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Preface

Over 7.5 million people worldwide are reported to die of cancer each year.
Nearly 70 % of the cancer deaths occur in low and middle income countries.
Further, there is a progressive increase in the number of persons who have
undergone treatment against cancer and there are chances of recurrence of
the disease. About one third of cancers are known to be preventable, and
prevention offers the most cost-effective long-term strategy for control of
cancer. A number of factors can affect a person’s risk of developing cancer.
These range from the use of tobacco, alcohol consumption, dietary factors,
obesity, infections, environmental pollutants, occupational carcinogens and
radiation.

Extensive research suggests that several methods can be employed for the
prevention of specific types of cancers. Results of several studies have shown
that biologically active phytochemicals and antioxidants present in several
plant foods protect cells from damage caused by free radicals. Vaccines
that prevent infection by human papilloma virus or hepatitis B virus are
being tested to prevent cancers with viral aetiology, such as certain types of
cervical or liver cancers. Dietary supplements such as curcumin, vitamins etc.
are believed to lower risk for several cancers including colorectal and skin
cancers.

The IV International Symposium on Translational Cancer Research held
in Udaipur, India, in December 2011, was an opportunity to update the
major advances in the area of cancer prevention. A few contributions from
the meeting are presented in this book entitled Perspectives in Cancer
Prevention. Comprising of 13 chapters, it provides in-depth analysis of data
on biological process in cancer cells, cancer therapeutics and approaches to
cancer prevention. These contributions are either critical reviews or research
reports containing the views of the contributors, and cover most relevant
and recent topics related to molecular aspects of cancer prevention and
recommendations for cancer prevention.

We would like to acknowledge the efforts of all the contributors
and the referees who critically reviewed the manuscripts. We are also
grateful to Springer (India) and to Dr. (Mrs.) Mamta Kapila (Springer,
India) for publishing the book. The technical support received from
Ms. Vijayasree A.S. is gratefully acknowledged. Our thanks are also due to
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scientists and authorities of M. D. Anderson Cancer Centre, USA, Jai Sukhlal
Suhadia University, Udaipur, Rajasthan, Central University of Kerala and
Society for Translational Cancer Research for the support in bringing together
a group of scientists, physicians and other experts in this area.

Computational Biology & Bioinformatics Perumana R. Sudhakaran
University of Kerala, Kariavattom
Trivandrum, Kerala, India

Kerala State Biodiversity Board, Oommen V. Oommen
Thiruvananthapuram, Kerala, India
Rajiv Gandhi Centre for Biotechnology, M. Radhakrishna Pillai

Thiruvananthapuram, Kerala, India
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Nutrition in Cancer: Evidence-Based
Nutrition Recommendations
in Cancer Patients and Survivors

Anis Rashid

Abstract

Decades of research have revealed a direct association between diet and
cancer. In fact, it is suggested that at least one third of all cancers
are directly related to diet, and this number goes up when other fac-
tors such as sedentary lifestyle, obesity, and addictive behaviors (e.g.,
smoking and drinking) are taken into consideration. Interactions between
dietary constituents and gene function that lead to cancer prevention
or development have been identified. For example, dietary constituents
modulate genes involved in DNA repair, apoptosis, and enzyme induction.
An integrative approach to modify diet and lifestyle will support cancer
patients during active treatment and potentially prevent cancer recurrence
during survivorship. Additionally, changes in diet are likely to improve the
patient’s quality of life and prolong survivorship.

Keywords

NF-kappa B ¢ Nutrition ¢ Phytochemicals ¢ Soy

isoflavones e

Carotenoids ¢ Breast cancer

1.1 Objective

The purpose of this chapter is to increase aware-
ness among clinicians, cancer patients, and the
general population of dietary factors that promote
carcinogenesis and to promote diets rich in an-
tioxidants and phytochemicals that enhance the
immune system and prevent cancer.

A. Rashid, M.D. (<)
MD Anderson Cancer Center, Houston, TX, USA
e-mail: anrashid @mdanderson.org

1.2  Introduction

Carcinogenesis is a long process that takes years
to develop. It involves an inefficient and incom-
plete repair or removal process within the body,
and hundreds and thousands of such failures
occur over a period of 10-30 years before a can-
cerous lesion is identified. Hence, there is enough
time to act and reverse this change by dietary and
lifestyle modifications (University of Arizona:
Integrative Medicine Program 2011). Interactions
between dietary constituents and gene function
that lead to cancer prevention or development

PR. Sudhakaran (ed.), Perspectives in Cancer Prevention — Translational 1
Cancer Research, DOI 10.1007/978-81-322-1533-2_1, © Springer India 2014
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have been identified. Dietary constituents also
modulate genes involved in DNA repair, apopto-
sis, and enzyme induction (University of Arizona:
Integrative Medicine Program 2011).

Decades of research have shown that dietary
choices may affect development of cancer, its
progression and relapse, and overall survival. In
fact, one third of all cancers are due to unhealthy
dietary choices, and plant-based diets are associ-
ated with reduced risk of cancer (Cancer 2012).
According to statistics published by the World
Health Organization (WHO), about 30 % of can-
cer deaths are due to five behavioral and dietary
factors. These include low fruit and vegetable
intake, lack of physical activity, high body mass
index, and tobacco and alcohol use. Cancer is
the leading cause of death worldwide accounting
for 7.6 million deaths in 2008 (World Health
Organization 2012). Does this mean that about
2.5 million lives could have been saved by good
dietary choices? To get the scientific evidence
and best approach toward nutrition and physical
activity, the American Cancer Society arranged
a group of experts in nutrition, physical activity,
and cancer survivorship to study the effects of
lifestyle changes on cancer and to identify the
best clinical practices for cancer patients and
survivors (Rock et al. 2012). In the past few
years, nutrition has been the focus of many sci-
entific studies. Multiple research studies from
epidemiological to human intervention have been
conducted to find the optimal anticancer diet.

This paper will highlight foods that have anti-
cancer, antioxidant, and immune-boosting prop-
erties, as well as foods that can increase inflam-
mation, suppress immunity, and may enhance
tumor progression. Evidence has also shown that
certain micronutrients and phytochemicals can
enhance immune system and prevent cancer. This
paper also will cover topics of macronutrients,
micronutrients, and the role of phytochemicals
in cancer prevention. Finally, this paper will also
provide dietary recommendations and guidelines
for lifestyle changes for certain types of cancers.

A. Rashid

1.3  Method

A literature review will be conducted on evi-
denced-based dietary recommendations for can-
cer patients during treatment and survivorship.
In addition, a review of nutritional guidelines for
healthy individuals will be discussed as a means
to enhance the immune system functioning which
will ultimately prevent cancer.

1.3.1 Macronutrients
Macronutrients are food macromolecules that
when absorbed and digested by animals/humans
yield energy which is utilized by the individuals
for cell functions.

These include:
1. Fats
2. Proteins
3. Carbohydrates
4. Fibers

1.3.2 Micronutrients

Micronutrients are minerals or vitamins that are
needed in small quantity but are essential to the
body and must be obtained from an outside
source.

These include:
. Vitamins A, C, E, and D
. Calcium
. Selenium
. Folic acid
Zinc

noA W =

1.3.3 Fats

Fatty acids are carboxylic acid with aliphatic
chains with even number of carbon atoms. About
90 % of dietary fats consist of triglycerides.
These are three fatty acid chains linked to
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glycerol molecule with a number of arrangements
of double bonds. It is the number and the position
of double bond that is responsible for specific
biochemical characteristics of the fat and its
effects on health and disease. It is a common
concept that a high-fat diet is a risk factor for
cancer development. In fact, not only the total
amount of fat but also the type of fat consumed
is equally important in cancer development.

Fats can be classified as saturated fats and
unsaturated fats. Saturated fatty acids, often clas-
sified as “bad fats,” contain no double bonds
in their fatty acid chain. Examples of saturated
fats are red meat, coconut oil, and fats in dairy
products. Another category of “bad fats” is trans
fats, in which naturally occurring cis-isomer is
replaced by trans-isomer. This is due to the in-
dustrial hydrogenation of unsaturated fatty acids.
Examples of food containing trans fats are mar-
garine, shortening, commercially fried foods, and
commercially baked cookies and doughnuts.

Unsaturated fats can be classified into mono-
unsaturated fatty acids and polyunsaturated fatty
acids. Monounsaturated fatty acids are heart
healthy. One example is the omega-9 family
which includes olive oil, canola oil, olives, and
avocados. Polyunsaturated fatty acids include
omega-3 and omega-6 fatty acids. The essen-
tial compound in omega-3 fatty acids is alpha-
linolenic acid. Sources of alpha-linolenic acids
are flax seeds, walnuts, pumpkin seeds, and leafy
green vegetables. More bioavailable forms of
alpha-linolenic acids are eicosapentaenoic acid
and docosahexaenoic acid which can be obtained
from animal sources such as fish, fish oil, eggs,
and sea foods. The essential compound in omega-
6 fatty acids is linoleic acid. As a part of the
western diet, we already consume an excess of
omega-6 fatty acids. Foods rich in omega-6 fatty
acids include meat, milk, and refined oils. Excess
of omega-6 fatty acid leads to chronic diseases
as it promotes inflammation, platelet aggregation,
thrombosis, and vasospasm.

1.3.3.1 Dietary Recommendations
for Fats
* Total daily calorie intake from fats 25-30 %.
e Upto 20 % of the intake should be from mono-
unsaturated fats.

e Up to 7-10 % should be from polyunsaturated
fats.

¢ Less than 1 % of the fat intake should be from
trans fats.

1.3.4 Proteins

Proteins are biochemical compounds with one or
more polypeptides, facilitating biological func-
tion. Amino acid compounds of proteins may be
classified as essential and non essential. Non
essential proteins are those that the body can syn-
thesize. Essential proteins are those that the body
cannot synthesize, and these compounds need
to be obtained from outside sources. There are
nine essential amino acids, and complete proteins
provide all nine essential amino acids. Animal-
based proteins that provide all essential amino
acids are meat, milk cheese, and eggs. Soy is the
only plant that provides all essential amino acids.
Hence, products from grains and nuts alone may
be incomplete in proteins; combining them with
other plant-based proteins will make a complete
food.

1.3.4.1 Essential Amino Acids

Leucine Isoleucine  Valine
Lysine Methionine  Phenylalanine
Threonine  Tryptophan Histidine

1.3.4.2 Protein: Risk Factors

e Three ounces of red meat for men and 2 oz for
women over a period of 10 years.

* One ounce of processed meat for 5—-6 days for
men and 2-3 days for women.

e Higher red meat intake in estrogen and proges-
terone receptor-positive breast cancer among
premenopausal women.

* High-temperature cooking and grilling is a risk
as compared to steaming, stewing, or poaching.

1.3.5 Carbohydrate

The primary function of carbohydrate is to pro-
vide energy for metabolism as glucose is the main
fuel source of all cells. Carbohydrates are also the
essential part of the composition of RNA, DNA,



and glycoproteins. Carbohydrates are classified
as monosaccharides, disaccharides, oligosaccha-
rides, fructooligosaccharides, and polysaccha-
rides. It is important to note that the type of car-
bohydrate consumed affects glucose and insulin
levels differently. Natural resources of fructo-
oligosaccharides include bananas, barley, onions,
tomatoes, and artichokes.

1.3.6 Fibers

Fibers are plant polysaccharides and lignins
which are resistant to hydrolysis by human diges-
tive enzymes. Fibers minimize constipation and
slow the absorption of glucose and cholesterol
from the gut. Sources of fiber include apples,
citrus, strawberries, and carrots.

1.3.7 Micronutrients

Micronutrients are vitamins or a mineral that is
either a component of an enzyme or acts as coen-
zyme. These are essential and must be obtained.
These compounds are needed in small amounts.
These include vitamins, minerals, and herbs.

1.3.7.1 Micronutrients that Increase
Immunity and Decrease
Inflammation

e Vitamin A: High concentration of beta-
carotene.

» Vitamin C: Reduces risk of gastric cancer.

e Vitamin E: Major antioxidant in cell mem-
brane.

e Vitamin D: Inhibits proliferation, DNA syn-
thesis, and angiogenesis and promotes apop-
tosis.

e Calcium: Calcium inhibits
which releases carcinogens.

e Selenium: Glutathione peroxidase in selenium
removes organic peroxides.

