estrogenic and non-estrogenic role will be discussed, followed by a brief overview of
genistein’s results documented from phase Il clinical trials.

To begin, genistein, much like resveratrol, has demonstrated a strong influence over
the NF-kB pathway. NF-kB is a key transcription factor that regulates the activation of
several different genes that play a role in cellular proliferation and apoptosis. When
activated, IxB is phosphorylated, which releases NF-kB, and upon translocation to the
nucleus it acts as a transcription factor (157). When genistein was administered to several

different cancer cell lines (breast, prostate, head and neck squamous cell, and pancreatic),
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DNA binding of NF-kB was suppressed, reducing transcription and subsequent activation of
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expression (172). These findings suggested that the p50 and p65 subunits of NF-kB, that
under normal conditions move into the nucleus and bind to the DNA, were inhibited from
translocating and binding to the promoter site, thus inhibiting NF-kB mediated effects on
cell proliferation (Fig 10) (172).

Importantly, NF-kB also displays increased expression in certain cancers, where the
highly reactive oxygen species, H202 and cytokine, TNF-qa, cause enhanced DNA binding of
NF-kB in the nucleus of these cells (174, 175). Treatment with genistein (50 uM
concentration for 24 hours) in prostate cancer cell lines and human myeloid leukemia cell
lines, suppressed the DNA binding of NF-kB in the nucleus of these cancer cells regardless
of the stimulation from H202 and TNF-a (175). Thus, NF-kB was found inhibited and does

not translocate into the nucleus of the cell and facilitate transcription, even in the presence
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of internal stimulators (175). Decreased NF-kB expression at this point is essential in
reducing the production of proteins and activation of genes that aid in cell proliferation.

Another possible upstream mechanism for genistein’s action has been proposed. A
specific kinase, mitogen activated kinase kinase 1 (MEKK1), resides upstream of the
kinases involved in NF-kB activation. MEKK1 works by phosphorylating IKK, which
ultimately phosphorylates IkBa, and releases NF-kB, and allows it to move into the nucleus
to transcribe several genes (176, 177). Recent kinase assay trials have shown decreased
kinase activity of MEKK1 with genistein treatment, and this could partially explain
genistein’s involvement in decreasing IkB phosphorylation (16, 178).

Genistein has also been suggested to play an influential role in promoting antitumor
activities in drug resistant forms of cancer. With the use of multiple chemotherapeutic
agents such as cisplatin, gemcitabine and docetaxel, increased NF-kB expression was seen,
leading to greater drug resistant forms of cancer (179-183). But, administration of
genistein at certain concentrations that occurred before decreased amounts of
chemotherapeutic agents were utilized in carcinoma states actually decreased NF-kB
expression, which led to a more beneficial cancer fighting initiative (179, 180). Pre-
treatment with various concentrations of genistein from 25 pM, 30 puM and 50 pM for at
least 24 hours, showed NF-kB inhibition and reduced cellular growth in in vitro cell lines
(particularly multiple pancreatic cancer lines) (179-183). Similar results were
demonstrated in vivo as well, with genistein (50 pM) and lower doses of chemotherapeutic
agents showing NF-kB inhibition (168, 179, 180).

In vivo investigation has also been performed on NF-kB activity, especially

examining the role of genistein as an antioxidant and its ability to produce potent results
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against oxidative stress and damage that occurs to human lymphocytes (175). During times
of stress, disease, and cancer, the body produces TNF-q, a cytokine, as an immune mediated
defense response. Typically, oxidative damage produces an enhanced NF-kB response, and
mediates cellular events like proliferation. Human males treated with 50 mg of soy
supplements for a period of 3 weeks showed a decrease in TNF-o mediated NF-kB
activation, as well as a reduction in NF-kB DNA binding ability (175). These results were in
agreement with previous in vitro studies on NF-kB and its ability to repress and mediate
downstream effects like cellular growth.

Most of the NF-kB growth inhibition was seen at various micro molar
concentrations in various cell lines. In breast cancer cells, a time and dose dependent
increase in inhibition was seen from 5 to 50 uM of genistein (184). Pancreatic cancer and
nonsmall cell lung cancer also showed a reduction in NF-kB cell proliferative activity at 25
UM of genistein (185). Prostate cancer showed inhibition of NF-kB at concentrations of 50
UM of genistein (186, 187). Thus, NF-kB can be inhibited via different routes through
genistein administration in multiple forms of cancer.

An important protein that regulates NF-kB activation is known to be Akt. Akt is a
serine/threonine kinase that regulates cell proliferation and apoptosis (157). Akt is also an
important initiator of cell proliferation via stimulating the mTOR pathway (157). It was
hypothesized that cellular growth could be reduced via genistein treatment and that
genistein inhibits Akt activation and causes subsequent inhibition of NF-kB and its cell
growth targets (186). Several studies have shown similar results on the down-regulation of

phosphorylated Akt after genistein treatment.
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In prostate cancer cell lines, LNCaP cells displayed increased Akt activation with
EGF treatment, while 50 pM of genistein administration inhibited Akt phosphorylation and
subsequent downstream activity (188). Inhibited phosphorylated Akt activity at the Ser#’3
residue upon 50 pM of genistein treatment over a period of 24 hours was also observed in
PC3 prostate cancer cells (186). Similar results were displayed in MDA-MB-231 and MCF-7
breast cancer cells. Treatment with 50 pM of genistein for 48 hours resulted in a reduction
of phosphorylated Akt Ser473 (184, 189). And again, this was seen with pancreatic cancer
cell lines at 25 uM genistein, and oral squamous cell carcinoma lines at 10 to 40 pM of
genistein for 48 hours (185, 190). Cervical cancer cells showed growth inhibition through
decreased phosphorylated Akt at 20 and 60 pM concentrations of genistein for a period of
48 hours (191). This reduction in Akt phosphorylation also displayed decreased DNA
binding affinity of NF-kB, thus demonstrating the importance of Akt-NF-kB cross talk in
cancer cells (184, 189).

In vivo studies on DMBA-induced mammary tumors in female Sprague dawley rats
displayed inhibited phosphorylated Akt levels after genistein exposure (192). Genistein
administration (500 mg/kg/day) occurred on postnatal days 22 through 28. Thus,
downregulated Akt via genistein played an influential role on tumor formation and could
have a beneficial role in reducing cellular proliferation in cancerous states by decreasing
promotional activity attributed to activation of NF-kB (192).

Another important cellular pathway that enhanced cellular proliferation in cancer
cells is the MAPK pathway. The MAPK pathway consists of kinases that subsequently
activate each other which leads to final activation of ERK, JNK and p38 which ultimately

turns on NF-kB and AP-1 expression as well as multiple other transcription factors that
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lead to cellular growth (157). Genistein has been shown through cancer related studies to
play a role in inhibiting different proteins of the MAPK pathway, which led to decreased
growth.

In prostate cancer cell lines, genistein affected the transforming growth factor 3
(TGF-pB) pathway that mediates MAPK. TGF-f3, a secreted protein, is typically overexpressed
in cancer, and has an effect on proliferation (193). TGF-p3 works to activate mitogen-
activated protein kinsase 4 (MEK4) which subsequently causes activation of MAPK p38
(157). MEK4, a tyrosine/threonine kinase, much like TGF-f3, was shown to be increased in
certain cancers (due to increased TGF-f secretion), including prostate, breast and
pancreatic cancers (194, 195).

Prostate cancer cell lines, treated with 50 uM genistein over a period of 23 hours
displayed decreased levels of TGF-f induced phosphorylation of downstream effectors
including p38 MAPK (196). This activity was observed further in other prostate cancer cell
lines, where treatment with 50 uM of genistein over 24 hours directly bound to and
inhibited MEK4 activity, thus leading to reduced activation in the downstream effectors,
p38 MAPK and down-regulated cellular proliferation (170). Genistein also induced these
inhibitory effects at concentrations of 10 nM (160, 170, 193, 196). It appeared that lower
concentrations of genistein were able to promote inhibitory effects through regulation of
MEK4, upstream of p38 MAPK, suppressing the MAPK pathway (170, 193, 194, 197).

It has also been briefly demonstrated that an important growth factor, IGF-1, that
advanced proliferation of cancer cells, was inhibited by genistein. IGF-1 tended to be
increasingly produced during cancer, causing increased metastasis and growth.

Investigation of a prostate cancer model, the SV-40 Tag rat model in vivo, demonstrated a
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growth inhibitory effect on prostate cancer cell growth when rats were fed 250 mg
genistein per kg chow starting at birth to 12 weeks old (198). These genistein levels were
equivalent to 2 pM total genistein in the blood. Results demonstrated decreased expression
of IGF-1 as well as decreased proliferation of the prostate cancer cells. Thus, showing that
IGF-1 expression was additionally inhibited by genistein in vivo and this could be another
important mechanism by which genistein exerted its anti-proliferative effects.

Literature shows that genistein plays a vast role in suppressing proliferation; and
that this could be due to its similar structure to estrogen, and its ability to weakly mimic
estrogen, as mentioned previously. As a phytoestrogen, genistein’s phenolic pattern was
similar to that of estrogen and for that reason can bind to the ER and consequently
activating it (133). Genistein was able to modulate promoter sites via ER signaling
including regulated binding of specific transcription factors like AP-1 to the promoter
region (199). Thus, genistein was able to regulate the activation of specific transcription
factors that played a role in cell growth during microcolonization.

Hence, it was important to view genistein’s effects on proliferation when hormone
(estrogen) dependent cells were present in specific cancers. These hormonally responsive
cells tended to be seen in prostate cancers and breast cancers. It appeared that genistein
exerted both agonistic and antagonistic effects upon being bound to the ER, depending on
the estrogen concentration (200). If the estrogen within the environment was low (less
than 10 uM), genistein acted as an estrogenic agonist and caused growth, while high
environmental estrogen (greater than 10 pM) led to agonistic effects and reduced growth
(200-202). Estrogen dependent breast cancer cells (MCF-7 and MDA-MB-231) displayed

these same results, increased proliferation was seen at genistein concentrations of 10 nM
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to 100 nM, and inhibited growth occurred at 20 pM concentrations and above (201, 203,
204). Increased proliferation also occurred in in vivo models where MCF-7 cells were
placed into athymic ovariectomized mice (28 days old) with genistein administration of
750 mg/kg (203). Genistein (125-1000 mg/kg, serum level of 0.39-3.36 uM), caused
enhanced growth of the hormone regulated breast tissue in animal models (203, 205, 206).
Other models have demonstrated mice being fed less than 125 mg/kg of genistein or used a
subcutaneous route of administration of genistein, which inhibited the proliferative effects
(207). Thus, depending on dosage, genistein acted either as an agonist or antagonist of
estrogen, inhibiting or enhancing the proliferative effects (203).