* Folic acid: Reduces risks of neural tube defect
(Omenn 1996).

e Zinc: Antioxidant and prevents angiogenesis
(Prasad and Kucuk 2002).

glucuronidase

A. Rashid

1.3.8 Phytochemicals

Phytochemicals are plant-based substances that
have antioxidant properties. These include fruits,
vegetables, herbs, and spices. They protect plants
from ultraviolet light, and in humans, they pre-
vent certain diseases.

Phytochemicals can be classified as follows:
e Polyphenols

— Flavonoids

— Non-flavonoids
e Terpenoids

— Carotenoids

— Non-carotenoids
* Glucosinolate
* Thiosulfonates
e Capsaicin
* Piperine (Ben Best, 2005)

1.3.9 Polyphenols

(a) Flavonoids

The best-defined flavonoids are water-soluble

compounds found in fruits, vegetables, leaves,

grains, and bark. Examples include the following:

e Tea and cranberries: The active ingredient is
epigallocatechin gallate, which is an antioxi-
dant that inhibits nuclear transcription factor
kappa B (NF-kappa B), reduces prostaglandin
E2, and hence may reduce the risk of colorec-
tal cancer.

* Onion: The active ingredient is quercetin,
which promotes apoptosis and is a blood thin-
ner and vasodilator.

e Berries: The active ingredient is cyanidin,
which protects cells from oxidative damage.

e Soy isoflavones are found in soy and pars-
ley. Active ingredient in soy is Genistein
which interacts with estrogen- and androgen-
mediated signaling pathways. Genistein is
a phytoestrogen, and this estrogen-like sub-
stance may actually promote tumor prolifer-
ation in breast cancer patients (Sarkar and
Li 2003). Soy inhibits tyrosine kinase activ-
ity. Studies have shown the protective effects
of soy in young females, but there is little
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evidence to show its benefit in postmenopausal
female patients (Cassileth and Vickers 2003).
It has strong antioxidant properties, prevents
osteoporosis, reduces menopausal symptoms,
reduces low-density lipoproteins and increases
high-density lipoproteins.

(b) Non-flavonoids:

* Turmeric: The active ingredient is curcumin,
which is anti-inflammatory and antioxidant.
It also inhibits NF-kappa B, cyclooxygenase-
2, activating protein-1, and tumor necrosis
factor-alpha.

* Red grapes: The active ingredient is resvera-
trol, which inhibits nuclear transcription factor
kappa B (NF-kappa B).

1.3.10 Carotenoids

* Carotenoids include red, yellow, and orange
pigments synthesized by plants.

e Beta-carotene: Orange carotenoids are found
in orange peel, papaya, mangoes, carrots, and
eggs. They repair damaged DNA, inhibit NF-
kappa B, angiogenesis, and boost the activity
of natural killer cells.

* Alpha-carotene: Also orange carotenoids
found in sweet potato, pumpkin, squash,
green beans, spinach, and broccoli. Alpha
carotenoids are ten times more anticarcino-
genic than beta-carotenoids. They enhance the
release of interleukin-1 and tumor necrosis
factor-alpha.

* Lycopene: Lycopene is found in tomato, wa-
termelon, guava, papaya, and grapefruits. It is
an antioxidant and provides protection against
UV light and also suppresses insulin-like
growth factor-1 (Barber and Barber 2002).

e Lutein: Kale, corn, avocado, spinach, and
parsley may protect eyes from macular degen-
eration and protects against colon cancer (Best
2012).

1.3.11 Organosulfur Compounds

These compounds belong to thiosulfonates,
which include Alliums such as garlic, onion,
leeks, chives, and scallions. Garlic has more

sulfur than onions. Garlic’s active ingredient is
alliin which converts to allicin by enzyme alli-
inase when crushed. This gives odor to garlic.
It inhibits Helicobacter pylori and reduces the
risk in gastric cancer. Organosulfur compounds
also lower lipids. Allicin inhibits mammary cell
proliferation and endometrial and colon cell pro-
liferation (Univ. of Arizona). Garlic can lower
blood pressure and blood cholesterol.

1.3.12 Capsaicin

It makes chili pepper hot, relieves chemotherapy-
induced neuropathy, promotes apoptosis in
pancreatic cancer, and inhibits NF-kappa B
transcription.

1.4  Results

The results will include reviews of nutritional
guidelines published by the American Cancer So-
ciety and American Institute of Cancer Research,
as well as data from multiple studies conducted at
independent institutions worldwide showing that
diet plays a critical role in cancer development
and prevention.

Recommendations for Breast
Cancer Patients (National
Cancer Institute; Nutrition

in Cancer (PDQ R), China
Study; Hidden Diabetic Cures
www.hidden-diabetes-
cures.com)

1.4.1

e Low-fat diet with 20 % calories from fat to
reduce sarcopenic obesity. Reduce saturated
fats.

e Dietary fat intake from nuts, avocado, and
olive oil.

¢ Omega-3 fatty acid from legumes, green leafy
vegetable, and marine fish.

* Cruciferous vegetables and flax seeds.

* Avoid alcohol and soy.

e Regular physical activity (University of Ari-
zona: Integrative Medicine Program 2011).


www.hidden-diabetes- cures.com

1.4.2 Recommendations for
Prostate Cancer Patients
(University of Arizona;
Program in Integrative
Medicine 2011)

* High-fat diet may increase testosterone level,
which may promote tumor growth.

» Low-fat diet, high in fruits and vegetables.

* Lycopene (tomato, watermelon, papaya, grape-
fruit, and guava) lowers prostate cancer inci-
dence (Clinton et al. 1996).

e Selenium (garlic, walnuts, raisins, brown rice,
mushrooms, and shellfish) has protective ef-
fect against prostate cancer (Clark et al. 1996).

* Avoid calcium as it reduces vitamin D level
which reduces growth of prostate cancer.

1.4.3 Recommendations for Lung
Cancer Patients (University
of Arizona; Program
in Integrative Medicine 2011)

* Reduced risk of lung cancer in smokers and
nonsmokers who eat at least 5 servings of
fruits and vegetables a day (ACS Guidelines
on Nutrition and Physical Activity for Cancer
Prevention 2012).

* Lycopene-rich diet including tomatoes and
tomato-based foods.

* Lutein-rich diet including avocado, corn, and
carotenoids are recommended.

* Avoid beta-carotene as it may increase mortal-
ity.

* No benefits with vitamin supplementation.

e Chemotherapy- and radiation-induced dyspha-
gia and esophagitis demand small, frequent
easy to swallow, nutrient dense meals.

1.4.4 Recommendations for
Colorectal Cancer (University
of Arizona; Program
in Integrative Medicine 2011)

e Dietary fiber recommendations for men
30 g/day and for women 21 g/day (Univer-
sity of Arizona: Integrative Medicine Program
2011).

A. Rashid

e Therapeutic doses of selenium (200 mcg/day)
after completion of treatment (University
of Arizona: Integrative Medicine Program
2011).

e Calcium is recommended. Colon cancer is
associated with inadequate intake of calcium
(McCullough et al. 2003).

* Avoid red meats.

* Avoid charcoal grilled meat and fish.

* Alpha-carotene and vitamin A is protective
in colon cancer recurrence (Steck-Scott et al.
2004).

1.4.5 American Institute for Cancer
Research Guidelines for
Cancer Survivors

e Choose predominantly plant-based diets rich
in fruits and vegetables.

e If eaten at all, limit intake of red meat to less
than 3 oz a day.

e Limit consumption of fatty foods, particularly
those of animal origin.

e Limit consumption of salted foods and use of
cooking and table salt.

» Use herbs and spices to season foods.

* Limit alcoholic drinks to two drinks a day for
men and one for women.

* Avoid charred food and cured or smoked
meats. Only occasionally eat meat and fish
grilled in direct flame.

* Avoid being overweight and limit weight gain-
ing during adulthood.

e Take an hour’s brisk walk or similar exercise
daily.

1.5 Research

Identification of damage to DNA and an under-
standing of diet-gene interactions have enabled
clinicians to intervene and prevent cancer devel-
opment. Further research will improve our un-
derstanding in this field as we better understand
the mechanisms through which various foods
impact health, eventually allowing us to develop
an optimal cancer prevention diet.
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1.6  Conclusion

Once diagnosed with cancer, a patient is chal-
lenged from every conceivable angle. He expe-
riences emotional turmoil, low motivation, sleep
difficulties, poor appetite, fatigue, and extreme
stress. Managing a cancer patient is a challenge,
as the physicians have to focus on all aspects
of patient care. One area that needs special at-
tention is stress, extreme anxiety, and depres-
sion. Prolonged stress may play a key role in
immune suppression which may lead to increased
inflammatory response and tumor progression. A
study of 10,000 women in Finland has shown
that loss of important relationships doubles the
risk of breast cancer (Servan-Schreiber 2009).
Hence, physicians need to focus not only on nu-
trition but other areas of concern as well. Eastern
traditions such as yoga, meditation, and tai chi
bring harmony and stimulate the body’s natural
defenses. A balanced diet, healthy sleep habits,
regular exercise, and a positive attitude also play
major roles in health and in healing.
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Tumour Stem Cell Enrichment
by Anticancer Drugs: A Potential
Mechanism of Tumour Recurrence

T.R. Santhosh Kumar and M. Radhakrishna Pillai

Abstract

Tumour recurrence after chemotherapy is a serious clinical problem. An
emerging concept in tumour biology is the cancer stem cell hypothesis,
which emphasises the importance of rare tumour stem cell-like cells to
reinitiate the tumour even after a successful elimination of the primary
tumour mass by surgery, chemotherapy or radiotherapy. We employed live
cell tools to monitor caspase-mediated cell death or survival after in vitro
drug treatment to investigate events associated with enrichment of CSCs in
breast and colon cancer cells. We provide evidence for rare escape of cells
from drug-induced caspase activation that enriches cells with stem cell-like
cells. Interestingly, an intermediate senescent-dominating population was
evident during the transition and the post-senescent; drug-surviving cells
were enriched with dye efflux cells with embryonic stem cell markers.
Since senescence-escaped stable colonies generated are enriched with
stem cell-like phenotype from natural tumour cell models and also stably
express sensitive caspase sensor, in the future they can be utilised for
screening compounds that target them.

Keywords
Tumour stem cells ® Anticancer drugs ® Drug resistance ¢ Side population
cells * Senescence * Apoptosis

Introduction

promising tumour-free survival. However, this
initial successful treatment outcome is most often
followed by tumour recurrence in a subset of tu-

Most chemotherapeutics or target-specific drugs
used for the treatment of cancer are capa-
ble of reducing tumour burden with immediate
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mours. The accumulating evidence attributes qui-
escent tumour stem cell-like cells within the het-
erogeneous tumour population as the cellular ori-
gin for tumour recurrence (Gangemi et al. 2009;
Milas and Hittelman 2009). This theory is further
strengthened by the recent reports suggesting that
tumour stem cell-like cells are inherently resistant
to conventional antitumour agents (Singh and
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Cancer Research, DOI 10.1007/978-81-322-1533-2_2, © Springer India 2014
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Settleman 2010; Ribatti 2012). The concept of
tumour stem cells, even though known for many
years, experimentally proved for its existence first
time in leukaemia (Lapidot et al. 1994). Subse-
quently both surface marker and functional trait-
based identification of this rare population were
documented in a variety of solid tumours includ-
ing breast, colon and CNS (Korkaya et al. 2011;
Lathia et al. 2011). Cancer stem cells, just like
normal stem cells, exist as quiescent phenotype
that renders them resistant to conventional cyto-
toxic agents that often exerts more damage to pro-
liferating cells in the bulk tumour. However, sev-
eral recent studies indicate that cancer stem cell
phenotype can be induced by a variety of stim-
uli. Epithelial-mesenchymal transition by TGF-f
treatment or by ectopically expressed transcrip-
tion factors like Twist and Snail and overexpres-
sion of pluripotency-inducing factors also con-
tributes for the induction of stem cell phenotype
(Ksiazkiewicz et al. 2012; Zhu et al. 2012; Krantz
et al. 2012; Kong et al. 2011; Floor et al. 2011).
In addition, several reports attribute a role for
certain drugs to induce EMT as well as tumour
stem cell phenotype as a potential mechanism for
drug failure. We have recently showed evidence
for rare escape of tumour cells from drug-induced
cell death, after an intermediate stay in a noncy-
cling senescent stage followed by unstable mul-
tiplication often characterised with spontaneous
cell death (Achuthan et al. 2011). The cells which
escaped from drug-induced toxicity showed in-
creased resistance to cell death by caspase ac-
tivation and tumour stem cell-like phenotype
such as CD133 and Oct4 expression. Extensive
functional characterisation of the drug-escaped
cells revealed that their drug resistance phenotype
is closely related to low levels of intracellular
reactive oxygen species (ROS) subsequent to
reactivation of antioxidant enzymes (Achuthan
et al. 2011). The drug-induced tumour stem cell
enrichment, even though not well defined, carries
tremendous implications in the understanding of
drug failure, tumour recurrence and metastasis
and also provides opportunities for drug interven-
tion. Here, we further provide evidence for the
existence of rare tumour stem cell-like cells in
multiple tumour cells and their enrichment after
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drug exposure. The colon cancer cells used in the
current study also showed evidence for interme-
diate senescent stage and indication for rare entry
into cell cycle from drug-induced senescence.
Currently, it is not clear whether the enrichment is
due to the escape of rare cells from drug treatment
or it is induced by the drugs either by genetic or
epigenetic signalling. However, the drug-escaped
population remains as a potential cell source to
identify agents that target physiologically rele-
vant drug-resistant cells with stem cell-like prop-
erty. Since tumour stem cell-like cells are very
rare and difficult to identify from natural cancer
cell models, it remains as a challenge to develop
cell-based assays to identify compounds that tar-
get them (Gupta et al. 2009). Since the methods
described here enrich the cells with stem cell-
like phenotype from natural tumour cell models,
that can be utilised for screening compounds that
targeting them.

2.2 Materials and Methods

2.2.1 CelllLines

Human breast tumour cell lines MCF-7; colon
cancer cell lines SW480, SW620 and HCT11;
and cervical cancer cell lines SiHa, HelLa and
C3AA were obtained from ATCC, USA. All can-
cer cell lines were maintained in RPMI medium
supplemented with 1 % penicillin—streptomycin
and 10 % foetal bovine serum. All cell lines
were incubated in a humidified incubator at 37 °C
supplied with 5 % carbon dioxide.

2.2.2 Side Population (SP) Analysis

The cell suspensions were labelled with Hoechst
33342 dye (Invitrogen, USA) using methods as
previously described (Sobhan et al. 2012; Bleau
et al. 2009). Briefly, cells were resuspended at
1 x 10%/mL in prewarmed RPMI with 2 % FBS
and 10 mM HEPES buffer containing 5 jLg/mL
of Hoechst 33342 in the presence or absence of
verapamil at 37 °C for 90 min. Then, the cells
were washed and resuspended in ice-cold HBSS
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containing 2 % FBS and 10 mM HEPES. Propid-
ium iodide at a final concentration of 2 pwg/mL
was added to the cells to gate viable cells. Side
population analyses were done on FACSAria I
(BD, USA).

2.2.3 Drug Treatment

Cells were seeded at a density of 2x10°
cells/well in 12-well plates containing DMEM
supplemented with 10 % FBS. After overnight in-
cubation, different drugs were added to each cell
line and maintained at 37 °C in a water-saturated
atmosphere containing 5 % CO,. Medium re-
placement was done every fourth day with fresh
drug-containing medium. The duration of expo-
sure to each drug was about 3—6 weeks.

2.2.4 Live Cell Visualisation of Cell
Death and Survival Using Cells
Expressing Caspase-3
Fluorescence Resonance
Energy Transfer (FRET) Probe

We have previously employed caspase sensor
expression vector, SCAT 3.1, which consists of
ECFP and EYFP (Venus), separated by caspase
cleavage site — DEVD — to generate stable clones
in breast cancer cell lines (Joseph et al. 2011).
This approach enabled us to visualise immedi-
ate cell death by caspase activation upon drug
treatment and also tracking of the surviving cells.
Since the surviving clones were enriched with
cells with tumour stem cell-like properties includ-
ing surface phenotype of CD133 and CD44 as
well as functional traits low ROS, Oct4 induction
and reactivation of antioxidant machinery, we
hypothesised that if proved in more cells, the
emerging cell population may form a better tool
for identifying agents that target them. Keeping
this in mind, a new-generation FRET probe for
caspase activation was employed to generate sta-
ble clones. This vector consists of Ametrine as
the donor fluorescent protein and Tomato as the
acceptor protein linked in-between the sequence,
DEVD, with a nuclear exclusion signal (NES).

1

Stable clones were generated with this vector
both in MCF-7 and colon cancer cell line SW480
by transfections followed by flow sorting to get
cells that are enriched with high FRET effi-
ciency using FACSAria I (BD, USA). For FRET
imaging by microscopy, cells were seeded on a
chambered cover glass (Nunc International, NY)
and maintained in live cell incubation chamber
(Tokai-Hit, Japan) at 37°C with 5 % CO, for
indicated time periods. Images were collected
using an Epi fluorescent microscope TE-2000E
(Nikon, Japan) at regular intervals. Single exci-
tations of pmAmetrine at 387/11 and dual emis-
sion at 535/30 and 585/29 were collected using
automated excitation and emission filter wheel
controlled by NIS software (Nikon, Tokyo) as
described (Ai et al. 2008).

2.2.5 Assessment of Cell Cycle
Progression in Live Cells

For live cell visualisation of cell cycle pro-
gression, Gl-specific fluorescent component of
FUCCI, Cdtl-Kusabira Orange fusion con-
struct and G2-specific green fluorescent marker
Geminin—Azami Green were employed to gen-
erate stable clones (Sakaue-Sawano et al. 2008).
Cells were transfected with the expression vec-
tor Cdt]1-KO and Geminin—Azami Green fol-
lowed by selection in G418. The cell express-
ing both red and green fluorescent proteins was
isolated by flow sorting. Stable integration and
cell cycle-specific fluorescence were evaluated
by live cell imaging. The cells were seeded on
chambered cover glass for live cell imaging as
described above.

2.3 Results

2.3.1 Side Population Cells
in Established Cancer
Cell Lines

Despite increasing number of reports substan-
tiating the existence of tumour stem cell-like
cells in multiple tumour types, their identification
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remains as a challenge due to lack of a common
surface marker. In the last decade, contributions
from several laboratories revealed importance of
several phenotypes to identify them from mul-
tiple tumour cell models. CD44%/CD24'" and
Aldefluor-high and CD133-high fractions were
reported as enriched with cells with tumour-
initiating potential in breast, colon, neural and
prostate cancers (Scheel and Weinberg 2011;
Fang et al. 2012; Singh and Dirks 2007). Func-
tional features like low reactive oxygen species
and drug efflux were also explored as valuable
marker of tumour stem cell-like cells (Wang
et al. 2010). Another widely used method, side
population analysis utilises the ability of cells
to exclude the fluorescent dye Hoechst, owing
to the preferred expression of p-glycoprotein in
stem cell-like compartment (Bleau et al. 2009;
Sobhan et al. 2012; Engelmann et al. 2008). In
an effort to characterise side population cells, we
have employed multiple tumour cells of different
tissue origin to determine the steady-state level
of side population cells by flow cytometry. A
typical scatter plot of side population analysis in
the colon cancer cell line SW620 is shown in
Fig. 2.1a. The percentage of cells gated as side
population in the scatter plot is diminished in
verapamil- treated cell population substantiating
their dependence on drug efflux transporters. The
histogram shown in Fig. 2.1b is the quantitative
representation of the average percentage of side
population cells in multiple tumour cells as deter-
mined by FACS (n = 3).

The results shown above indicate that cancer
cells maintained continuously in culture will re-
tain a small fraction of cells with drug efflux
property that can be identified by FACS. As
shown in the histogram, most cells retain a small
fraction of SP irrespective of the tissue origin and
that varies significantly between cells. Several re-
ports as well as our previous studies substantiated
the drug-resistant nature of side population cells
compared to the main population (Sobhan et al.
2012; Achuthan et al. 2011; Gangemi et al. 2009).
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2.3.2 Side Population Cells Are
Enriched in Drug-Evaded Cells

In a previous study, we have shown that expo-
sure of breast cancer cells to multiple antitumour
agents generates drug-resistant clonal expansion
in a delayed manner (Achuthan et al. 2011).
Currently, it is not clear whether this phenomenon
is unique to breast cancer cells or general in
nature. So we have employed colon cancer cells
SW480, SW620 and HCT 116 and exposed them
to camptothecin and doxorubicin for two cycles
with an interval of 3 days. Then the plates were
maintained in drug-free medium to allow ex-
pansion of colonies as described previously. At
the end of 30-45 days, the emerging colonies
were trypsinised and analysed side population by
FACS. Both the drugs significantly increased the
percentage of cells with drug efflux property in
all the cells. The results from SW480 are shown
on the graph in Fig. 2.2a. A representative scatter
plot of SW480 cells generated after treatment
with doxorubicin is also shown (Fig. 2.2b). The
results shown above prove that side population
cells are enriched after multiple cycles of drug
exposure in colon cancer cells. This is consistent
with similar observation noticed in breast cancer
cells (Achuthan et al. 2011). Overall, these results
indicate for a possible unique general signalling
in cancer cells that enriches cells with consider-
able phenotype transition, rendering them resis-
tant to drugs during exposure to cytotoxic agents.

2.3.3 AFRET-Based Caspase Sensor
to Track the Emergence
of Drug-Resistant Colonies

Since most antitumour agents kill cancer cells
by apoptosis involving activation of caspases,
we have previously employed stable breast can-
cer cell lines expressing caspase-specific FRET
probe ECFP-DEVD-EYFP to track caspase-
evading cells in breast cancer cell line (Joseph
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Fig. 2.1 Side population cells were present in established
cancer cell lines. (a) SW620 cells were stained with
Hoechst 33342 dye in the presence (right) or absence (left)
of 50 pwmol/L verapamil and analysed by flow cytometry.

et al. 2011). This model was quite useful to visu-
alise the emerging colonies and also to study their
drug response. The results shown above from the
colon cancer cell lines indicate that drug-escaped

(b) Indicated cell lines were stained with Hoechst for side
population analysis as described in materials and methods.
Average percentage of SP cells gated in multiple cancer
cells is shown as bar diagram

cells are enriched with high fraction of side
population cells, a population with stem cell-
like properties. So, we hypothesised that since
the drug treatment enriches cells with stem
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Fig. 2.2 Drug-induced enrichment of side population
cells. (a) SW480 cells were exposed to doxorubicin and
camptothecin and drug-escaped cells were generated as
described. The side population analysis was done as

cell-like properties, this enriched fraction may
form a better cell source for screening drugs that
specifically target them. The FRET-based caspase
sensor cell system is highly adaptable for high-
throughput image-based drug screening (Joseph
et al. 2011). So we have employed a sensitive
system of FRET-based caspase activation tool
Ametrine—-DEVD-Tomato (Ai et al. 2008). Ini-
tially, we developed breast cancer cell line, MCF-
7, expressing Ametrine-DEVD-Tomato stable
cell line as described. The colon cancer SW480
was also employed to study the generation of
drug-tolerant cells.

Consistent with our earlier results in breast
cancer cells, it was seen that after an initial phase
of massive cell death by caspase activation, few
cells enter into noncycling quiescent-like state
with large, flattened morphology, a characteristic
feature of senescent cells in SW480 cells also. A
representative live cell image of senescent cells

LI N I N B B B I B N B O B R N
50 100 150 200

250
SP Red-A (x1.000)

described. (b) A representative scatter plot of SW480
cells generated after treatment with doxorubicin and the
parental SW480 is shown

generated after doxorubicin treatment in MCF-7
and SW480 cells expressing Ametrine-DEVD-
Tomato is given in Fig. 2.3a, b. As evident from
the figure, few cells with flattened senescent
morphology are flanked by small dividing cells
indicating occasional cell cycle entry during the
transition.