In non-hormone dependent cancers genistein inhibited cellular growth of cancer
cells in an array of in vitro and in vivo models. In bladder cancer cell lines, growth was
inhibited in a dose-dependent manner at genistein concentrations of 10-50 uM over 48
hours (208). The study of bladder cancer in vivo in a mice orthotropic tumor model
confirmed these results. An American Institute of Nutrition diet was utilized plus 0.14% of
the diet being genistein, administered over a two-week period. The mice displayed
decreased tumor growth and metastasis, with a 56% reduction in tumor size after genistein
treatment (208).

Genistein administration on colon cancer cells also displayed a reduction in cancer
growth. Treatment with 50 uM of genistein in vitro led to an inhibition of cellular growth. In
a mice model containing colon cancer cells that had produced lung metastases, a 44%
reduction in lung metastases was observed following administration of 1 uM of genistein
(209). Additionally, human hepatocellular carcinoma cells evaluated in vitro showed that

10-20 pg/mL of genistein used over 6 days, caused greater inhibition of tumor growth, up
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to 80.1% (210). The in vivo model of hepatocellular carcinoma cells in an orthotropic
murine model of nude mice also caused decreased metastases upon genistein
administration (210). Here, 50 mg/kg of genistein was administered daily over a period of
20 days and tumor growth was observed to decline significantly after treatment. It was also
noted, alongside a decrease in tumor size, there was also a decreased number of micro
metastases present (210).

But, the in vitro and in vivo models were not the only examples of genistein use
displaying inhibited cancer cell proliferation. Phase II clinical trials on progressive prostate
cancer individuals have also demonstrated similar anti-proliferative results. Individuals
with prostate cancer were tracked for cancer growth based on the amount of serum
prostate-specific antigen (PSA) levels present in their system (211). As the prostate cancer
progressed, PSA levels tended to increase over time, and is used as an indicator for cancer
progression (211). In the clinical study, patients with prostate cancer were treated with
soymilk daily at approximately 1 mg/kg/day of genistein consumption. The free genistein
within the blood of these patients was approximately 44 nM. Upon treatment with
genistein, a slowed rate of increase was observed in the PSA levels over time (around 20%
increase in PSA) compared to the PSA rates prior to entering the study (around 56%
increase in PSA) (211). Additionally, another Phase II clinical study examined genistein’s
effects on PSA levels in prostate cancer individuals. In this case, 6 mg/kg of genistein was
administered to patients daily over a 6 month period, and 17% of these patients observed a
17% reduction in their PSA levels (212). Thus, these clinical trials suggest the beneficial

effects of genistein on cancer in human subjects, with minimal side effects.
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It is clear from the extensive research that genistein induced anti-proliferative
effects on several different cancers (Fig 10). From these studies, it was shown that
genistein affected the following proteins: NF-kB, Akt, TGF-f3, p38 MAPK, MEK4, the MAPK
pathway, IGF-1, as well as having an effect on estrogen-dependent and estrogen-
independent tissues. The in vitro concentrations that showed cancer cell inhibition ranged
from 0.36 uM to 60 pM of genistein. The greatest effects appeared above 10 puM. The in vivo
concentrations ranged, depending on the animal model utilized, from 50-1000 mg/kg/day
of genistein use. And finally, clinical trials showed growth inhibition effects at 1 to 6
mg/kg/day of genistein consumption. Thus, it is clear that genistein exerted important
anti-proliferative effects on cancer cells through a variety of ways and mechanisms and this
phytoestrogen would be important to explore further in advancing trials.
2.2.2.2 Genistein and cell cycle proteins

Genistein’s vast effects were also observed in relation to the cell cycle. As discussed
in the cell cycle proteins section of resveratrol, the cell cycle is tightly regulated by cellular
proteins that include specific cdks and cyclins (213). The two main transitions that occur
before progression through the cell cycle are the G1/S-phase checkpoint and the G2 /M-
phase checkpoint. The cell is allowed to progress through the first checkpoint, G1/S-phase
when the following complexes are present; cyclin D-Cdk4 /Cdk®6, cyclin E-Cdk2 and cyclin
A-Cdk2 (130, 213). The complex that is necessary for progression through the second
transition phase, G2/M-phase, is the cyclin B-Cdk1 complex. These transition phases are
important for regulation of the cell cycle normally, in cancer, continual division and

proliferation occurs through perpetual progression through the cell cycle.
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The concentrations of genistein that inhibited these cell cycle proteins varied from 5

to 200 uM for several different cell lines, as documented in current research (214).

Numerous reports that
shown that genistein
decreased cell cycle
progression at the G2/M

transition phase in breast

cancer cells as well as

prostate cancer cells

(215-217). Genistein

G2->M

reduced the enhanced

Figure 11: Effects of genistein on cell cycle proteins

activation of cyclin B1,

which normally allows the cells to progress through G2 and into M-phase (218). Cyclin B1
also acts by regulating the kinase action of Cdk2 and Cdc2 (cdk1), which help with
progression through the G1/S-phase checkpoint and G2 /M-phase checkpoint respectively.
Genistein administration (50-200 uM) altered activation states of these two kinases in PC-
3-M prostate cancer cell lines (216).

Genistein has also displayed, at these concentration levels, inhibition of specific cell
cycle regulators in ovarian cancer and neuroblastoma cell lines (219, 220). In
neuroblastoma cells, 50 and 100 pM of genistein caused activation of the tumor suppressor
protein, checkpoint kinase 2 (Chk2), while ovarian cancer cells activated, similarly, Chk1
(219, 220). These two checkpoint kinases, cause dephosphorylation of two separate Cdc25

phosphatases (Cdc25A and Cdc25C) (219, 220). When this occurs, cyclin-dependent kinase
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1 (CDK1 also known as Cdc2), is inactivated and thus does not allow the cdk-cyclin (Cyclin
B1) complex to form and thereby fails to initiate movement from G2 into M phase (220).
Similar results were found with hepatoma cell lines. Upon genistein (5 to 20 uM) treatment
to these cells, a dose-dependent decrease in Cdc2 activity and Cyclin B1 expression was
observed (221). Similar results were obtained when genistein was used on other cancer
cell lines (216, 217, 219-221).

Cyclin-CDKs were directly affected by genistein, but they were also indirectly
affected by genistein via upregulation of certain CDK-inhibitors (CDKIs), which negatively
controlled the cell cycle (157). Examples of CDKIs include p21WAF1  p27KIP1 n16INK4a and in
certain forms of cancer, increased expression of these proteins is seen in MDA-MB-231,
MDA-MB-435, MCF-7 breast cancer lines, PC3, LNCaP prostate cancer lines, H460 and H322
non-small cell lung cancer lines and HN4 head and neck squamous cancer lines (16, 169,
171,222-224). In MDA-MB-231 breast cancer cell lines, a dose dependent increase in
p21WAF1 expression was observed with 5 to 30 uM of genistein over 24 to 72 hours (171).
p53 induced the expression of p21WAFl in several cases, which led to the suppression of
CDKs, thus inhibiting movement through the cell cycle and decreasing cellular growth at
this step (171).

Genistein has also been shown to decrease cell cycle movement by interfering with
signal transduction proteins that increased invasion of cancer cells. Importantly, in
pancreatic and colon cancer cell lines (209, 225), genistein has been shown to activate the
protein, Forkhead box protein M1 (FoxM1) which functions in cancer progression and is up
regulated in several carcinomas. FoxM1 is important to the cell cycle, because of its ability

to modulate several cell cycle regulators which include Cyclin B, Cdc25A and Cdc25B (225).
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Poor prognosis of both breast and pancreatic cancer was seen with overexpression of
FoxM1 (225). In pancreatic cancer cell lines, concentrations of 50 and 100 pM of genistein
treatment over a period of 72 hours, showed inhibition of the cell cycle (225). Thus,
genistein, reduced the expression of FoxM1, which inhibited transcription of important cell
cycle regulators, sequestering the cells in the G1 or G2 phases of the cell cycle (16, 223,
225). In prostate cancer cell lines, TRAMP-C2, the involvement of two kinases (Myt-1 and
Wee-1), that are upstream of the cell cycle regulators (Cyclin B1 and Cdc2), were shown to
be altered upon genistein treatment: increased Myt-1 expression levels and decreased
phosphorylation of Wee-1 (226). This caused a resulting increase in p21WAF1 [evels, along
with a decline in Cyclin B1 expression, and could be another mechanism through which
genistein inhibits cell movement through the G2/M checkpoint (Fig 11) (226).

Throughout this section genistein demonstrated an important role in cell cycle
regulation. Research has increased the understanding of genistein’s role in down-
regulating several key cell cycle regulators including chk1, chk2, cdc2, cdc25A, cdc25C,
cyclin B1, p27WAF1 FoxM1, Myt-1 and Wee-1 (130). Genistein’s impact is on cancer cells is
not limited to cell cycle regulation as mentioned above, but also research reveals its ability
to induce apoptosis in cancer cells.
2.2.2.3 Genistein and apoptosis

Apoptosis is essential for the cancer cells to be eliminated from the environment
and in this section, genistein’s role in inducing apoptosis in cancer is discussed. Genistein
demonstrated apoptotic effects on anti-apoptotic proteins, pro-apoptotic proteins,
caspases, NF-kB and Akt. The concentrations that induced apoptosis in vitro (10-200 pM)

were very similar to concentrations on genistein’s anti-proliferative effects (130).
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Apoptosis is regulated by a multitude of factors that include anti-apoptotic and pro-
apoptotic proteins. Importantly, the Bcl-2 family including Bcl-2 and Bcl-xL are anti-
apoptotic proteins that function in balance with two main pro-apoptotic proteins (Bax and
Bak) and balance shifts in these two groups of protein determine the activation or
inactivation of apoptosis (130). Current studies have shown a reduction in anti-apoptotic
proteins, like Bcl-xL and Bcl-2 upon genistein treatment in several cancers. In MDA-MB-231
breast cancer cells treated with 15 to 30 uM of genistein over 24-72 hours, decreased Bcl-2
expression was observed, causing 43% of cells to induce apoptosis (171). Bcl-2 is
overexpressed in certain breast cancers, for example, MCF-7 breast cancer cell line, and
increased apoptosis was observed with 10 and 20 uM of genistein (227). Apoptosis was
initiated at 25 to 50 uM concentrations of genistein over 48 to 72 hours in head and neck
squamous carcinoma cells (224). Bladder cancer cell lines also showed a marked reduction
in Bcl-2 after 50 pM use of genistein over a period of 48 hours (208). Additionally, Bcl-xL
much like Bcl-2, showed decreased expression upon treatment of 25 and 50 uM
concentrations of genistein in MCF-7 breast cancer cells (228).