2.3.4 Senescence and Delayed Cell
Cycle Entry in Drug-Treated
Cells

Even though late outgrowth colonies were known
to emerge from the drug-treated population af-
ter an intermediate senescent-dominating cell
population, currently it is not clear whether the
cells were generated from senescent cells. Cel-
Iular senescence is a general response of nor-
mal cells undergoing limited replication before
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Fig. 2.3 Drug-induced a
senescence and cell cycle
entry. (a) A representative
live cell image of senescent
cells generated after
doxorubicin treatment in
MCEF-7 expressing
Ametrine—DEVD-Tomato.
(b) A representative live
cell image of senescent
cells generated after
doxorubicin treatment in
SW480 cells expressing
Ametrine—-DEVD-Tomato
NES

MCF-7 Doxorubicin

MCF-7 Parental

SW480 Parental

SW480 Doxorubicin

MCF-7 Camptothecine
Cells expressing Ametrine DEVD Tomato NES

entering into a terminally growth-arrested state
attributed to telomere attrition. Tumour cells,
though considered as immortal, also retain the
capacity to undergo senescence in response to
genotoxic stress, radiotherapy and chemotherapy.
Senescent cells are generally resistant to apopto-
sis and can serve as reservoirs of secreted factors
for mitogenic and angiogenic activity; however,
the evidence for their entry into cell cycle is
not well established. In order to prove cell cycle
entry, we have employed the cell cycle indicator
in live cell, FUCCI, as described (Sakaue-Sawano
et al. 2008). The SW480 cells stably expressing
cytochrome c-EGFP were stably transfected with

SW480 Camptothecine

cdt-KO and Geminin—Azami Green. Cells in
the G1 phase show red cdt fluorescence in the
nucleus and the G2 phase with Geminin—Green
fluorescence as described (Sakaue-Sawano et al.
2008). The S-phase cells expressed both cdt and
Geminin in the nucleus. This approach helped to
identify the S-phase fractions during the course
of drug treatment. Close observation of multiple
wells revealed rare S-phase entry by few cells
with senescent morphology. A representative im-
age is shown in Fig. 2.4. As seen from the figure
around senescent cells, few cells show expression
of both cdt and Azami Green substantiating S-
phase entry.
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Fig. 2.4 Evidence for cell cycle entry from senescence.
The SW480 cells stably expressing cytochrome c-EGFP
were stably transfected with cdt—-KO and Geminin—Azami
Green. The cells were exposed to three cycles of doxoru-
bicin and allowed to recover in drug-free medium. As seen
from the figure around senescent cells, few cells show both
cdt and Azami Green indicating they are in S phase

2.3.5 Drug-Surviving Cells Are
Resistant to Drugs
and Enriched with Tumour
Stem Cell-Like Properties:
Potential Applications in Drug
Screening

Results from the above studies indicate possible
generation of drug-resistant cells from senes-
cent cells by occasional reentry into cell cycle.
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Moreover, the drug-escaped populations were
highly enriched in side population cells as well
as cells with stem cell properties. To examine
whether drug-surviving cells displayed resistance
to drugs, the cells expressing the FRET probes
were exposed to drugs, and drug-tolerant cells
were generated as described. Both parental and
drug-tolerant cells were exposed to different an-
ticancer agents, and caspase activation was anal-
ysed by ratio imaging as described in the mate-
rials and methods. A representative ratio imag-
ing of doxorubicin-resistant and parental cells
to three different drugs is shown in Fig. 2.5a—c.
Compared to parental cells, drug-escaped cell
showed marked resistance to caspase activation.
Most cells failed to change the ratio of Ametrine—
Tomato compared to the parental cells.

Our results again indicate a role for drug-
induced senescence in tumour recurrence through
clonal expansion of multidrug-resistant cells both
in breast and colon cancer cells. The ratio imag-
ing described here using the Ametrine-DEVD-
Tomato NES-stable cells is highly adaptable for
high-throughput imaging, and the drug-escaped
cell model has potential applications in drug
screening, specially to identify compounds that
target cells with tumour stem cell-like properties.

2.4  Discussion

Treatment failure and tumour recurrence after
chemo- or radiotherapy remain as the major
challenge in successful cancer treatment. It has
been increasingly realised that the conventional
treatment modalities are not enough to ensure
complete eradication of tumour cells even with
targeted therapies. In general, cancer that re-
lapses after treatment remains resistant to most
chemotherapeutic agents even to the different
chemical compounds than used for initial treat-
ment. Multiple hypotheses were put forwarded to
explain tumour recurrence and their resistance.
Cancer has been viewed as a highly heteroge-
neous population, and this heterogeneity also
brings differential response to drugs. This het-
erogeneity of response may allow some cells to
escape drug-induced cytotoxic stimuli to ensure
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Parental

Doxorubicin Resistant

Taxol

Doxorubicin

Vinblastine

MCF-7 Ametrine DEVD Tomato

: Ametrine/Tomato DEVD Ratio image

Fig. 2.5 Apoptosis resistance in drug-escaped cells.
MCEF-7 Ametrine-DEVD-Tomato NES-stable cells were
treated with doxorubicin for three cycles as described.
The drug-escaped cells were further treated with Taxol

population maintenance. Another emerging con-
cept of tumour stem cells also supports the
tumour recurrence after chemotherapy, empha-
sising that a small fraction of cells within a
tumour is responsible for the tumour initiation,
and they are resistant than the bulk tumour cells.
This hypothesis explains the immediate response
to drugs as revealed by the death of the bulk
cells; however, the small fraction remaining after
chemotherapy reinitiates the tumour later. Pre-
viously, several studies have reported the gen-
eration of drug-resistant cells with or without
stem cell characteristics after initial drug treat-

(a), doxorubicin (b) and vinblastine (c¢) for 48 h. The
ratio of pmAmetrine and tdTomato is shown. The parental
cells were also treated with the same drug and shown for
comparison

ment. Sharma et al. (2010) showed induction of
reversible drug-tolerant state in non-small cell
lung cancer cells to a lethal exposure of EGFR—
TKI (Sharma et al. 2010). They also observed
that the drug-tolerant cells were enriched with
putative progenitor marker CD133. Similarly, we
have recently employed an in vitro model system
where breast cancer cell lines were exposed to
diverse antitumour agents that generated drug-
tolerant cells. We have employed breast cancer
cell lines expressing live cell caspase detection
FRET probe involving ECFP-EYFP linked with
DEVD sequence, a preferred site for activated
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caspases. This system helped us to visualise and
track the fate of these cells for a long time using
high-throughput imaging. Even though the sys-
tem substantiated the immediate death of the cell
by caspase activation, few cells that resisted the
initial drug treatment remained sensitive to apop-
tosis by spontaneous caspase activation. Even
after removal of the drug, most cells succumbed
to cell death slowly upon entering into division or
remained quiescent with replicative senescence.
This senescent-dominating phase is followed by
rare emergence of growing colonies that repop-
ulate the tumour. Interestingly, our studies using
the emerging colonies indicate that drug-escaped
cells are enriched with drug-resistant cells, drug
efflux side population cells and cells with low re-
active oxygen species subsequent to reactivation
of antioxidant systems. Here, we further provide
evidence that drug escape is general in nature
and not restricted only to breast cancer cells. The
colon cancer cells treated with multiple drugs
also generate drug-tolerant cells that are enriched
in tumour stem cell-like cells. Here, we also
provide evidence for rare entry of senescent cells
to cell cycle using the sensitive live cell cycle
indicator FUCCI in SW480 cells. Even though
the molecular switch that drives senescent cells
to enter into cell cycle is not clear, it plays a
critical role in the emergence of drug-tolerant
cells both in breast and colon cancer cells. In this
report, we have used a highly sensitive cellular
system of live cell caspase activation Ametrine—
DEVD-Tomato. Ratio imaging by microscopy
utilising these cells is a powerful and sensitive
tool for drug screening that is also adaptable for
high-throughput image-based systems. Since our
earlier studies substantiate that the drug-escaped
cells are highly enriched with tumour stem cell
markers like CD133, OCT4 expression, low ROS
and high-invasion potential, they are the ideal
cell source for identification of compounds that
specifically target them. Even though tumour
stem cells are now considered as the best target
for drug development, because of their rarity and
difficulty to characterise, it remains as a chal-
lenge for drug screening. Since the cell system
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employed here expresses a sensitive probe for
caspase activation and is also enriched with drug-
resistant tumour stem cell-like cells, they will
form better tools for drug screening in future.
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Abstract

Rigorous efforts in searching for novel chemosensitizers and unraveling
their molecular mechanism have identified curcumin as one of the
promising candidates. Our earlier report has shown that cervical cancer
cells can be sensitized by curcumin to paclitaxel-induced apoptosis
through down-regulation of NF-kB and Akt. The present study is an
attempt to decipher the signaling pathways regulating the synergism
of paclitaxel and curcumin and to determine whether the synergism
exists in vivo. The study has clearly proved that Akt and NF-«B
function successively in the sequence of paclitaxel-induced signaling
events where Akt is up-stream of NF-kB. Inactivation of NF-«B
did not affect the activation of Akt and survivin, while that of Akt
significantly inhibited NF-kB and completely inhibited up-regulation of
survivin. Up-regulation of cyclin-D1, COX-2, XIAP, and c-IAP1 and
phosphorylation of MAPKs were completely inhibited on inactivation
of NF-kB assigning a key regulatory role to NF-kB in the synergism.
While up-regulation of survivin by paclitaxel is regulated by Akt,
independent of NF-kB, inactivation of neither Akt nor NF-kB produced
any change in Bcl-2 level suggesting a distinct pathway for its action.
Mouse cervical multistage squamous cell carcinoma model using
3-methylcholanthrene and a xenograft model of human cervical cancer in
NOD-SCID mice using HeLa cells were used to evaluate the synergism
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in vivo. The results suggest that curcumin augments the antitumor action
of paclitaxel by down-regulating the activation and down-stream signaling
of antiapoptotic factors and survival signals such as NF-kB, Akt, and
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MAPKSs.

Keywords

Paclitaxel * Curcumin ®
3.1 Introduction

In parallel to the identification of chemothera-
peutic agents, a great deal of effort is put in
for the identification of phytochemicals known
as chemosensitizers, which can enhance the ef-
ficacy of conventional chemotherapy. Paclitaxel,
isolated from Taxus brevifolia, is one of the
commonly prescribed chemotherapeutic drugs
against a wide spectrum of epithelial cancers.
However, administration of lower doses of this
drug has been shown to activate various survival
signals, leading to chemoresistance (Aggarwal
et al. 2005; Mabuchi et al. 2004). Earlier studies,
including ours, have shown that curcumin, the
active principle of Curcuma longa, has synergis-
tic effect with paclitaxel in inducing apoptosis
in cancer cells and reducing tumorigenesis (Bava
et al. 2005; Aggarwal et al. 2006), and this
has been correlated with the down-regulation of
various survival signals by curcumin (Aggarwal
et al. 2006; Anto et al. 2000; Chen and Tan 1998).

Studies from our laboratory as well as that
of others have clearly established that paclitaxel
activates NF-kB and Akt in several cell systems,
inhibition of which sensitizes cancer cells to
paclitaxel (Bava et al. 2005; Mabuchi et al. 2004;
Aggarwal et al. 2005). However, no study has
yet explored whether these two molecules act
independently or interdependently in the syner-
gism of paclitaxel and curcumin. Moreover, the
regulatory role of other survival signals such as
mitogen-activated protein kinases (MAPKs), AP-
1, Bcl-2, COX-2, cyclin D1, and IAPs have never
been correlated to this synergism. Hence, this
study investigates the major signaling molecules
regulating the synergism.

NF-kB ¢ Akt « MAPKSs * Synergism

Moreover, apart from a xenograft study using
human breast cancer cells (Aggarwal et al. 2005),
the combination of paclitaxel and curcumin has
not been tested in vivo. Based on our earlier
in vitro observations on the synergistic anticancer
activity of curcumin and paclitaxel in cervical
cancer cells (Bava et al. 2005), we carried out
two preclinical studies: one a carcinogen-induced
multistage tumor model that better reflects the
architectural and cellular complexity of patient-
derived tumor specimens and the other a hu-
man cervical cancer xenograft model in NOD-
SCID mice. We have identified for the first
time that activation of NF-kB is associated with
3-methylcholanthrene-induced tumorigenesis in
Swiss albino mice and the suppression of NF-kB
activation and other survival signals by curcumin
leads to the augmentation of paclitaxel-induced
apoptosis, thereby enhancing the therapeutic out-
come of paclitaxel in vivo.

3.2 Materials and Methods

3.2.1 Reagents

All the cell culture reagents were purchased
from Life Technologies Inc. Radiolabeled (y-
32P) ATP was purchased from Bhabha Atomic
Research Centre, India. The primers used in the
PCR studies and the oligos for electrophoretic
mobility shift assay (EMSA) were custom syn-
thesized by Genosys, Sigma. Antibodies against
B-actin and IkBa and all secondary antibodies
were purchased from Sigma. Paclitaxel, U0126,
SP600125, SB203580, and LY294002 were pur-
chased from Calbiochem (San Diego, CA). An-
tibodies against phospho-ERK1/2, phospho-p38,
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phospho-Akt, Akt, c-Jun, cyclin D1, PCNA,
caspase-3, caspase-7, caspase-8, caspase-9, c-
IAP1, phospho-p38, phospho-SAPK/INK, and
survivin- and rhodamine-conjugated secondary
antibody were obtained from Cell Signaling
Technology (Beverly, MA) and those against
Bcl-2, MDR-1, MMP-2, MMP-9, VEGF, p50,
RelA, Bcl-2, c-IAP, XIAP, survivin, COX-2,
phospho-JNK, ERK-2, JNK-1, p38 DAPI, and
Annexin V apoptosis detection kit were pur-
chased from Santa Cruz Biotechnology (Santa
Cruz, CA). Mouse monoclonal anti-XIAP was
procured from BD Biosciences (San Diego, CA).
All other reagents and antibodies were obtained
from Sigma.

3.2.2 Cell Culture

HeLa cells were purchased from the National
Centre for Cell Sciences (NCCS), Pune, India.
For immunoblotting, FACS, and electrophoretic
mobility shift assay (EMSA), 1 x 10° cells were
seeded/60 mm plate and for MTT assay 5,000
cells/well were seeded/96-well plate.

3.2.3 Western Blot Analysis

Cell/tissue samples were lysed in ice-cold RIPA
buffer with protease inhibitors and Western blot-
ting was performed as described (Bava et al.
2005).

3.2.4 MTT Assay

Proliferative/cytotoxic effect of paclitaxel and/or
curcumin was determined by MTT assay as de-
scribed earlier (Anto et al. 2002).

3.2.5 Drug Treatment

In all combination treatments, curcumin (5 M)
was added 2 h before adding paclitaxel (5 nM).
Inhibitors of MAPKs and Akt were added 1 h
before the addition of paclitaxel.

3.2.6 Stable Transfection

HeLa cells were stably transfected with IkBa
DM-pcDNA3, Akt-DNpcDNA3, and Akt WT-
pcDNA3 vector using the calcium phosphate
transfection kit (Invitrogen) according to manu-
facturer’s protocol. Stable clones were isolated
using G418. Reverse Transcription Polymerase
Chain Reaction (RT-PCR) — Total RNA isolated
was reverse transcribed to cDNA using MMLV
reverse transcriptase. The PCR products were
resolved by electrophoresis.

3.2.7 Annexin V-Propidium lodide
Staining

The membrane flip-flop induced by paclitaxel
and/or curcumin was assessed as described earlier
(Anto et al. 2003) according to manufacturer’s
protocol.

3.2.8 Electrophoretic Mobility Shift
Assay (EMSA)

Nuclear extract was isolated from cells after drug
treatment and nuclear translocation of NF-kB and
AP-1 was detected by EMSA and the specificity
of the bands was confirmed by supershift and
cold competition as described earlier (Anto et al.
2002; Amato et al. 1998). Nuclear extracts from
tissue samples were prepared and EMSA was
performed to evaluate DNA-binding activity of
NF-«B or AP-1 as described elsewhere (Banerjee
et al. 2002; Chaturvedi et al. 2000).

3.2.9 Immunocytochemical

Analysis

For immunocytochemical localization of intra-
cellular proteins, the cells were grown on glass
cover slips and exposed to various concentra-
tions of the drugs for the desired time. The
cells were then washed with PBS, fixed with
4 9% paraformaldehyde, permeabilized with 0.4 %
Triton X-100 for 20 min at room temperature,
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and blocked with 3 % normal goat serum in
PBS for 1 h. Antibody (anti-p65) diluted 1:100
in PBS containing 3 % normal goat serum was
added to cover the cells and incubated overnight
at 4 °C. Unbound antibody was washed off
with PBS, and the cells were incubated with
2 pg/ml rhodamine-conjugated secondary anti-
body for 1 h at room temperature. The unbound
secondary antibody was washed off and the
cells were covered with 1 pg/ml 4',6-diamidino-
2-phenylindole (DAPI) for 10 min. The cover
slips with cells were mounted in glycerol, ex-
amined, and photographed under a fluorescence
microscope.

3.2.10 Animal Experiments

All animal studies were done in accordance with
Institute  Animal Ethics Committee-approved
protocols. Murphy’s string method (Hussain and
Rao 1991; Murphy 1961) was followed for tu-
mor induction in the uterine cervices of 6-week-
old, virgin female Swiss albino mice. Carcino-
gen (600 pwg)-impregnated cotton threads or
similar cotton threads without carcinogen were
inserted into the canal of the uterine cervix
of Swiss albino mice. Tumor development was
checked by palpation thrice a week, starting
from the 15th day of tumor induction. After
30 days, the 3-MC-treated animals were ran-
domized into four groups (n = 12) to yield even
distribution of tumor sizes and control animals
into two groups (n=12), and drug adminis-
tration was started the same day as indicated
in Fig. 3.1a. Curcumin was encapsulated into
a uni-lamellar liposome formulation containing
phosphatidyl choline and cholesterol (Kuttan
et al. 1985) and injected intraperitoneally on
alternate days at the dose of 25 mg/kg body
weight. Paclitaxel was dissolved in Cremophor
vehicle (Cremophor EL/ethanol 1:1, diluted 1:4
with PBS) and injected i.p. at 10 mg/kg doses
twice weekly. The control animals were injected
with empty liposomes and/or Cremophor ve-
hicle. The drug treatment was continued until
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the animals were sacrificed on the 120" day
and the cervical tumors or the normal cervices
were excised. Tumor volume was calculated as
(length x width?)/2.

The xenograft studies to evaluate the efficacy
of paclitaxel and curcumin, either alone or in
combination against human cervical cancer cells
in vivo, were carried out in female, 6-week-old,
nulliparous non-obese diabetic severe combined
immunodeficient (NOD-SCID) mice. HeLa cells
(5 x 10 were injected subcutaneously in the
flank of a NOD-SCID female mouse, and after
4 weeks, when the xenograft tumor reached a
volume of 2.5 c¢cm?, the tumor was excised,
cut into small pieces (~0.5 mmx0.5 mm),
and these tumor fragments were subcutaneously
transplanted into the left flank of 24 NOD-SCID
mice using an 11-gauge trocar. Six animals each
were randomly assigned to four study cohorts
including a positive control group where the
animals were left untreated, a paclitaxel-alone
group, a curcumin-alone group, and the combi-
nation group where the animals received both pa-
clitaxel and curcumin. Drug administration was
started when the tumors reached the volume of
50 mm?®. The route and dose of drug admin-
istration were exactly the same as that followed
in the carcinogen-induced cervical tumor model
in Swiss albino mice and continued up to 6
weeks, after which the animals were sacrificed
and the tissue samples were collected for further
analyses.

3.2.11 Histology
and Immunohistochemistry

For histopathologic examination, 5 jLm sections
cut from the formalin-fixed, paraffin-embedded
tissues were deparaffinized, rehydrated, stained
with hematoxylin and eosin, and mounted with
DPX. Immunolocalization of specific proteins in
the tissue sections was done using the Iso-IHC
kit (Biogenex) following manufacturer’s instruc-
tions. Photomicrographs were captured using a
Nikon Eclipse E600 microscope.
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were counted, and the average was taken
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3.2.12 RNA Extraction and Real-Time
Q-PCR

Total RNA was extracted from tissue samples
using TRIZOL reagent (Invitrogen Corporation).
Five microgram of RNA was used for cDNA
synthesis using MMLYV reverse transcriptase and
random hexamers (Promega). Real-time quantita-
tive PCR analysis was performed on an ABI 7500
real-time PCR system (Applied Biosystems) with
2 WL of cDNA in a total reaction volume of 20 pL
using the SYBR Green PCR mix (Eurogentec,
Belgium). Fold change in expression levels be-
tween normal and other treatment groups was
calculated relative to the endogenous gene B-actin
using the 2- A ACt method (Livak and Schmittgen
2001).

3.2.13 Annexin Staining

To identify phosphatidylserine externalization,
cells were stained with FITC-conjugated An-
nexin V (Santa Cruz Biotechnology) according to
the manufacturer’s instructions followed by flow
cytometry.

3.2.14 Terminal Deoxynucleotidyl
Transferase-Mediated Nick
End Labeling (TUNEL) Assay

TUNEL assay was performed to detect apoptosis
in formalin-fixed, paraffin-embedded xenograft
tumor tissue sections using DeadEnd™ Col-
orimetric TUNEL System (Promega) following
manufacturer’s instructions.

3.2.15 Statistical Analysis

Data are presented as mean =+ SE of three inde-
pendent experiments. Two-tailed Student’s 7-test
was used for statistical analysis. P value <0.05
was considered statistically significant.
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3.3 Results

NF-kB and Akt Act
Sequentially in the Synergism
of Paclitaxel and Curcumin,
and Inactivation

and Over-expression of Akt

in HeLa Cells Lead to Partial
Inhibition of the Synergistic
Effect of Paclitaxel

and Curcumin

3.3.1

Based on our earlier finding that NF-kB and Akt
have a critical role in regulating the chemosensi-
tization of HeLa cells by curcumin (Bava et al.
2005), we investigated whether these two im-
portant pathways work independently or con-
currently in the synergism of paclitaxel and
curcumin. To explore this, stable clones of
DN Akt, WT Akt, and HeLa-Neo were devel-
oped.

Clones with maximum expression were se-
lected for further studies (clone 5 in the case of
DNAKkt and clone 2 in the case of wild-type Akt)
(Fig. 3.1a-b). Interestingly, compared to HeLa-
Neo cells, paclitaxel-induced NF-kB DNA bind-
ing was much less in HeLa-Akt DN cells, while in
HeLa-Akt WT cells it was much higher confirm-
ing that Akt mediates paclitaxel-induced NF-kB
activation (Fig. 3.1c). It was noteworthy that in-
activation of Akt either by transfection of DN Akt
or by using the inhibitor LY294002 did not com-
pletely inhibit NF-kB DNA-binding ability by
paclitaxel (Fig. 3.1d), indicating that paclitaxel-
induced NF-kB activation is only partially reg-
ulated by Akt. Earlier studies from our labora-
tory have shown that paclitaxel activates NF-kB
and Akt in HelLa cells, while curcumin down-
regulates both of these (Bava et al. 2005). The
extent of NF-kB inhibition by LY294002 was less
than that of curcumin (Fig. 3.1d), suggesting that
curcumin acts not only by inhibiting Akt but has
other mediators through which it down-regulates
NF-«B. Further, the pretreatment with LY294002
and then curcumin, synergistically reduced the
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paclitaxel-induced NF-kB activation (Fig. 3.1d).
To examine whether NF-kB has any role in regu-
lating the activation of Akt, we used HeLa-IkBa
DM cells (Bava et al. 2005) and confirmed the
activity of IkBa DM cells by EMSA (Fig. 3.1e).
However, in these cells paclitaxel did not produce
any difference in the phosphorylation status of
Akt (Fig. 3.1f), thereby proving that paclitaxel-
induced phosphorylation of Akt is independent of
NF-«kB.

While pretreatment with curcumin brought
down the viability of paclitaxel-treated HeLa-
Neo cells from 80 to 62 %, the synergistic
effect was significantly reduced (p <0.0001),
though not completely inhibited in HeLa-Akt
DN cells, even though the inactivation of Akt
itself sensitized the cells to paclitaxel and cur-
cumin (Fig. 3.1g). Moreover, the over-expression
of WT Akt abolished the effect of paclitaxel
and curcumin either alone or in combination
(Fig. 3.1g). Over-expression of WT Akt increased
the resistance to paclitaxel producing negligible
synergistic effect with curcumin (Fig. 3.1g). It
was remarkable to note that neither inhibition
nor over-expression of Akt completely inhibited
the synergistic effect of paclitaxel and curcumin,
suggesting that Akt has only a partial role in
regulating the synergism.