Bax, the pro-apoptotic protein, initiates apoptosis upon higher accumulation and
decreased binding to Bcl2. Upon Bax accumulation, the ratio between Bax and Bcl-2
changes, cause mitochondrial membrane permeability, and cytochrome c release, caspase
activation and apoptosis. Multiple studies have demonstrated increased Bax accumulation
in cancer cells, which leads to these down stream signaling events. For example, in lung
cancer cell lines, 30 and 50 puM of genistein over 24 hours led to a 1.8 to 4 fold increase in
Bax accumulation, which increased apoptosis (229). Similarly, prostate cancer cell lines

treated with 50 uM of genistein over 36 hours showed a 12-fold accumulation in Bax, also
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initiating enhanced apoptotic action (230). Additionally, increased expression of Bax was
seen at 50 uM of genistein over 48 hours in bladder cancer cell lines (208). And, MDA-MB-
231 breast cancer cell lines treated with 5, 15 or 30 pM of genistein over 24 hours
demonstrated a marked 11-fold increase in Bax levels compared to Bcl-2 (171). Thus,
genistein has been shown to induce apoptosis by causing overexpression of Bax in cancer
cells, which causes apoptosis.

Genistein (50 puM) was shown to cause overexpression of another proapoptotic
protein, Bak in MCF-7 breast cancer cells (228).

Another part of the apoptotic cascade is initiation of one of the main thiol proteases
that aid in inducing apoptosis, caspase 3, which cleaved subsequent caspases involved in
cellular death. In multiple prostate cancer cell lines, genistein induced caspase 3 mediated
apoptosis at concentrations ranging from 20, 30 to 50 pg/mL (188, 231). Concentrations of
genistein greater than 50 pg/mL initiated necrotic cell death (188, 231). In T lymphoma
cells, genistein induced apoptosis in a time and dose-dependent fashion. Concentrations of
genistein (15, 30 and 60 uM) after 24 hours of treatment increased caspase 3 activity seven
fold, which led to DNA fragmentation and induction of caspase 9 activity, overall increasing
apoptosis in these cell lines (232, 233). Human hepatocellular cell lines treated with 25 and
50 uM genistein also displayed an increase in caspase 3, 8 and 9 after the treatment period
of 24 hours (234).

Apoptosis was elicited in other human colon adenocarcinoma cell lines after 4 days
of being exposed to 60 and 150 uM of genistein causing a 54-94% increase in apoptosis
(235). Similar results were found in rat fetal nontransformed intestinal cell lines, upon 80

UM genistein exposure over 48 hours led to a decrease in cell number (235). And finally,
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exposure of 100 uM of genistein over 48 hours in both colon cancer cells and human colon
adenocarcinoma cells showed a reduction in cell number by 60 to 75% in these lines (235).
Thus, these concentrations of genistein were beneficial in regulating the levels of pro-
apoptotic proteins, anti-apoptotic proteins and caspase regulation in promoting apoptosis.

[t is important to note the upstream regulators (Akt and NF-kB) that promote cell
survival and decrease the downstream regulators like Bak, Bax, caspase 3, caspase 8, and
caspase 9. One of the key upstream regulators of apoptosis is Akt, which when activated,
leads to decreased cellular death (236). Akt inactivates several proteins of the extrinsic and
intrinsic pathways including Bad, caspase 9 and indirectly caspase 8 (236, 237). Akt is a cell
survival protein, that is initiated through a growth factor mediated pathway and has been
shown to be increased in cancer and diseased states (184).

Treatment with 40 uM genistein on colon cancer cells showed a decrease in
phosphorylated Akt after 6 hours, and caspase 3 was upregulated after 12 hours, thus
apoptosis occurred after downregulation of Akt (236). Apoptosis was also initiated after
exposure with 50 uM genistein in a time-dependent manner in prostate cancer cell lines
(186). It was observed, that after decreased activation of Akt was seen in prostate cancer
cell lines, that Akt, when activated (as seen in normal cancer states) targeted several other
proteins of the apoptosis mechanism (caspases, GSK-3, ceramide, NF-kB) reducing
apoptosis (186).

Similar results were found with MDA-MB-231 breast cancer cells, upon treatment
with 50 uM of genistein over a period of 48 hours, decreased Akt activation at the ser473
residue was observed (184). The induction of apoptosis was thought to be due to the 40%

decrease in phosphorylation of the GSK fusion protein, that would normally help protect
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against apoptotic action (184). Similarly, MCF-7 breast cancer cell lines (and MDA-MB-231
cell lines) after treatment with 50 uM genistein, showed decreased Akt activation after 24
and 48 hours of treatment, increasing the mitochondrial dependent route of apoptosis in
these cells (189). The activity of caspase 7 was increased, due to decreased Akt
phosphorylation, also initiating a marked increase in apoptosis.

NF-KkB, a transcription factor, was altered by genistein treatment in cancer cells and
induced apoptosis. NF-kB, as mentioned in the cell proliferation section (2.1.2.1), was
regulated by Akt phosphorylation and was involved in cross talk with Akt. NF-kB was
inhibited by genistein treatment, which was important as NF-kB promoted anti-apoptotic
factors. Importantly, NF-kB regulates many cascades that lead to apoptosis such as
endoplasmic reticulum (ER) stress-relevant regulators (GADD153, m-calpain, GRP78) and
also reduces proteasome action (157). In MDA-MB-231 breast cancer cells, this cross talk
between the two pathways was evident, as treatment with 50 uM of genistein over 36
hours showed a 60% decrease in Akt phosphorylation which demonstrated reduced DNA
binding affinity for NF-kB activation (184). Increased apoptosis was observed when these
two pathways were affected. In prostate cancer cells, 30 to 60 pM concentrations of
genistein showed increased apoptosis over a period of 72 hours, with at least a 4 fold
increase in cell death (238).

Likewise, in androgen-sensitive and androgen-insensitive prostate cancer cell lines,
25-50 pM genistein over 3 days inhibited NF-kB effectively and induced apoptosis (172).
Treatment with genistein in vivo decreased NF-kB activity and increased apoptosis in male
nude mice transfected with prostate cancer cells upon use of 0.43 mg/day genistein over a

period of 3 days (238). Genistein acted by mediating the upstream activity of Akt, thus
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causing decreased NF-kB activation and increased apoptosis in cancer cells (184). But, NF-
kB activation was not only mediated through the Akt pathway, and thus could have other
ways of being activated, but as demonstrated previously, genistein regulated different
proteins of the NF-kB signaling pathway which led to increased apoptosis over time.

Another important apoptotic regulator that is mediated by NF-kB activation is p53.
In this p53 pathway, activation and up regulation of p53 led to inhibition of anti-apoptotic
proteins like Bcl-2, and increased activation of pro-apoptotic proteins including Apaf-1 and
Bax, which caused apoptosis to occur via the intrinsic pathway (239). In MCF-7 breast
cancer cell lines, 10 pM of genistein significantly increased p53-dependent transcription,
leading to increased apoptosis (239). In an in vivo study, mice were implanted with
prostate cancer cells and administered a soy diet containing 812 mg genistein aglycone
equivalents/kg over a two week period (240), showed that a soy-based diet increased p53
expression by up to 47%, and along with an increase in apoptosis ranging from 56%-83%
(208). Similarly, in vitro studies on prostate cancer cells, treatment with 50 or 100 uM
genistein over 24 hours caused an 11.5 to 25 fold increase in p53 protein activation (208).
Importantly, apoptosis was initiated after 12 hours of genistein treatment in these cell
lines, which was consistent with activation of p53 and subsequent Bax initiation before
apoptosis occurred (208).

It is hypothesized that genistein could have the ability to inhibit proteasome activity
that would normally have led to degradation and down regulation of p53 activity (230). In
prostate cancer cell lines an observed increase in apoptosis was seen after 100 pM
genistein exposure over a period of 12 to 24 hours (230). Coinciding with this, genistein up

regulation of p53 was increased upon proteasome inhibition in the cancer cells, which led
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to increased apoptosis as well (230, 231). Overall p53 mediated apoptotic effects were
induced due to genistein treatment in multiple cancers (157, 230). In MDA-MB-231 breast
cancer cell lines, 30 uM concentrations of genistein over 72 hours showed a marked
increase in apoptosis (171). But, in cell lines with a mutant p53 gene, when treated with 5,
15 or 30 uM genistein over 72 hours showed decreased p53 expression (171). While a
functional p53 gene was able to decrease the expression of Bcl-2 and induce activation of
p21 and Bax, which initiated apoptosis, a mutated p53 gene could not necessarily induce
apoptosis as efficiently with genistein administration in certain cancer cell via this route.
But, p21 could still be upregulated and genistein initiated apoptosis via different routes,
thus p53 is not the only mechanism through which genistein increased cell death was
achieved in cancer (171).

These studies show that apoptosis was initiated via multiple routes through
genistein action. Genistein had vast effects on cancer cells by effecting both proapoptotic
proteins and anti-apoptotic protein levels, decreasing both phosphorylated Akt and NF-kB
activation as well as up regulating p53. From the research gathered on genistein’s role in
programmed cell death it was observed that concentrations ranging from 10 to 200 pM in
vitro produced the greatest effects. Again, these findings suggest that genistein has the
potential to be an effective therapeutic agent and utilizes multiple mechanisms to inhibit
cancer progression.

2.2.3 Genistein and angiogenesis

The data above displayed genistein’s vast effects on inhibiting cancer invasion,

proliferation, cell cycle regulation, and apoptosis. But, it also had the capability of

decreasing angiogenesis in cancer. Decreasing blood vessel density, vascularization,
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endothelial cell growth and angiogenic facilitators are useful tools for decreasing cancer
metastasis. Genistein’s extensive anti-angiogenic effects were investigated by examining
genistein’s role in promoting angiogenic inhibitors, reducing pro-angiogenic factors,
decreasing DNA binding activity of HIF-1a, reducing VEGF expression, as well as shrinking
the vessel formation necessary for angiogenesis.

A plant based diet, including compounds such as genistein, could be beneficial in
inhibiting the growth of blood vessels to tumor sites and to limiting the growth of
endothelial cells, which are required for new blood vessel formation. For example,
endothelial cell growth was targeted in bovine brain capillary endothelial cells after
exposure to 1 to 100 uM genistein showed a dose dependent increase in growth inhibition
of these cells 5 days post treatment (157, 241).