The apoptotic status of the cells was eval-
vated by Annexin V/PI staining. The results
were in concordance with that of the MTT
assay. In HeLa-Neo cells, synergism of pacli-
taxel and curcumin was evident (Fig. 3.1h).
But when Akt was shut down, the synergis-
tic effect was significantly reduced (p < 0.005)
even though the inactivation of Akt itself sen-
sitized the cells to paclitaxel- and curcumin-
induced externalization of phosphatidylserine
(Fig. 3.1h) highlighting the role of Akt in
paclitaxel-induced signaling. Supporting this ob-
servation, Akt over-expression significantly in-
hibited paclitaxel-induced apoptosis (p <0.01),
which was not appreciably affected by curcumin
(Fig. 3.1h).

3.3.2 COX-2 and Cyclin D1 Play
Regulatory Roles in the
Synergistic Effect of Paclitaxel
and Curcumin
in an NF-kB-Dependent
Manner, and Among the IAPs
that Play Regulatory Roles
in the Synergistic Effect
of Paclitaxel and Curcumin,
Survivin Alone is Independent
of NF-«B

As reported earlier (Aggarwal et al. 2005), we
observed that paclitaxel induced the expression
of COX-2, which is an immediate early gene
regulated by NF-kB. In our study, we observed
a down-regulation of paclitaxel-induced COX-
2 expression by curcumin in HeLa cells both
in the protein level (data not shown) as well
as in the RNA level (Fig. 3.2a). We observed
a complete inhibition of COX-2 expression in
HeLa-IkBa DM cells (Fig. 3.2a) and a partial
inhibition of the same in HeLa-Akt DN cells
(Fig. 3.2a), whereas in the HeLa-Akt WT cells,
COX-2 expression was found to be higher than
that of HeLa-Neo cells (Fig. 3.2a). Collectively,
these data indicate that paclitaxel-induced COX-
2 expression is completely regulated by NF-kB
and partly by Akt. It is also evident that paclitaxel
can induce NF-kB independent of Akt confirming
the hypothesis that NF-kB is the key regulator of
paclitaxel-induced signaling events.

As several studies have reported that NF-kB is
the key regulator of cyclin D1, we investigated
whether cyclin D1 has any role in the syner-
gism of paclitaxel and curcumin. We observed a
significant down-regulation of paclitaxel-induced
cyclin D1 expression by curcumin (Fig. 3.2b),
and as expected, inactivation of NF-kB by trans-
fection of IkBa DM completely inhibited the up-
regulation of cyclin D1 expression by paclitaxel
(Fig. 3.2b). However, the basal expression of
cyclin D1 was significantly higher in IkBa DM
cells compared to control.
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Fig. 3.2 Regulatory role of NF-k B and Akt in paclitaxel-
induced expression of COX-2, cyclin DI, and IAPs.
(a) HeLa, HeLa-IkBao DM, HeLa-Akt DN, and HeLa-Akt
WT cells were treated with paclitaxel and/or curcumin for
24 h and total RNA was isolated. The RT-PCR products
were then resolved by agarose gel electrophoresis. B-actin
was used as the internal control. (b) HeLa and HeLa-IkBa
DM cells were treated with paclitaxel and/or curcumin for

IAPs are a family of proteins that function
as ubiquitin ligases and promote the degra-
dation of caspases and are considered to be
regulated by NF-kB. We observed that pacli-
taxel induced the up-regulation of XIAP, c-IAP1,
and survivin in HeLa cells which are signifi-
cantly down-regulated by curcumin (Fig. 3.2c).
Another interesting observation was that the

24 h and whole cell lysate was immunoblotted against
anti-cyclin D1. B-actin was used as the internal control.
(¢) HeLa-Neo, HeLa-IkBa DM, and HeLa-Akt DN cells
were treated with paclitaxel and/or curcumin for 24 h and
the whole cell lysate was immunoblotted using antibodies
against XIAP, c-IAP1, and survivin and detected by ECL.
B-actin was used as the loading control

up-regulation of XIAP and c-IAP1 by paclitaxel
was completely inhibited when NF-kB was shut
down, while that of survivin remained unaffected
(Fig. 3.2¢). Though survivin is generally consid-
ered as an NF-kB-dependent gene, recent reports
have clearly demonstrated regulation of survivin
by PI3K/Akt pathway (Zhao et al. 2010). This
made us to check the status of all the IAPs in
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response to paclitaxel in HeLa-Akt DN cells.
Supporting the observation of Zhao et al. (2010),
we observed a complete inhibition in the up-
regulation of survivin as well as that of XIAP
and c-IAP1 (Fig. 3.2c) indicating that paclitaxel-
induced up-regulation of survivin is regulated by
Akt in an NF-kB-independent manner. However,
as in the case of cyclin D1, the basal expressions
of all the IAPs were significantly higher in IxBa
DM cells as well as Akt DN cells compared to
control.

3.3.3 MAPKs and AP-1 Contribute
to the Synergism of Curcumin
and Paclitaxel
in an NF-kB-Dependent
Manner, While Bcl-2 Regulates
the Synergism, Independent
of NF-kB and Akt

We also investigated the involvement of MAPKs,
another set of survival signals induced by lower
concentrations of paclitaxel. Our study revealed a
transient phosphorylation of ERK1/2, JNK, and
p38 that started within 5 min of the paclitaxel
treatment, peaked at 15 min, and then receded by
30 min (Fig. 3.3a). Interestingly, curcumin signif-
icantly reduced this phosphorylation of MAPKs,
signifying a possible role for MAPKs in reg-
ulating the synergism (Fig. 3.3b). Further, we
also evaluated the role of NF-kB in paclitaxel-
induced phosphorylation of MAPKs. Interest-
ingly, we found that inhibition of NF-kB pathway
by IkBa-DM transfection completely inhibited
the phosphorylation of all the three MAPKs by
paclitaxel (Fig. 3.3c) clearly indicating that NF-
kB is regulating the phosphorylation of MAPK
pathway by paclitaxel.

AP-1 transcription factors are complexes of
DNA-binding proteins made up of homodimers
of Jun family members or heterodimers of Jun
and Fos family members. We observed a dose-
dependent increase in the DNA-binding activ-
ity of AP-1 in response to paclitaxel in HeLa
cells (data not shown). It was also found that
pretreatment with curcumin significantly down-
regulated the AP-1 activation induced by pa-

clitaxel (Fig. 3.3d). We also examined whether
ERK1/2, INK, or p38 phosphorylation in re-
sponse to paclitaxel contributes to the activation
of AP-1 by treating HeLa cells with paclitaxel
and/or U0126 (10 pM), SP600125 (50 pwM),
and SB203580 (40 wM) which are inhibitors of
ERK1/2, JNK, and p38, respectively. As expected
the inhibitors of all the MAPKSs especially that
of p38 and JNK significantly inhibited the AP-1
DNA-binding activity induced by the paclitaxel,
suggesting the involvement of ERK1/2, JNK, and
p38 in the activation of AP-1 induced by pacli-
taxel (Fig. 3.3e). Hence, the study demonstrates
that the partial down-regulation of the AP-1 DNA
binding by curcumin may be due to the inhibition
of these MAPKs which acts up-stream of AP-1.

We also explored whether ERK1/2, p38, and
JNK can regulate the NF-kB signaling events
induced by paclitaxel. It was noteworthy that
none of the inhibitors produced a significant
downregulation to paclitaxel-induced NF-«kB ac-
tivation (Fig. 3.3f), strongly correlating with our
previous observation that NF-kB is up-stream of
MAPK pathway in the regulation of paclitaxel
signaling.

Deregulated expression of the antiapoptotic
protein Bcl-2 plays an important role in cell death
as well as in the nonsensitiveness of cancer cells
to chemotherapy. Several studies have demon-
strated that NF-kB and Akt have regulatory roles
in endogenous Bcl-2 protein expression. We ob-
served a dose-dependent up-regulation of Bcl-
2 protein by paclitaxel in HeLa cells (data not
shown), which was significantly abrogated by
curcumin (Fig. 3.3g). However, we observed up-
regulation of Bcl-2 protein in HeLa-IkBa DM as
well as HeLa-Akt DN cells, indicating that pacli-
taxel is inducing Bcl-2 in HeLa cells independent
of NF-kB as well as Akt (Fig. 3.3g).

3.3.4 Curcumin Potentiates
the Antitumor Effects
of Paclitaxel in 3-MC-Induced
Cervical Tumors in Mice

The schematic representation of various groups
employed in the study is depicted in Fig. 3.4A.
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Following tumor induction with 3-MC, palpable
tumors began to appear within 20-25 days. Tu-
mors developed in the group I and curcumin-
alone-treated group III animals continued to
grow during the span of the experiment and
reached the maximum volume up to 5,500 mm3,
whereas >60 % of the tumors in the paclitaxel-
alone group and >85 % of the combination-
treated tumors did not grow beyond a volume
of 3,200 mm?>. The final tumor incidence per-
centage (Fig. 3.4B) and the mean tumor volume
(Fig. 3.4C) among different groups were deter-
mined after sacrificing the animals on day 120.
In group I, 66 % of the animals treated with 3-
MC (positive control) developed tumors with a
mean tumor volume of 1,613 mm?>. In group II
and group III, where the animals received either
paclitaxel or curcumin, respectively, the tumor
incidence percentages were 44 and 60, and the
mean tumor volume among these groups were
965 and 1,294 mm?, respectively. Mice of group
IV, which received both paclitaxel and curcumin,
showed a tumor incidence of only 24 %, and the
mean tumor volume was reduced to 656 mm?.
None of the animals from group V and group
VI (negative controls) show any signs of tu-
mor development during the span of the study.
Moreover, 3-MC treatment or administration of
paclitaxel and/or curcumin had no adverse effects
on the tumor-bearing animals or normal controls
(group VI) as assessed by body weight observa-
tion and liver function tests (data not shown). Mi-
croscopic analysis of the formalin-fixed paraffin-

<

embedded tissue sections showed different grades
of squamous cell carcinoma, and this observa-
tion was verified by a histopathologist. Rep-
resentative photomicrographs of H&E-stained
tissue sections showing 3-MC-induced multi-
stage squamous cell carcinogenesis are given in
Fig. 3.4D.

3.3.5 Curcumin Inhibits
Constitutively Active
and Paclitaxel-Induced NF-xB
in 3-MC-Induced Cervical
Tumors and Down-regulates
the Transcription of NF-kB
Target Genes

Since most of the carcinogens and infectious
agents linked with cancer have been shown to
activate the NF-kB pathway, we investigated
whether NF-kB is associated with 3-MC-induced
cervical tumorigenesis. While constitutive activa-
tion of NF-kB and higher levels of nuclear DNA-
binding activity were observed in 3-MC-induced
cervical tumors and 3-MC+ paclitaxel-treated
animals, administration of curcumin abolished
the constitutively activated as well as paclitaxel-
induced NF-kB. Incubation of DNA-protein com-
plexes with p65 antibody resulted in the su-
pershift of active band (Fig. 3.5A). To further
confirm the activation of NF-kB by 3-MC and pa-
clitaxel, we examined the NF-kB DNA-binding
activity in 10 tissue samples each from the six

Fig. 3.3 Involvement of MAPK Pathway and Bcl-2 in reg-
ulating the synergism of paclitaxel and curcumin. (a) Ki-
netics of paclitaxel-induced phosphorylation of MAPKs-
ERK1/2, JNK, and p38 in HeLa cells were studied by
treating them with paclitaxel for different time intervals
(0-120 min). The whole cell lysate was immunoblotted
against phospho-ERK1/2, phospho-JNK, and phospho-
p38 antibodies and detected by ECL. B-actin was used
as the loading control. (b) The effect of curcumin on
phosphorylation of MAPKs was detected by pretreat-
ing HeLa cells with curcumin and then with paclitaxel
for 15 min and immunoblotting the whole cell lysate
against phospho-ERK1/2, phospho-JNK, and phospho-
p38 antibodies. (¢) HeLa-IkBoo DM cells were treated
with paclitaxel and/or curcumin for 15 min and the whole
cell lysate was immunoblotted against phospho-ERK1/2,

phospho-JNK, and phospho-p38 antibodies. HeLa-Neo
cells treated with and without paclitaxel were used as
controls. (d) HeLa cells were pretreated with curcumin
and then with paclitaxel (5nM) for 30 min, nuclear extracts
were prepared, and EMSA was done to study the effect
of curcumin on activation of AP-1. The arrowhead shown
indicates the position of the active DNA-binding complex
of AP-1. (e-f) HeLa cells pretreated with U0126 (10 wM),
SP600125 (50 wM), or SB203580 (40 wM) were treated
with paclitaxel for 30 min. Nuclear extracts were prepared
and EMSA was done using radiolabeled AP-1 primer to
detect the AP-1 status and radiolabeled NF-kB primer
to detect the NF-kB status. (g) HeLa-Neo, HeLa-IkBa
DM, and HeLa-Akt DN cells were treated with paclitaxel
and/or curcumin for 24 h and the whole cell lysate was
immunoblotted against Bcl-2 antibody
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Fig. 3.4 Combination of paclitaxel and curcumin re-
duces tumor incidence and tumor volume in cervical
tumor model. (A) Schematic representation of experimen-
tal protocols for evaluating the anticancer properties of
paclitaxel and curcumin against 3-MC-induced carcino-
genesis in Swiss albino mice. (B) Effect of paclitaxel
and curcumin, alone or in combination, on 3-MC-induced
cervical tumors. The tumors were distinguished from
normal cervices based on size as well as histopathology,
and the percentage of tumor-bearing animals per group is
shown. Data represents three sets of experiments carried

experimental groups. But in a few (<10 %) of the
tumor-bearing mice, curcumin was unable to in-
hibit the NF-kB activity, probably because of the
need for a higher dose or any genetic variability
among animals (Fig. 3.5B). Immunohistochemi-
cal analysis of tissue samples harvested from 3-
MC-alone and 3-MC+- paclitaxel-treated animals
revealed increased expression and prominent nu-
clear localization of the p65 subunit of NF-kB

out independently. (C) The mean tumor volume and rep-
resentative photographs of cervix samples from different
experimental groups are shown. (D) Histological changes
induced by 3-MC treatment in the cervical epithelium
of Swiss albino mice. Formalin-fixed, paraffin-embedded
tissue sections were stained with hematoxylin and eosin.
The representative photomicrographs show progressive
stages of squamous cell carcinoma. The panels depict
(a) normal epithelium, (b—c) squamous hyperplasia, (d—f)
dysplastic epithelium, and (g-i) SCC with characteristic
keratin pearl formation

in comparison with normal cervical epithelium
(Fig. 3.5C). Consistent with the results obtained
from EMSA, curcumin could down-regulate the
expression and nuclear localization of p65 in
tissue samples derived from curcumin and cur-
cumin + paclitaxel-treated mice. Having estab-
lished the association between NF-kB activation
and 3-MC-induced tumor progression, we ana-
lyzed the functional status of NF-kB activation by
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assessing the mRNA expression levels of NF-kB
target genes such as COX-2, cyclin D1, ICAM-1,
VEGF, MMP-2, and MMP-9 by real-time quan-
titative RT-PCR. Tissue samples from groups I
and II showed high mRNA expression levels of
these genes, whereas low levels were detected
in the tumor samples collected from animals
treated with curcumin either alone or in com-
bination with paclitaxel (Fig. 3.5D). Curcumin
in combination with paclitaxel could not down-
regulate the transactivation of these target genes
in a few of the highly aggressive cervical tumors
(indicated with “*”),

3.3.6 Curcumin Represses
NF-kB-Dependent Gene
Products, Potentiates
the Antiproliferative Effect
of Paclitaxel, and Enhances
Paclitaxel-Induced Caspase
Activation

Western blot analyses revealed that paclitaxel
either further induced or did not down-regulate 3-
MC-induced activity of various NF-kB-regulated
gene products COX-2, cyclin D1, MMP-2, MMP-
9, and VEGF that are directly involved in tumor
cell proliferation, angiogenesis, and metastasis
(Fig. 3.6A). Immunohistochemical analysis for
the cell proliferation marker PCNA in the tis-
sue samples revealed that curcumin significantly
enhanced paclitaxel-induced inhibition of pro-
liferation as evidenced by reduced PCNA im-
munoreactivity compared with the positive con-
trol group (Fig. 3.6B). Diverse antiapoptotic pro-
teins such as Bcl-2, c-IAP1, survivin, and XIAP
which are reported to be transactivated by NF-
kB were also found to be up-regulated in most
of the tumor samples collected from 3-MC-alone
and 3-MC+paclitaxel groups (Fig. 3.6C). The
expression levels of these molecules were sig-
nificantly down-regulated by curcumin. We also
observed the cleavage and activation of procas-
pases 8, 9, 3, and 7 in paclitaxel-treated cervi-
cal tumors of mice, which was significantly up-
regulated when curcumin was co-administered
(Fig. 3.6D).

3.3.7 Curcumin-Mediated
Augmentation of Antitumor
Effects of Paclitaxel
in 3-MC-Induced Cervical
Tumors Involves
the Down-regulation
of MDR1, Akt, MAPK, and AP-1
Pathways

3-MC-induced tumors as well as those treated
with paclitaxel exhibited a strong over-expression
of MDRI1, which was significantly down-
regulated by curcumin (Fig. 3.7a). Immunoblot-
ting with a phospho-specific antibody against Akt
at Ser473 points toward the hyperactivation of
Akt by phosphorylation in 3-MC-induced tumors
compared to normal controls. More interestingly,
the animals that were administered with cur-
cumin either alone or in combination with pa-
clitaxel showed relatively low levels of phospho-
Akt in comparison with the carcinogen-alone-
or paclitaxel-treated groups. But, over-expression
and hyperactivation of Akt was observed in well-
developed tumors from curcumin-treated animals
(Fig. 3.7b). We also found hyperphosphorylation
at Ser136 of Bad, a well-known direct target of
phosphorylation and inactivation by Akt, indicat-
ing a possible antiapoptotic effect of activated
Akt. The expression and activation status of
the three important MAP kinases — extracellular
signal-regulated protein kinase (ERK), c-Jun-
NH2 kinase (JNK), and p38 — were analyzed
by Western blotting, and extensively high phos-
phorylation of ERK-1/2 and JNK was observed
in most of the 3-MC-induced tumor samples
when compared to normal controls. Paclitaxel
treatment alone did not alter the phosphory-
lation levels of ERK-1/2 and JNK in the tu-
mor tissues, whereas administration of curcumin,
alone or in combination with paclitaxel, inhibited
the phosphorylation of these molecules signifi-
cantly. On the other hand, the phosphorylation
and expression status of p38 was not found
to significantly vary among the experimental
groups, indicating a lesser role of p38 in medi-
ating the carcinogenic action of 3-MC as well
as in the chemotherapeutic action of paclitaxel
and curcumin (Fig. 3.7¢c) though we observed a
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downregulation of paclitaxel-induced activation
of p38 by curcumin in the human cervical cancer
cell line, HeLa (Fig. 3.3b). The expression of
phospho-c-Jun, a proto-oncogene which is the
direct target of both JNK and ERK-1/2, and
the central component of all activator protein-1
(AP-1) complexes, was found elevated in those
samples with high levels of phospho-JNK and
phospho-ERK1/2 (Fig. 3.7c). Moreover, the sig-
nificantly higher levels of nuclear DNA-binding
activity of AP-1 detected in 3-MC-induced tumor
samples were suppressed by curcumin alone or in
combination with paclitaxel (Fig. 3.7d).

3.3.8 Combined Treatment
of Paclitaxel and Curcumin
Decreases the Tumor Volume,
Down-regulates NF-kB,
and Enhances Apoptosis
in Human Cervical Cancer
Xenografts Compared
to Individual Treatments,
in NOD-SCID Mice

The mean tumor volume at the time of necropsy
in the untreated control group was 2.66 cm?,
and administration of curcumin alone did not
show any significant effect on the xenograft tu-
mor growth, and the mean tumor volume was
2.47 cm®. Paclitaxel treatment alone suppressed
the growth of HeLa xenograft tumors and re-
duced the final mean tumor volume to 1.83 cm?,
whereas curcumin considerably enhanced the an-
titumor activity of paclitaxel, and the remark-
able synergistic antitumor efficacy of these com-
pounds resulted in a mean tumor volume of

<

1.32 cm® at the time of necropsy (Fig. 3.8a,

b). Nuclear extracts prepared using tumor sam-
ples were used for electrophoretic mobility shift
assay, and higher NF-kB activation levels were
observed in the untreated tumors while paclitaxel
treatment resulted in a further up-regulation of
NF-«kB activation levels. On the contrary, cur-
cumin treatment either alone or in combination
with paclitaxel significantly down-regulated the
nuclear DNA-binding activity of NF-kB, in vivo
(Fig. 3.8c). These results confirmed that sup-
pression of paclitaxel-induced NF-kB activation
by curcumin is an important molecular mecha-
nism by which this compound sensitizes HeLa
xenograft tumors in NOD-SCID mice to pacli-
taxel therapy. The in vivo apoptotic effects of cur-
cumin and/or paclitaxel in ectopically implanted
human cervical cancer xenografts in NOD-SCID
mice were assessed by TUNEL staining. As
shown in Fig. 3.8d, tumor sections from con-
trol and curcumin-alone-treated groups did not
show any considerable positivity for apoptotic
cells, while paclitaxel-treated samples showed
substantial amount of TUNEL staining. More
interestingly, in tumor samples collected from
animals treated with both the agents, curcumin
could significantly enhance the apoptotic effects
of paclitaxel in comparison with the individual
treatment.

3.4 Discussion

Tumor cells often escape apoptosis by over-
expressing antiapoptotic proteins which give
them survival advantage (Gagnon et al. 2008).
Some conventional chemotherapeutic drugs in

<«

Fig. 3.5 Curcumin reduces the activation of NF-kB and
its downstream targets induced by paclitaxel and 3-MC.
(A) Individual and combined effects of paclitaxel and cur-
cumin on NF-kB activation in 3-MC-induced cervical tu-
mors and normal controls are shown. Equal concentrations
of nuclear extracts prepared from tissue samples were
analyzed by EMSA. Supershift analysis using anti-p65
antibody is also done as described in “Materials and Meth-
ods.” (B) EMSA results showing NF-kB activation status
in ten different animals from each of the six experimental
groups. (C) Immunohistochemical localization of the p65
subunit of NF-kB in the tissue sections correlates with

EMSA results. The different panels indicate (a) the cyto-
plasmic localization of p65 in normal cervical epithelium,
increased nuclear localization of p65 in (b) 3-MC-alone-
treated (c) or 3-MC+paclitaxel-treated groups, inhibition
of nuclear translocation of p65 in (d) 3-MC+-curcumin
or in (e) 3-MC+paclitaxel+curcumin, and (f) a highly
aggressive tumor from paclitaxel+curcumin group shows
strong nuclear positivity for p65. (D) Effect of paclitaxel
and/or curcumin on transactivation of NF-kB-dependent
genes in 3MC-induced cervical tumors and control tissues.
Relative mRNA expression levels of target genes were
determined by quantitative RT-PCR
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Fig. 3.6 Curcumin inhibits NF-kB-dependent genes and
the proliferative effect of paclitaxel and augments
paclitaxel-induced caspase activation. (A) Western blot
analysis for different NF-kB-regulated gene products in
3-MC-induced tumors or control tissue samples harvested
from mice of different treatment groups. At least six
samples per group were analyzed, and representative
data of two randomly selected animals from each group
is shown. (B) Immunohistochemical analysis on tissue
sections using PCNA antibody. Representative staining

low concentrations cause up-regulation of sur-
vival signals, thereby necessitating increment of
the effective dose of treatment. Several stud-
ies including ours have shown that paclitaxel
activates NF-«kB and Akt, which have critical
roles in regulating cell survival, proliferation,
invasion, and metastasis (Huang and Fan 2002;

patterns in mouse cervical epithelium of (a) normal con-
trol, (b) 3-MC-treated, (¢) 3-MC+Cur-treated, (d) 3-
MC+Ptx-treated, (e) 3-MCHCur+Ptx-treated, and (f)
a very aggressive tumor from 3-MC+Cur+Ptx-treated
group are shown. (C) Effect of curcumin and/or pacli-
taxel on the expression levels of various NF-kB-regulated
antiapoptotic proteins in 3-MC-induced cervical tumors
was detected by Western blotting. (D) Western blots
showing curcumin-mediated enhancement of paclitaxel-
induced caspase activation in the tumor tissue samples