Potent inhibition of vascular endothelial cell growth was also seen, from the bovine
adrenal cortex and aorta, neuroblastomas, rhabdomyosarcomas, and human
retinoblastoma cells after genistein (5 and 50 pM) treatment (241). Once endothelial cells
proliferate they need to be able to move through the basement membrane by releasing
proteolytic degradation enzymes and angiogenic facilitators that promote the process of
angiogenesis. Use of 200 pM genistein over 2 to 3 days on bovine microvascular endothelial
cells (BME) showed a marked decrease in one of these angiogenic factors, bFGF. When
bFGF was targeted by genistein, decreased migration of the endothelial cells necessary for
angiogenesis occurred (241).

bFGF is not the only angiogenic factor that has a role in angiogenesis, there are
several other factors, regulators and genes important in regulating and promoting the

progression of angiogenesis. Other genes like uPAR and protease activated receptors (PAR-
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2) are necessary for invasion and migration to blood vessels (167). Several others promote
angiogenesis and invasion through a variety of mechanisms, VEGF, TGF-f, neuropilin, bone-
derived growth factor (BPGF), lipophosphatidic acid (LPA), and thrombospondin (TSP). In
prostate cancer cell lines, treatment with 30 and 50 uM of genistein over a period of 6 to 72
hours led to down-regulation in several of these pro-angiogenic genes and proteins
including uPAR, VEGF, neuropilin, TSP, BPGF, LPA, TGF-2, TSP-1, and PAR-2 (167, 242).
Similarly, breast cancer cells at comparable concentrations of genistein (50uM over 72
hours) have demonstrated upregulation of the activating transcription factor 3 (ATF3),
which induced increased gene expression of plasminogen activator inhibitor-1 (PAI-1)
(162). This PAI-1 gene acts on tumors by reducing angiogenesis and metastasis. Human
bladder cancer cells also displayed similar results on angiogenic factors, in particular,
showing stimulatory effects on angiogenic inhibitors. Treatment with 5 to 10 pg/ml of
genistein over 12 hours led to a marked increase in angiostatin, endostatin and TSP-1 in
vitro (243). Thus, genistein has been shown to regulate in multiple pathways, inhibiting
angiogenic activators (uUPAR, VEGF, neuropilin, TSP, BPGF, LPA, TGF-2, TSP-1, and PAR-2,
bFGF), and increasing expression of anigogenic inhibitors (ATF3, PAI-1), changing the ratio
of these two (activators and inhibitors) is known to regulate and inhibit the growth of pre-
existing blood vessels. Hence, many genes were up-regulated or down-regulated by
genistein, displaying its intricate role in angiogenic regulation.

One important regulatory process that genistein impaired effectively was VEGF
expression (Fig 7). This is a key target in angiogenesis, as VEGF tended to facilitate
angiogenesis in carcinomas. In pancreatic cancer cells, HIF-1a (discussed in the resveratrol

section), mediated VEGF expression in cancer cells during hypoxic states where a blood
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supply rich in nutrients and oxygen are in demand (244). Genistein had the ability to act as
a nonspecific inhibitor of HIF-1a. Higher doses of genistein (100 to 250 uM) during hypoxic
states in pancreatic cancer cells showed a reduction in the DNA binding affinity of HIF-1q,
with a marked increase in VEGF suppression (244). A dose-dependent and time-dependent
effect on decreased VEGF expression in pancreatic cells was seen with 10, 50, 100 and 250
UM genistein treatment over 24 hours (244). Similarly, bladder cancer cells had decreased
VEGF levels after 10 pg/ml genistein treatment, with strong effects showing up after 3
hours of administration (243). Prostate cancer cells additionally had similar effects on both
decreasing HIF-1a binding affinity as well as decreasing VEGF expression (245). The
expression of HIF-1a was decreased upon 60 uM genistein exposure over a period of 24
hours. Similarly, the downstream target, VEGF, also displayed a significant reduction in
expression. Following treatment on prostate cancer cells both with and without radiation,
genistein decreased blood vessel tube formation with 30 pM concentrations of genistein
over 24 hours (245). Hence, genistein treatment was a critical target of HIF-10, and acted
through this factor to decrease VEGF and vessel formation, which are essential for
angiogenesis progression.

Pancreatic cancer xenografts in a mouse model also showed similar results. Mice
were injected with 1.3 mg (comparable to 100 pM) genistein per day, and they showed a
comparable decrease in VEGF expression as well as decreased microvessel density, which
was normally attributed to angiogenic growth (244). Increased vessel density leads to an
increased nutrient source for the tumor and greater growth and metastatic potential. Blood
vessel growth and density was investigated in hepatocellular carcinoma in vivo studies

where mice were injected with a xenograft transplant and administered 50 mg/kg
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genistein daily over 15 days (246). Those treated with genistein had a significant decrease
in microvessel density, a known marker for decreased angiogenesis, as well as a decrease
in tumor volume by up to 20% that of the untreated genistein control (246). In bovine
microvascular endothelial cells genistein use of 200 uM over a period of 2-3 days showed
decreased production of the capillary tube-like structures that led to microvessel density
needed for angiogenesis to occur (241).

Furthermore, evaluation of angiogenesis and blood vessel growth was evaluated in
bladder cancer models. An in vivo model of mice implanted with bladder cancer cells were
fed either soy phytochemicals at 0.5% of the diet and genistein only at 0.14% of the diet
over a 10 week period (208). Bladder cancer tumors in the mice models displayed a 35% to
50% reduction in the blood vessel density in the initial tumor site, coupled with a decrease
in tumor size by 52% to 54% (208). Bladder cancer cells in vitro showed a reduction in
VEGF mediated human umbilical endothelial cells (HUVECs), leading to a 69% reduction in
tubules present in endothelial cell vessel formation with 5, 10, 20 and 50 pM genistein
(247). Hence genistein demonstrated a reduction in vessel formation, a sign of decreased
angiogenesis occurring in cancer.

From the research presented in this section, it was observed that genistein reduced
angiogenesis through multiple mechanisms. It acted on promoting angiogenic inhibitors,
reducing pro-angiogenic factors, as well as inhibiting DNA binding activity of HIF-1a,
reducing VEGF expression, and decreasing vessel formation necessary for angiogenesis to
ensue. Genistein’s anti-angiogenic effects were seen in genistein concentration ranges from
5to 250 puM in vitro, and 1.3 mg to 50 mg/kg in vivo. Hence, genistein could be an important

inhibitor of angiogenesis in multiple cancers in humans.
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2.2.4 Genistein and inhibition of cell migration and motility

Research has documented genistein’s beneficial effects on cancer thus far, showing
this compound was effective at inhibiting MMPs, cell microcolonization pathways, and
angiogenesis. However, the essential factor that that could not be compensated for by other
mechanisms, is cancer cell motility. Cancer cells increase their cell migratory potential
through enhanced cell adhesion and an increase in important cellular complexes that aid in
movement and further progression of cancer.

Adhesion and migration are important processes for cancer cells. Adhesion occurs

when cells attach to the basement membrane, through structures such as integrins, found

. on the cell surface. During
Extracellular matrix

invasion, cancer cells have
a loss of cell-to-cell

Cell attachment, and enhanced

membrane

cell-to-membrane
Lamellipodia
(leadingside)|  5ttachment, which

influences their migratory

potential. Attachment

-Actin Py
occurs through specific
Cell Movement — g1 sp

integrins and other

Figure 12: FAK complexes in the lamellipodia and cell motility

adhesion molecules that are expressed (typically on epithelial cell surfaces) that enable the
cells to anchor efficiently onto the basement membrane. The transmembrane integrins are
bound by the extracellular domain of the integrin to the basement membrane, and the

opposite end of the integrin (the cytoplasmic domain) to the actin cytoskeletal filaments
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within the cell (248, 249). This linkage is mediated through the use of cytoskeletal proteins
vinculin, talin and filamin (157). The entire protein complex, which attaches the basement
membrane to the cytoskeleton, forms a focal adhesion complex, and is usually exhibited at
the leading edge of the cell at the lamellipodia where actin polymerization occurs.
Lamellipodia is an actin projection, which behaves similarly to a foot that pushes forward
and aids in movement of the cell. The tail end of the cell retracts after actin reorganization
occurs at the leading edge. The binding of several molecules that play a vital role in
adhesion and migratory processes forms the entire focal adhesion complex which tethers
the cell to the basement membrane. These proteins included focal adhesion kinase (FAK),

Src and paxillin

(250) (Fig 12).
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Figure 13: Genistein mediated effects on cellular components in cell motility causing

increased cell motility (157, 251-254) (Fig 12).
Genistein displayed, through multiple studies, inhibition of FAK as well as both

increased and decreased cell adhesion (Fig 13). Initial cancer studies on genistein,
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observed increased cell adhesion in certain instances, but data is limited due to the lack of
research on its effects on cell adhesion in cancer. Hence, research investigated so far, show
inconclusive evidence on cell adhesion regulated by genistein treatment. Though, inhibited
cell adhesion was observed in hepatocarcinoma and pancreatic cancer cell lines at low
micromolar concentrations, but allotted time could have been an issue in adhesiveness
(210, 255). These results agreed with other research on genistein that documented
decreased attachment of the cells coupled with decreased migration in invasive breast
cancer cells (MDA-MB-231) (256). Decreased adhesion occurred through genistein’s
suppressive ability of NF-kB and AP-1. Additionally, prostate cancer cells treated with
physiological concentrations of genistein (1-10 uM), reduced attachment and migration
(255). On the other hand, increased adhesion was seen in prostate cancer cells that were
orthotopically implanted into mice and fed 100-250 mg/kg of chow over a four week
period, and they experienced a time and dose-dependent increase in cell adhesion (257)
(Fig 13).

In vitro studies on prostate cancer cells also demonstrated a time and dose-
dependent increase in cell adhesion upon low nanomolar concentrations of genistein (258).
Further in vitro studies on prostate cancer cells, and to a lesser extent, breast cancer and
melanoma cell lines upon treatment of 0.5 to 50 uM genistein over 24 hours were shown to
have increased adhesion (259). But, the increased cell attachment could have been due to a
decrease that was observed in phosphorylated FAK, but still allowed greater FAK
accumulation at the focal adhesion complex. Upon increased FAK levels, increased FAK
complexing with the beta 1-intregin cell attachment proteins was observed, which led to

enhanced expression of the B1 integrin. This integrin is usually lost in the advanced cancer
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state (258, 260). Thus when the integrin was intact, the cell adhered to the basement
membrane and attachment increased. Though this was not the only mechanism that had an
effect on adhesion and motility, preliminary studies are just being investigated and a
further role of genistein on cell attachment are still under examination (Fig 13).

In metastasis adhesion is also influenced by chemokine receptors that act as sensory
agents for the cancer cells. The cancer cells follow these chemokines to a new tissue or
organ . These chemokine receptors are also important in adhesion of the cells to the new
area (261). Genistein at concentrations ranging from 1-50 uM in breast cancer cell lines
over a period of 24 hours, showed a dose-dependent decrease in both the chemokine
receptors CXCR4 and CXCL12 (261). A decreased number of receptors led to decreased
adhesion at secondary and tertiary sites and a reduced migration of cells to the new
metastatic areas (Fig 13).

In breast cancer cell lines, treatment with 1-50 pM genistein over a 24 hour period
showed decreased cell motility (259). Likewise, melanoma cancer cell lines have
demonstrated a reduction in cell motility upon treatment with 20 to 50 pM genistein over
24 hours (259). Prostate cancer cell lines also followed this general trend, and have
demonstrated that with lower concentration of genistein (1 to 10 pM) decreased cell
motility (255). Interestingly, decreased cell motility was contact dependent in these
prostate cell cultures. During invasion, tumor cells came in contact with multiple other
cells, as they tended to crawl over the normal cells, due to their enhanced migratory state.
In these prostate cancer cell lines, they demonstrated how genistein acted by inhibiting this

cell-contact migration observed in invasion (255). The other mechanism that could
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influence this reduction in cell motility was considered to be due to genistein regulated
inhibition of important transcription factors, NF-kB and AP-1 (259).

The decreased cell motility observed was in agreement, across several studies, that
inhibited cell motility was linked with decreased phosphorylation of FAK. In a study on
Chinese hamster ovary cells, overexpression of FAK was associated with an enhanced
migratory phenotype (262). The autophosphorylation site of FAK, Y397, had also been
shown to be a SRC binding site, and its activation was demonstrated in these ovary cells to
be necessary for increased migration (262). Research thus far supported genistein’s
influential role on inhibiting FAK phosphorylation and hence reducing cell migration
events in cancer progression. For example, in hepatocellular carcinoma cells, genistein (5
pug/mkL to 20 pg/mL) has shown a time and dose-dependent increase in inhibition of FAK
phosphorylation in vitro (210). Particularly, a reduction of 40% was observed on FAK
phosphorylation after exposure with 5 pg/mL genistein. In pancreatic cancer in vivo
studies, mice orthotopically transplanted with pancreatic tumors were treated with 100-
250 mg genistein/kg of chow over a four week time period and they also displayed a 12%
reduction in FAK phosphorylation (257). Prostate cancer in vitro studies also demonstrated
areduction in the phosphorylation of FAK at low nanomolar concentrations (1-50 uM over
24 hours) of genistein, and additionally, further prostate cancer studies showed genistein
reducing the phosphorylation of FAK at the autophosphorylation site, Y387, which was
needed for migration (258). These preliminary studies were in agreement that cell motility
could be reduced with genistein treatment, as well as demonstrating an effect on cell

adhesion. Both of these processes were mediated through the suppressive FAK
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phosphorylation events induced by genistein, but more studies need to be done to
understand more thoroughly the mechanism involved in cell motility (Fig 13).

Cell motility also occurred due to other enhanced cell signaling interactions that had
an effect on cytoskeletal structures of the cell. One particular signaling pathway, that was
discussed in the cell microcolonization section was the TGF-f3 induced pathway. This
secreted protein led to activation of multiple signalers in the MAPK pathway, including a
key tyrosine/threonine kinase, MEK4, p38 MAPK and mitogen-activated protein kinase-
activated protein kinase 2 (MAP-KAPK2). Activation of these kinases led to an overall
activated state of heat shock protein 27 (HSP27) that regulated the actin cytoskeleton of
cells (194, 197).

The HSP27 protein is important for progression of cell motility, especially in cancer,
where HSP27 is upregulated as seen in prostate cancer (263). HSP27 acts through
increasing the F-actin polymerization, decreasing actin fragmentation and maintaining the
focal contacts on the membrane (264-266). When HSP27 was de-phosphorylated, or
inactivated, it did not allow for actin polymerization to occur through the process of actin
capping. This was where a protein block was added to the end of the actin filament and did
not allow the additional actin polymers to form (266). Genistein, as discussed in the
previous microcolonization section, worked to inhibit MEK4 as well as p38 MAPK, which
ultimately led to downregulation of HSP27 (170). In a mice prostate cancer in vivo model,
treatment with 100 to 250 mg genistein/kg chow over a period of four weeks showed a
decrease in the phosphorylation of p38 MAPK by 23% and a decrease in HSP27
phosphorylation by 12% (257). Other cancers treated with genistein supported these

results, displaying decreased genistein-mediated HSP27 activation. In multiple prostate
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cancer cell lines, treatment with 10 to 100 nM (up to 50 pM) genistein caused suppression
of TGF-B-MAPK2-mediated activation of HSP27 (193, 196). These concentration ranges of
genistein that induced decreased HSP27 phosphorylation occurred at physiological
concentrations (193, 196). This was only preliminary evidence that showed the possible
role genistein had in decreasing phosphorylation of HSP27 and repressing cell motility,
more research needs to be done to increase the support for genistein-mediated effect (Fig
13).

There was similar evidence that supported genistein’s role in anti-cancer cell
motility through another cell signaling mechanism, but again, the research was minimal
and only gave a rough idea of genistein’s mechanism of anti-motility action. The MEK4
pathway can interact with the endoglin pathway (157). This pathway includes the Smad
family of transcription factors that, depending on their expression, could lead to increased
or decreased cell motility patterns that mediate cell invasion responses (267). The
understanding of this pathway has come from prior research done on prostate cancer. The
general mechanism behind the endoglin-signaling pathway is that upon activation of the
endoglin TGF-f type I receptor known as ALK-2, it subsequently activates the transcription
factor Smad 1 (268, 269). Smad 1 plays an important role, promoting anti-motility effects
(267). On the other side, the TGF-B/ALKS5 (canonical pathway) receptor activates the
transcription factor Smad 3, which is important in supporting pro-motility effects (267).
Thus, cellular motility and subsequent invasion was regulated by the ratio of Smad 1 to
Smad 3. Genistein was able to act on both parts of this endoglin pathway (267).

Firstly, genistein acted on the Smad 3 regulated portion of this pathway through

suppressing MEK4 in prostate cancer cells. MEK4 had the ability to activate p38 MAPK
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which interacted with Smad 3 and activated it (264). It has been shown, as mentioned
earlier, that genistein inhibited p38 MAPK activation in prostate cancer cell lines (193).
Hence, genistein had the potential to work by decreasing the pro-motility transcription
factor Smad 3. The other linked signaling part of this pathway, Smad 1 was also influenced
by genistein. Genistein acted, not through endoglin, but through the receptor ALK-2, in
activating Smad 1, which led to increased transcription of anti-motility genes (269).
Treatment of prostate cancer cells with 25 to 50 uM genistein over 24 hours demonstrated
genistein working through the ALK2 receptor as well as causing an increase in Smad1
promoter activity and Smad 1 expression which led to an inhibited cell motility phenotype
(269, 270). Thus, with the use of genistein, Smad 1 was upregulated and Smad 3 was
suppressed. Overall this led to a change in the ratio of these transcription factors, favoring
Smad 1’s anti-motility effects. Research is beginning to support genistein’s anti-motility
effects, but still more studies were required to provide stronger support for this
mechanism (Fig 13).

TGF-p was not the only mechanism through which decreased cell motility occurred
from genistein use. Other prostate cancer studies have shown genistein to play a role in
increasing E-cadherin levels, which effected cell to cell binding (271). In prostate cancer
cell lines, administration of 15 uM of genistein over a time period of 24 hours,
demonstrated an increase in E-cadherin expression. The cell lines also saw a decrease in
vimentin, a protein that was utilized for increased invasion and metastasis during cancer.
Alongside this increase in E-cadherin expression was also a reversal of the epithelial to
mesenchymal transition (EMT) (271). This transition normally occurs in more progressed

cancer states, where cells usually inhibit several proteins and regulators that can lead to
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differentiated cell types (271). Thus increased E-cadherin levels and decreasing this EMT
phenotype, showed that genistein decreased the invasive and metastatic phenotype in
prostate cancer cells. Hence, genistein again appeared to act as a beneficial mechanism by
which decreased motility and invasion in advanced cancer (Fig 13).

From this section it is clear that genistein was able to work through a variety of
mechanisms to decrease cell motility and subsequent invasion of cancer cells. Genistein
played a role in attachment, suppressing FAK-mediated migration, decreasing the
activation of the TGF-B-MAPK signaling pathway to inhibit HSP27 and actin
polymerization, working through the endoglin signaling pathway to decrease Smad3 and
increased Smad1 to inhibit motility, as well as working independently of TGF-f3 to increase
E-cadherin levels and cause a reversion of the EMT. Thus it was clear from the preliminary
research on genistein and its effects on motility and attachment, that it would have a
beneficial cancer fighting initiative at this point, but more studies need to be carried in
order to support and better understand and clarify all of these mechanisms described in
this section.

2.2.5 Conclusions on genistein

The expansive amounts of research presented above only begun to explore the
multiple levels at which genistein action occurred. With genistein acting on several
different layers of metastasis, it would be beneficial to continue to explore all the possible
routes that genistein could potentially take advantage of to aid in reducing breast cancer
metastasis.

Genistein acted at the level of MMP inhibition, modulating cell microcolonization,

including cell proliferation, cell cycle proteins and apoptosis, reducing angiogenesis and
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suppressing cell motility events in the metastatic cascade. The various molecular/cellular
targets included, MMP-2, -7, -9, laminin 5y2, COX-2, Akt, NF-kB, AP-1, HIF-1q, Cyclin B1,
Cyclin D, p21WAF1 CDK1, Bax, Bcl-2, Smad1, Smad3, p38 MAPK, MEK4, Endoglin, E-
cadherin, CXCR4, CXCL12, FAK, Hsp27, VEGF, vessel density, angiogenic activators (uPAR,
VEGF, neuropilin, TSP, BPGF, LPA, TGF-p2, TSP-1, and PAR-2, bFGF), anigogenic inhibitors
(ATF3, PAI-1), Apaf-1, p53, caspases, chk1, chk2, cdc2, cdc25A4, cdc25C, FoxM1, Myt-1 and
Wee-1. Hence, genistein worked through multiple pathways, proteins, and complexes and

has great potential to treat the metastasized form of breast cancer.

3. Conclusions
3.1 Combinatory effects of genistein and resveratrol

Now that both resveratrol and genistein have been thoroughly examined for their
role in inhibiting metastasis at multiple steps, it was essential to break down the key
molecular processes and pathways being targeted by these agents. By doing so, it made the
individual and combinatory effects of these compounds clearer. Examination ensued on
resveratrol’s individual protein and pathway effects, followed by genistein’s key targets,
and finally ending with the discussion of the potential combined effects of both resveratrol
and genistein on the metastatic process. Specifically, these three subsections will discuss
how these dietary compounds targeted multiple pathways within invasion, cell
proliferation, apoptosis, angiogenesis, cell motility and migration (Fig 14).
Resveratrol, displayed from the research above (all references within the resveratrol
section), widespread effects on the different cellular pathways that led to metastasis in

several forms of cancer. This section summarized the key targets of resveratrol, and
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examined those pathways and mechanisms that resveratrol had exploited individually
compared to genistein action (Fig 14a). The initial section, that looked at the effects of
resveratrol on invasion pertained to MMP-9 and MMP-2 expression that influenced the
invasive phenotype of cancer cells.

Through extensive research, resveratrol demonstrated inhibition of HRG-f3, a growth factor
that activated the HER-2 receptor. This growth factor was upregulated in a certain
percentage of cancers. Upon being activated, HRG-p} increased MAPK expression,
particularly ERK1/2 expression, which resulted in an increased invasive potential of the
cancer cells through MMP-9 induced expression. Resveratrol also inhibited the
transcription factor, NF-kB, which was upregulated, or constituently expressed, in many
cancers. NF-kB played an important role in downstream effects on invasion, including
activation of COX-2 and SPARC. COX-2 expression acted on MMP-9 and promoted its
expression. Consequently, SPARC activation induced MMP-9 and MMP-2 expression. Cancer
cells also increased the expression of other pathways, including the PI3K/Akt pathway,
through a multitude of ways. This included, a mutant PTEN tumor suppressor gene, or
upstream overexpression. Resveratrol acted by inhibiting PI3K and the Akt pathway, which
led to a reduction in IGF-1 downstream of this pathway. Decreased expression of IGF-1
caused inhibited MMP-9 and MMP-2 activation. Resveratrol also inhibited Talin, a
cytoskeletal protein aided in production of FAK complexes, leading to cell adhesion and
migration. Finally invasion was inhibited through resveratrol’s ability to activate cdc42,
which decreased the conversion of filopodia to lamellipodia, causing a reduction in

migration of the cancer cells. Hence, it was clear from these effects that resveratrol alone
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has the potential to reduce adhesion, migration and invasion of breast cancer cells
through multiple routes.

Breast cancer was also influenced by resveratrol at the cell proliferation step.
Resveratrol displayed anti-proliferative effects on cancer cells through several
pathways. For example, resveratrol treatment caused inhibition of CDK-1, which
was a kinase, that complexes with cyclins. When cdk-cyclin were activated, survivin,
a protein activated by cell progression through the G2 to M phase, was increased.
Increased production of survivin acted on cellular MYC, increasing the production of
this transcription factor, enhancing expression of genes that included those that
progressed the cell through G1 to S phase and caused increased proliferation. Thus
upstream inhibition of CDK-1, led to inhibition of the cell cycle checkpoint.
Resveratrol also inhibited TNF-a production, which was an inflammatory cytokine.
TNF-a was overproduced in several cancers, which caused strong activation of
certain parts of the MAPK pathway, including JNK and MEK. JNK and MEK
expression caused over activation of the transcription factor, AP-1, which has
enhanced cellular proliferation.

Resveratrol also reduced proliferation through inhibition of the IGF-1
receptor. As mentioned, IGF-1 expression was increased during cancer, which
activated two main pathways involved in growth. First, IGF-1 activated -catenin,
part of the cadherin complex that helped anchor proteins and regulated
proliferation. When IGF-1 expression was induced, Wnt was also activated, causing
decreased degradation of -catenin, and increased activation of cell proliferation

associated genes. The other pathway that was induced through IGF-1 expression
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was the PI3K/Akt pathway, when it was activated it led to downstream expression
of mTOR, a protein kinase associated with cell proliferative effects. Thus resveratrol
demonstrated regulation of multiple pathways associated with cancer cell
proliferation.

Resveratrol treatment has also acted on apoptotic pathways, causing
increased cell death in cancer cells. As mentioned in the anti-proliferative effects,
resveratrol has inhibited the IGF-1R, which when activated, led to enhanced
activation of the PI3K/Akt pathway. When this pathway was turned on, it blocked
caspase 9 activation, reducing apoptosis. Cancer cells also induced COX-2 expression
within the entire cell, while resveratrol treatment showed an increased expression
of COX-2 localized in the nuclei of cells. The nuclei accumulation of COX-2 increased
activated p53 in cancer cells, which enhanced the expression of pro-apoptotic
proteins, and initiated the intrinsic apoptotic pathway. Resveratrol, additionally,
increased activated caspase 2, which initiated the expression of pro-apoptotic
proteins.

Another level of apoptosis resveratrol acted at was the MAPK pathway. This
compound inhibited two key proteins in the MAPK pathway, JNK and p38. Both of
these increased NF-kB expression, which led to the production of genes that
reduced the amount of pro-apoptotic protein expression and decreased apoptosis.
Finally, resveratrol inhibited apoptosis through increasing production of cathepsin
D, an aspartic protease that led to increased caspase 9 expression and induced

apoptosis via this route as well.
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Furthermore, resveratrol displayed anti-angiogenic properties in cancer.
Resveratrol caused inhibition of the overexpressed growth factor, FGF-2, that was
activated by cancer cells. When FGF-2 was bound to its receptor, it induced
phosphorylation of the MAPK pathway, specifically ERK1/2. Resveratrol inhibited
this step through decreasing activation of ERK1/2. ERK1/2, when activated by
cancer, initiated endothelial cell growth and increased VEGF expression, both of
which, propagated angiogenesis to occur. Resveratrol also inhibited the estrogen
receptor beta (ER-f) induced transcription of VEGF. And, resveratrol demonstrated
increased p53 expression, which was normally inhibited or mutated by cancer.
When p53 was activated it caused increased TSP-1 production, an adhesive
glycoprotein that reduced angiogenesis through multiple ways, including decreasing
migration of endothelial cells (Fig 14a).

Next, examination ensued on the dietary compound, genistein. Again, this
sub-section will display the general pathways and mechanisms that genistein
exploited, which led to decreased metastasis during cancer (references can be found
in the main genistein section of this paper). Genistein inhibited invasion of cancer
cells through multiple routes (Fig 14b). Genistein research observed a reduction in
the expression of multiple MMPs (including MMP-2 and MMP-9) upon treatment,
which limited the invasiveness of cancer cells. Genistein also inhibited HER-2 (the
growth factor receptor), which was one of the ways decreased expression of MMPs
occurred. The HER-2 receptor was part of the epidermal growth factor family of
receptors, and was over-activated in many cancers, thus genistein worked by

inhibiting activation of it. Genistein also repressed MT1-MMP expression, which was
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an MMP containing transmembrane domain at the cell surface, when activated it
induced MMP-2 expression and caused subsequent degradation of the membrane.
Genistein additionally acted on the invasive phenotype of cancer cells through a
direct reduction in MMP-7 expression, and decreased laminin 5y2 attachment. This
particular laminin, an essential scaffolding protein of the basement membrane,
played an important role in invasion. Genistein also inhibited the chemokine
receptors, which were present at the secondary and tertiary sites of metastasis and
aided in the adhesion of cells to new areas and tissues. Genistein worked transiently
by increasing the binding of FAK to the $1-integrin, which caused increased
adhesiveness and attachment of the cells, which could play an unknown role in
invasion at this point. Cancer cells also increased the production of TGF-f3, a
secreted protein that acted as a signaling molecule for a multitude of metastatic
events. Importantly, it activated the MAPK pathway, which initiated the expression
of HSP27. HSP27 worked in a variety of ways, including maintenance of actin
filaments and FAK complexes, stabilizing and also increasing migration. Genistein
displayed inhibition of TGF-f signaling at the level of TGF-f3 expression as well as
decreased MAPK activation. MAPK signaling cross talked with Smad 3, a polypeptide
that activated and induced migration of cells. Genistein inhibited Smad 3 through its
receptor ALK5-R, and on the other hand, activated the ALK2-R receptor, leading to
increased Smad 1 production. Smad 1 mediated the signals that reduced cellular
migration. Genistein also demonstrated the ability to inhibit migration through
increased E-cadherin production, which allowed cell-to-cell contacts to occur and

led to a reduction in the incidence of migration. And finally, genistein played a role

113



in activating the EMT reversion, which also decreased the migration and invasion of
cancer cells.

Genistein was observed to display a pivotal role in decreasing proliferation in
cancer. Genistein acted through the following mechanisms to cause anti
proliferative effects. First, genistein increased expression of the cyclin-cdk inhibitor,
p21WAF1 Genistein did this by regulating Wee-1 and myt-1 which acted upstream of
p21. The increased expression of p21 decreased cyclin-cdks, reducing G2-M cell
cycle progression, inhibiting proliferation of cancer cells. Cancer cells also increased
the expression of proto-oncogenes, such as Fox-m1, a transcription factor that
played a pivotal role in cell cycle progression. Genistein inhibited the enhanced
expression of Fox-m1, which reduced its downstream effects, including the
activation of cyclin-cdk complexes that caused cell cycle progression and
proliferation. Protein kinases also promoted the cell cycle, such as chk1 and chk2,
which phosphorylated the phosphatases, cdc25a and cdc25c activating CDK-1 and
initiating cell cycle progression. Genistein has demonstrated inhibition of chk1 and
chk2 activation that led to decreased downstream signaling events that promoted
proliferation. Genistein also acted on TGF-f in this pathway and inhibited it. TGF-
activated different MAPKs, including Mekk1 and Mek4. Genistein acted on the
activation point of both of these protein kinases, inhibiting them. Increased
expression of Mekk1 led to NF-kB activation and transcription of genes pertinent to
cell proliferation. On the other hand, Mek4 activation led to p38 MAPK expression
and induction of proliferation as well. Hence, genistein acted at multiple points in

these pathways to inhibit proliferation.
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Genistein acted through several different mechanisms to increase apoptosis
in cancer cells. Genistein worked independently to activate caspase 7, and initiated
apoptosis via this route. Genistein also activated caspase 9 and induced apoptosis
that way as well. Genistein worked upstream of these caspases at the level of the
pro-apoptotic proteins. Antiapoptotic proteins such as Bcl-2 are up regulated in
cancer. When Bcl-2 was present in larger quantities, as seen in cancer, it
sequestered pro-apoptotic proteins like Bax and Bad, and allowed them to release
cytochrome c and subsequently failed to activate the rest of the apoptotic cascade.
Genistein also reduced the expression of another anti-apoptotic protein, Bcl-xL,
which had the same effect as Bcl-2 on apoptosis. Genistein acted at another level, by
activating p53, which was normally inhibited by cancer cells. Increased expression
of p53 led to a reduction in Bcl-2 and Bcl-xL production, and increased pro-
apoptotic proteins that activated the apoptotic cascade. Hence, genistein acted again
at multiple levels to initiate cellular death in these cancer cells.

Genistein also demonstrated decreased angiogenesis in cancer cells. The
mechanism through which genistein acted was via multiple different pathways.
Genistein inhibited a multitude of pro-angiogenic genes and factors that are up
regulated by cancer cells. These included, uPAR, neuropilin, TGF-B2, BPGF, LPA, and
PAR-2. Increased production of these factors promoted angiogenesis. Genistein also
worked to activate angiogenic inhibitors that cancer cells repressed, including
angiostatin and endostatin. When the inhibitors were present in greater quantities
they caused a reduction in angiogenesis. Genistein also activated Cyclic AMP-

dependent transcription factor (ATF3), which was normally inhibited by cancer
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cells. ATF3 activation directed an increase in the expression of Plasminogen
activator inhibitor-1 (PAI-1). PAI-1, a serine-protease inhibitor worked to reduce
blood coagulation and ultimately inhibited angiogenesis. Hence, genistein
functioned at multiple points to stop the formation of a blood supply and nutrients
to the tumor cells (Fig 14b).

These results suggested that resveratrol and genistein acted independently
on invasion, proliferation, apoptosis, angiogenesis and motility in cancer (Fig
14a&b); but it was also important to explore those shared pathways and proteins
that genistein and resveratrol could exploit together in cancer (Fig 14a). If genistein
and resveratrol each inhibited the same pathway or mechanism in cancer cells, they
could lead to a magnitude of greater inhibition at these targets, and thus, an
increased repression of certain pathways. This next section will demonstrate where
genistein and resveratrol could potentially work together to reduce cancer at the
areas of invasion, motility proliferation, apoptosis, and angiogenesis.

To begin, genistein and resveratrol have already been shown to act on
specific MMPs, which could reduce invasion. Both resveratrol and genistein have
displayed decreased MMP-9 expression, as well as MMP-2 expression. Diminished
expression of these two MMPs, which were normally increased by breast cancer,
could inhibit the breakdown of the basement membrane and cause a reduction in
the invasive potential of cancer cells. Resveratrol and genistein could also work in
combination to repress the phosphorylation of FAK. When FAK was activated it led

to greater adhesion of cancer cells coupled with an increased migratory process.
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Thus, combinatory effects of genistein and resveratrol could potentially stop
invasion and migration of breast cancer.

Resveratrol and genistein also displayed the potential to work together and
reduce cancer metastasis at the level of cell proliferation, apoptosis and
angiogenesis. At these points, both resveratrol and genistein demonstrated
inhibition of multiple pathways that will be discussed throughout the remainder of
this section.

1. Both resveratrol and genistein have exhibited p53 activation and expression,
which was normally reduced by cancer cells. Thus combined treatment may lead to
a more substantial activation of p53. This tumor suppressor gene demonstrated two
ways in which it worked, the first was through its ability to inhibit proliferation, and
secondly, to induce apoptosis. Resveratrol and genistein studies have both
demonstrated an increase in the production of p21WAFl in cancer cells. P21, as
mentioned, was an inhibitor of cdk-cyclins, and thus repressed cell cycle
progression and proliferation. These two dietary compounds, through their ability
to increase p53 expression, which could conduct the expression of pro-apoptotic
proteins, have the potential to increase apoptosis. These compounds may also act
together directly on the expression of pro-apoptotic proteins, like Bax and Bad, to
increase their production, leading to their accumulation in the mitochondria,
followed by initiation of the intrinsic caspase cascade.

2. Resveratrol and genistein could also work at the level of NF-kB, which they both
demonstrated individual effects on in prior research, to decrease its expression and

subsequent transcription of genes essential for cell proliferation. Resveratrol and
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genistein have the potential to act upstream of NF-kB, at the level of TNF-a
production, which was normally increased by cancer cells. The combination of these
two compounds could reduce TNF-a expression, which, in the case of cancer,
increased NF-kB activation and led to further proliferation. The two dietary agents,
by their propensity to decrease expression of NF-kB, could allow pro-apoptotic
proteins to accumulate, thus allowing them to build up and initiate apoptosis. It has
been observed that genistein and resveratrol alone activated the estrogen receptor,
and thus together, due to structural similarity between the two and estrogen, they
could act as an ER antagonist to reduce the production of the transcription factor,
AP-1. Therefore, decreasing cell proliferation through the ER as well.

3. The combinatory effects of these two may potentially lead to inhibition of IGF-1R,
and hence its activation, which in cancer, it tended to have increased binding and
activation due to enhanced IGF-1 production by the cells.

4. Downstream effects of IGF-1R included activation of PI3K, which led to
phosphorylation of Akt to enhance cell proliferation. Resveratrol and genistein
displayed individual effects on the reduction of Akt phosphorylation, and hence, the
combination of these two could play a more extensive role in inhibiting this
proliferative pathway. Cancer cells, when they caused overactivation of the
PI3K/Akt pathway, reduced the production of caspase 9, leading to inhibition of
apoptosis as well. These two dietary compounds could directly inhibit activation of
this pathway, allowing caspase 9 to be activated and cell death to occur.

5. Resveratrol and genistein have also demonstrated potential in activating the

intrinsic and extrinsic apoptotic routes through working directly on the caspases.
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Resveratrol and genistein alone possessed the ability to activate caspase 3, the
executioner caspase, which increased apoptosis of cancer cells. Which means
together these compounds could act at the level of caspase 3 as well. Both of these
compounds have also displayed activating properties towards caspase 8 followed by
caspase 3, through a mitochondrial-independent route, that could lead to induction
of apoptosis.
6. The final effects of both genistein and resveratrol individually, were that they
displayed inhibition within the angiogenic pathway. Both resveratrol and genistein,
thus, have the propensity to inhibit HIF-a, which was normally produced by cancer
cells in a hypoxic state, causing increased VEGF expression, HUVECs and vessel
formation for angiogenesis to occur. These two compounds could also act directly
on VEGF expression, which could repress angiogenesis through decreasing
endothelial vessel formation, and endothelial cell growth.
7. Genistein and resveratrol alone displayed an increase in TSP-1 production, which
as mentioned, was a protein that inhibited neovascularization and angiogenesis.
Hence, displaying another potential way these compounds could work in
combination to decrease angiogenesis. These two compounds could also act at
another level, targeting other growth factors, such as bFGF, and inhibiting it, which
under normal expression, mediated the formation of new blood vessels. Hence,
these two compounds could have the ability to act at multiple levels to decrease
angiogenesis (Fig 14c & d).

The combination of genistein and resveratrol has the potential to lead to

decreased metastasis at the levels of invasion, motility, proliferation, apoptosis, and
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angiogenesis. After the research on the individual effects of genistein and the
individual effects of resveratrol were displayed, plus the overlap in the processes
and mechanisms that both genistein and resveratrol shared were identified, the
combination of these two compounds showed promise that when used
simultaneously, they could reduce metastasis in breast cancer. When inhibition at
many levels occurred upon treatment with either of these compounds, the potential
for a greater reduction in metastasis at each step of this process could be heightened
if these two compounds were combined as a therapeutic treatment. Thus, the
combined treatment of resveratrol and genistein could have greater effects on
prevention and treatment of metastasis by working at multiple layers, than either of
these dietary compounds alone.
3.2 Future studies

Research in the field of cancer biology as in any other medical or health
related field begins with a specific research hierarchy. This hierarchy includes in
vitro cell culture studies, in vivo animal studies, and finally clinical trials. It is
important to start with in vitro trials, to show if a relationship exists between the
combinatory dietary agents and metastasis in breast cancer cells. If a relationship is
occurring, showing that the combinatory effects do in fact, regulate different targets
of metastasis, and these results are replicated from different labs, then animal
studies are undertaken. Therefore starting with the cell culture lines and working
up to further animal and clinical trials in humans makes the most sense.

Since cell culture studies are the initial step before a therapeutic agent can

progress to the translational level, this thesis will discuss possible future studies
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that can be undertaken in the field of cell culture studies to study the combinatory
effects of genistein and resveratrol on inhibiting breast cancer progression. Based
on the results from the previous section, it is clear that resveratrol and genistein
have the propensity to work at multiple different layers of metastasis individually.
But, this sheds light on a gap in the current research, which is examining the
potential of genistein and resveratrol in combination to study whether the dual
interaction of these two would lead to a greater inhibition in the steps of breast
cancer metastasis. [dentifying these current gaps in research is essential in building
a strong foundation for this research. To begin, both resveratrol and genistein
demonstrate inhibitory effects through similar and different mechanisms on cdk-
cyclins, transcription factors, and growth pathways. But, when these two are
present together, the results are unknown. Thus, we can hypothesize that they may
lead to a reduction in cell growth through utilizing the same pathways as well as
inhibiting others unique to that dietary agent. There is also a gap occurring in
regards to genistein and resveratrol, in combination, initiating apoptosis. Although,
they have shown effects by directly and indirectly activating the intrinsic and
extrinsic routes of apoptosis, there is no current evidence to support the two
compounds working together to reduce cell death. A hypothesis to test this idea can
be that these two compounds may work together to activate the intrinsic and
extrinsic pathways and mechanisms sufficient to induce apoptosis in breast cancer
cells. Thirdly, there is a gap in research on the ability of genistein and resveratrol to
reduce cell motility in breast cancer cells. It is observed that cell motility can be

reduced individually by these compounds through inhibition of Focal adhesions and
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cell structural proteins. But again, there is no research to back up the motility effects
of these dietary compounds working together. A logical hypothesis to follow from
the data presented is that genistein and resveratrol, when combined, may lead to a
greater reduction in cell motility through a decrease in cytoskeletal protein
interactions. The final gap in research to explore at this point is the ability of
genistein and resveratrol to work together to effectively lower invasion in breast
cancer cells. Even though both of these compounds have seen a reduction in the
expression of MMPs and invasion in prior studies, there is no evidence to support
that this is the case when the compounds are combined. Hence, the hypothesis for
cell invasion states that genistein and resveratrol, working in combination, may
inhibit MMP expression and decrease cancer cell invasiveness. Since research needs
to explore the therapeutic ability of these two compounds in combination, future
studies should initiate with a focus on the role of genistein and resveratrol in these
four main areas of metastasis. Herein, the future studies proposed are; the effect of a
combination of genistein plus resveratrol on cell proliferation, apoptosis, cell
motility and invasion.

Study one: Combinatory effects on cell proliferation

Study one will explore the effect of a combination of genistein plus
resveratrol on cell proliferation. To test the hypothesis that using a combinational
treatment of both resveratrol and genistein on breast cancer cells may help prevent
and reduce breast cancer metastasis through inhibiting cell proliferation. Tumor
growth is an important part of cancer, by promoting unregulated growth due to the

cancer’s ability to evade inhibitory growth signals. Since growth can be regulated
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through dietary agents like genistein and resveratrol (Fig 14), it is important to
consider these compounds combined as potential therapeutic option.

Study one will focus on using a suitable breast cancer cell line that has an
invasive and metastatic phenotype. This portion of study one will focus on
discussing the experimental set up for testing the combined treatment on breast
cancer cells. Since previous experiments have an array of concentrations they use
for genistein and resveratrol (<1 pM up to >250 puM), an MTT assay will need to be
performed to determine the cytotoxicity of the combined treatment of genistein and
resveratrol. This can determine the dose-dependent curve that may give the desired
combined physiological concentration of these compounds to use on further
experiments. The cell viability assay (MTT assay) works by determining the
cytotoxic effects of the combined treatment of genistein and resveratrol, in this case.
Breast cancer cells will need to be treated with a control such as 0.1% DMSO in the
medium, as well as a positive control, such as Doxorubicin (an anthracycline
antibiotic) that is an inhibitor of proliferation. In all assays performed, triplicates
will be used, and allotted a minimal time period of 72 hours, which is necessary for
testing the combined resveratrol and genistein model at the dose-dependent
concentrations. After the given time, MTT reagent will be added to the cells, which is
a dye that will measure the proportional number of viable cells based on
fluorescence intensity. Only living cells will take up the MTT dye. Absorbance’s can
be assessed, and the percentage of viable cells for the treatment and controls will be
calculated from the findings. The results to expect include a time and dose-

dependent decrease in breast cancer cell survival in the treatment groups
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containing both resveratrol and genistein. The physiological combined
concentration (resveratrol plus genistein) that is not statistically significantly
different from the control will be used for further experiments.

Once the ideal combined concentration is figured out, the next step is to
understand how these two compounds work together on cell proliferation. So, the
next experimental set up includes the use of the flow cytometry method. The flow
cytometry experiment will give data on how the combined treatment of these
compounds may potentially cause an increase in growth arrest in the cancer cells.
The experimental conditions will use the designated concentration of the combined
treatment. From here, the treatment will be dissolved in a reagent such as dimethyl
sulfoxide (DMSO0), and the control, in this case, may be DMSO concentrations. At
different time points, such as, 0, 24, 48 and 72 hours, the cells may be harvested
(216). Thawed cells will then treated with propidium iodide and BrdU, to stain for
the presence of DNA content, and sent through the flow cytometer column for DNA
content detection.

The results to expect for experiment one show a time-dependent increase in
the number of cells arrested in the G2 /M phase as well as a possible increase in the
number of cells arrested in the sub-G1 phase. These results are consistent with the
logic that genistein and resveratrol lead to growth arrest through several different
pathways, inhibiting the cells in G2/M phase and to a lesser degree, even G1/S
phase. This shows that the cells reduced dividing ability and thus, growth, upon
combined treatment, and may be further pushed into apoptosis at this time. These

findings may confirm the notion that combining genistein and resveratrol as a
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treatment on breast cancer cells leads to a reduction in cell proliferation, in this
case, through inhibiting cell cycle progression.

Study two: Combinatory effects on apoptosis

Study two, would logically follow from study one on cell proliferation, with
an experiment to test if the breast cancer cells are exhibiting a greater degree of
apoptosis after combined treatment with resveratrol plus genistein compared to the
control which may be sodium carbonate (NazC03). NazCO3is usually a choice of
control because it is a stronger base, and has the ability to regulate and stabilize the
pH. Because both of these compounds can effectively induce apoptosis in cancer
cells through regulating the extrinsic and intrinsic pathways of cell death, the results
to expect may display a greater degree of apoptosis within those breast cancer cells
that utilize this treatment.

An experimental approach to test for apoptosis occurring in breast cancer
cells is to perform DNA laddering on an agarose gel. This protocol requires the
combined designated concentration of the compounds being administered to the
breast cancer cells over a period of 24, 48 and 72 hours. A suitable control for this
experiment may be a reagent such as sodium carbonate (NazCO3) as mentioned.
This experiment works by taking small fragments of oligonucleosomal DNA,
extracting them, running them on a gel, and separating them out by gel
electrophoresis. Visualization of the isolated DNA will occur, followed by checking
the results for laddering in the DNA, which will show fragments on the gel compared

to the control, this fragmentation being representative of apoptosis occurring.
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To further detect any apoptotic events occurring in the cancer cells, Annexin
V and flow cytometry will be performed. After treatment and a designated time
period as well as use of a control such as DMSO (used in prior experiments), the
cells are harvested. Treatment with propidiome iodide (PI) and annexin V occurs,
followed by cell sorting through the flow cytometer to detect cell viability
depending on the stain measurements. PI and annexin V binds to dead cells
(apoptotic and necrotic), and annexin V alone will bind to early apoptotic cells.
When the cells are passed through the flow cytometer they are sorted based on the
presence or absence of PI and annexin V.

For this design, the results to expect from these experiments include those
cells treated with the combinational treatment of genistein plus resveratrol to have
an increase in laddering in a time-dependent manner, compared to the control, thus
applicable to increased apoptosis occurring. The results to expect on the flow
cytometry design are an increase in the number of apoptotic cells upon use of the
combinational treatment compared to the control. Both genistein and resveratrol
may potentially work together to increase the amount of apoptosis through a
variety of cellular mechanisms, including transcription factors, tumor suppressor
genes, and pro-apoptotic factors. Inducing death in the cancer cells is important, so
that the cancer cells, with their unregulated behavior and evasion of cell signals,
don’t continue to persist and lead to continuous cancer cell survival.

Study three: Combinatory effects on cell motility

Study three that may be performed will be to determine the effect of

genistein and resveratrol on metastasis by examining cancer cell motility. Once anti-
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proliferative and apoptotic effects are observed in the breast cancer cells, the
migratory process must be investigated. This is an important process as the
movement of cells is essential for the cancer to initiate spread by leaving the site of
origin and moving throughout the body to other locations, a main mechanism of
metastasis. Motility structures in the cell such as actin reorganization structures and
cytoskeletal protein structures are essential for the cancer to expand beyond its
horizons to other areas. Both genistein and resveratrol display adhesive and anti-
migratory effects by effecting multiple protein interactions and pathways within
this process. Hence, exploring the combinatory action of these agents is imperative
for understanding their role in breast cancer metastasis.

The experimental approach to test for this will be a cell motility assay, to
check if treatment with resveratrol and genistein may inhibit actin cytoskeletal
structures, an important feature of metastasis, leading to a decrease in cell
migration/motility. The cell motility assay to use for this is a wound-healing assay.
The breast cancer cells will be seeded in plates for a period of time (24, 48 to 72
hours). To simulate wounding the monolayer of cells, use of a pipette tip will occur
to make a straight scratch across the cells. The control in this case will be the
untreated cells and the experimental are the cells treated with the combinatory
concentration. Photographs will document the cells moving across the wounded
boundary over this time, and allow a count to be taken of the number of cells
migrating. [t may also be beneficial to stain the cells after this process for actin, and

see if there is a decrease in the presence of actin in the treated cells.
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The expected results for this process may show a decrease in the number of
cells migrating across the wound in the treatment group, this will demonstrate a
decrease in migration potential through compound use. There may also be a
decrease in the presence of actin in the cells treated with the combination of
compounds. Individually genistein and resveratrol inhibit many of the cytoskeletal
processes occurring in the cancer cells, including regulating FAKs and actin
polymerization, thus combining them in a treatment may lead to these same results
and a greater reduction in cell motility. These two compounds may retain the ability
to reduce actin polymerization at the leading end of the cancer cells as well.

Study four: Combinatory effects on cell invasion

Study four, the final study proposed here, will observe cell invasiveness in
breast cancer cells after treatment with genistein and resveratrol. Previous findings
from above show a decrease in MMP expression by resveratrol and genistein
individually. When combined, the potential to cause a greater reduction in the
expression of several MMPs is predicted. A decrease in the amount of MMPs being
released, reduces the enzymatic breakdown of the basement membrane, therefore,
not allowing the breast cancer cells to invade into the bloodstream.

The experimental approach for testing invasion will be to utilize a cell
invasion assay. The breast cancer cells, after treatment with combined genistein and
resveratrol, will be suspended in the upper boyden chamber, that will be
maintained with a matrigal coating. On the other side of the chamber is a
chemoattractant (that attracts the cancer cells). The control will lack the addition of

the combined treatment. After a given time period, the cells that invade through the
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matrigal coating, which is the simulated basement membrane, are stained and
quantified as the number of invading cells.

The results to expect for this experiment may demonstrate a decrease in the
invasive potential of the breast cancer cells after using a combination of both
genistein and resveratrol. Thus, the treated group will display less cells invading
through the matrigal coating compared to the control. Genistein and resveratrol
display the propensity to decrease invasion through reducing MMP expression. The
MMPs are a main regulator of basement membrane breakdown that lead to greater
invasiveness. A greater inhibition, hence, is expected at this point when a
combination of these agents is used.

After cell proliferation, apoptosis cell migration and invasion are measured,
experimental designs including microarray experiments may be useful to view the
expression of specific genes that may be up or down-regulated based on combined
genistein and resveratrol treatment. After looking at factors such as this, and having
several labs support the data and results, in vivo experiments on the combined
treatment of genistein and resveratrol and how they can affect metastasis in a
breast cancer transfected mouse model should follow.

Overall, the multiple studies that may show promise in the future, and have
been examined throughout this section, include the combinatory effects of genistein
and resveratrol on cell proliferation, apoptosis, motility and invasion. After
performing in vitro studies, in vivo studies in animals can be carried out on the
combinatory potential of these compounds. Long term goals of research, if

combined treatments prove successful on preventing and treating metastasized
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breast cancer, include the initiation of clinical trials on humans, as well as looking at
even more combinations of dietary agents to work collectively with breast cancer
therapies already in place. Overall, the combinatory effects of genistein and
resveratrol show promise in aiding and preventing breast cancer metastasis, and at
this time further research should commence on combinatory use of these dietary

compounds.
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