Bava et al. 2005). On the contrary, curcumin,
the natural polyphenolic compound, promotes
apoptosis by interfering in various cell survival
signaling pathways including NF-kB and Akt
(Anto et al. 2002; Aggarwal et al. 2006). Our ear-
lier findings (Bava et al. 2005) have clearly shown
that paclitaxel-induced activation of NF-kB and



3 Curcumin: A Potent Candidate to be Evaluated as a Chemosensitizer... 37

a b
o & $ S
o ‘ £ x
0 S. le Q¢ o\)\ x0 gQ’d- Oy 4 ‘S}GO 0‘(_? Q"Q.d-o’q“-xo} (_,‘CCJ?‘Q
~.\¢'\° ,,;!\ NN NN N N N N Y

Fig. 3.7 Curcumin enhances paclitaxel-induced
chemotherapy by downregulating Akt, MAPK, and
AP-1 pathways in 3-MC-induced cervical tumors. (a)
Expression of MDR-1 protein in tissue samples collected
from different experimental groups. Western blot analysis
was carried out with anti-MDR-1 and B-actin levels are
shown as loading control. (b) Down-regulation of Akt
activation in 3-MC-induced cervical tumors by curcumin.
Western blot analyses were performed with anti-phospho-
Akt, anti-Akt, and anti-phospho-Bad on tissue lysates.
(¢) Inhibition of MAPK phosphorylation by curcumin
in 3-MC-induced tumors. Activation status of various

Akt in HeLa cells involves phosphorylation of
IKK, and its down-regulation by curcumin which
contributes to the sensitization of HeLa cells to
the paclitaxel-induced apoptosis involves inhibi-
tion of the same. Here we have tried to dissect

MAPKSs in tissue samples was detected by Western
blotting using phosphorylation-specific antibodies against
ERK1/2, JNK, phospho-c-jun, and p38. The expression
levels of total MAPKSs are shown as loading control. (d) 3-
MC-induced cervical carcinogenesis in mice is associated
with constitutive activation of AP-1. Curcumin inhibits the
constitutive activation of AP-1 when given alone or along
with paclitaxel. Nuclear extracts prepared from tumor or
control tissue samples were assayed for AP-1 activation
by EMSA. The arrowhead denotes active AP-1-DNA
complex

out the pathways contributing to the synergism of
paclitaxel and curcumin.

In the current study, we observed a sig-
nificant down-regulation of paclitaxel-induced
NF-kB activation upon Akt inactivation. While
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Fig. 3.8 Curcumin enhances the antitumor activity of
paclitaxel against human cervical cancer xenografts in
NOD-SCID mice. (a) Representative gross images of
mice bearing subcutaneous tumors with or without drug
treatment after 6 weeks. (b) The mean tumor volumes in
different treatment groups after 6 weeks of drug treatment.
Individual tumor volume was calculated by the standard
formula a X b2/2, where a is the longest diameter and b is
the shortest diameter. Data is represented as mean tumor
volume + standard error (P <0.05). (¢) Effect of cur-
cumin treatment, alone or in combination with paclitaxel,
on NF-kB activation in HeLa xenograft tumors in SCID
mice. Equal concentrations of nuclear extracts prepared

over-expression of Akt resulted in an increase in
paclitaxel-mediated NF-kB activation, no change
in Akt activation was observed when NF-kB
was shut down, clearly indicating that Akt is
up-stream of NF-kB in the paclitaxel-mediated
signaling events in HeLa cells. Furthermore,

from tumor samples or normal controls were analyzed
by EMSA as described under “Materials and Methods.”
Tumor samples from five animals per group were analyzed
individually and representative data from three randomly
selected tumors from each group is shown. (d) Rep-
resentative photomicrographs showing TUNEL staining
pattern in formalin-fixed, paraffin-embedded xenograft tu-
mor sections from different treatment groups. Dark brown
staining is indicative of nuclei with fragmented DNA.
Cell nuclei were counterstained with hematoxylin. NOTE:
All error bars indicate standard deviation between three
independent experiments

analysis of paclitaxel-induced COX-2 expression
in the HeLa-Akt WT cells and the HelLa-Akt
DN cells shows that the expression of COX-2,
an NF-kB-dependent gene, is also regulated by
Akt. While inactivation of Akt reduced COX-
2 expression, over-expression of Akt resulted
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in the up-regulation of COX-2. Supporting this
observation, a reduction in the synergistic effect
of paclitaxel and curcumin was noted in the cell
viability and apoptotic studies using the Akt DN-
transfected HeLa cells. Over-expression of Akt
made the cells resistant to paclitaxel as well as to
the synergistic effect. Up-regulation of cyclin D1,
another NF-kB-dependent gene, was also com-
pletely inhibited when NF-kB was shut down,
implicating the key regulatory role of NF-kB in
paclitaxel signaling.

Interestingly a marked difference was noted
in the synergism in the case of HeLa-Akt DN
and HeLa-IkBa DM cells. While a complete
inhibition in synergism was observed in the case
of HeLa-IkBa DM cells, only partial inhibition
was noted in HeLa-Akt DN cells suggesting that
inhibition of Akt by curcumin is not the only
pathway by which curcumin inhibits NF-kB.

While expression of XIAP and c-IAPI1 was
dependent on NF-kB, that of survivin was in-
dependent though curcumin effectively down-
regulated paclitaxel-induced expression of all
these. However, we observed a complete inhibi-
tion of survivin up-regulation in HeLa-Akt DN
cells confirming that Akt is regulating survivin
signaling independent of NF-kB as observed by
other investigators (Zhao et al. 2010; Zhu et al.
2008). Our study also indicates that paclitaxel-
mediated up-regulation of Bcl-2 is independent of
NF-kB and Akt even though contradictory reports
exist (Catz and Johnson 2003).

Paclitaxel-induced activation of MAPK sig-
naling pathway is already reported (Bacus et al.
2001). Among these three kinases, ERK1/2 mod-
ule has most often been implicated in cell prolif-
eration (Cobb 1999) while the biological effects
of JNK and p38 activation are highly conflict-
ing and, depending on the cellular context and
stimuli, they exert both protective as well as
proapoptotic functions (Lee et al. 1998; Seidman
et al. 2001). Even though JNK signaling is at-
tributed to apoptotic responses, it has been shown
that the JNK cooperates with other signaling
pathways like NF-«kB to mediate cell survival.
Sustained JNK activation with the absence of a
survival pathway may lead to apoptosis (Lamb

et al. 2003), while transient JNK activation me-
diates survival (Liu et al. 1996). Likewise, there
are reports indicating the involvement of p38
in paclitaxel-induced activation (Oh et al. 2006;
Seidman et al. 2001) as well as inhibition (Yu
et al. 2001) of apoptosis. In the present study
we observed a transient activation of all the three
MAPKSs, ERK1/2, JNK, and P38, by paclitaxel
and significant down-regulation of the same by
curcumin, suggesting that curcumin could be a
useful adjunct in therapeutic regimen using pa-
clitaxel. The study also revealed that phosphory-
lation of MAPKSs is completely inhibited when
NF-kB is shut down indicating that NF-kB is up-
stream of MAPKSs in paclitaxel signaling.

AP-1 is a well-known down-stream effector
of MAPK pathway. As reported (Amato et al.
1998), we also observed that paclitaxel induces
DNA binding of AP-1 and curcumin signifi-
cantly down-regulated it. Since curcumin inhib-
ited paclitaxel-induced activation of all the three
MAPKSs that contribute to the increased expres-
sion and activation of AP-1, inhibition of AP-1
by curcumin was predictable. Curcumin may also
directly inhibit the binding of AP-1 to the DNA
response element (Hahm et al. 2002).

Both ERK and JNK signaling pathways have
been implicated in NF-kB activation through
phosphorylation and subsequent degradation of
the inhibitory subunit IkBa (Chen et al. 1999).
p38-dependent activation of NF-kB via IKK
pathway has also been reported (Chio et al. 2004).
Thus, both the transcription factors AP-1 and
NF-kB are the targets of MAP kinase signaling
cascades (Lee et al. 2002). In our study also,
pretreatment with specific inhibitors of MAPKs
significantly inhibited nuclear translocation of
AP-1, while that of NF-«kB was unaffected further
confirming that NF-kB is up-stream of MAPKSs in
paclitaxel signaling. Various studies indicate that
NF-kB and AP-1 may modulate the activity of
each other. NF-kB transactivation has been found
to be elevated by agents that can also activate
AP-1 during tumor progression (Li et al. 1997).
Besides, NF-kB inhibitors have been found to
attenuate AP-1 activity (Li et al. 1998). Fur-
ther, the response to AP-1 is strikingly enhanced
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when NF-kB subunits are present and vice versa
(Fujioka et al. 2004; Stein et al. 1993).

NF-«kB signaling pathway has been consid-
ered as a highly attractive target for the devel-
opment of chemotherapeutic drugs, and several
compounds which inhibit this pathway are cur-
rently under preclinical or clinical trials. While
several of them are general inhibitors of NF-kB
activation, some inhibit target-specific steps and
others target multiple steps in the NF-kB pathway
(Gupta et al. 2010). However, none of them
has been approved for human use because most
of them lack specificity and thus interfere with
the physiological role of NF-kB in maintaining
cellular homeostasis. Hence, the most important
challenge is to develop NF-«kB inhibitors based
on their ability to specifically inhibit pathways
leading to carcinogenesis, so that the risk of
undesired side effects can be avoided. Paclitaxel
is a very effective chemotherapeutic drug which
acts mainly through induction of tubulin poly-
merization and cell cycle arrest. However, studies
have shown that paclitaxel induces apoptotic cell
death via a pathway independent of mitotic arrest
(Huang et al. 2000; Lieu et al. 1997). Since
lower concentration of paclitaxel leads to the
concomitant activation of several survival signals,
it fails to induce apoptosis at these concentrations
necessitating a higher concentration of the drug
for the purpose which in turn becomes the main
reason for its toxicity. Hence, compounds like
curcumin, which can counteract these survival
signals, can be of therapeutic benefit when used
in combination with paclitaxel.

Taken together, our results indicate that NF-
kB is the central player in the synergism of
paclitaxel and curcumin. Though not the only
regulator, Akt is a major regulator of NF-kB,
which through the phosphorylation of MAPKSs
regulates a set of survival signals. The study also
reveals that NF-kB is the regulator of COX-2,
cyclin D1, XIAP, and c-IAP1. While survivin is
regulated by Akt, independent of NF-kB, Bcl-2 is
operating through a pathway independent of both.
However, further studies are required to rule out
the role of direct down-stream targets of Akt in
the synergistic effect of paclitaxel and curcumin.

C.N. Sreekanth et al.

Our next attempt was to evaluate the efficacy
of the synergism using in vivo tumor models. For
this, we used a chemical carcinogen-induced pre-
clinical tumor model and the xenograft cervical
cancer model and have shown how a suboptimal
dose of the nontoxic dietary phytochemical cur-
cumin circumvents the mechanisms of paclitaxel
resistance and sensitizes tumor cells to paclitaxel
treatment. The inconsistent findings on curcumin
bioavailability in preclinical and clinical studies
continue to be a major concern (Anand et al.
2007), and recent evidences suggest that lipo-
somal encapsulation enhances its bioavailability
and makes this compound amenable to systemic
dosing (Li et al. 2007; Narayanan et al. 2009).
In this study we encapsulated curcumin into uni-
lamellar liposomes and injected intraperitoneally
in order to improve its bioavailability and to
eliminate dosing variability.

The initial gross observations on the per-
centage of tumor-bearing animals as well as
mean tumor volume among different experi-
mental groups provided an early hint about the
synergistic anticancer activity of paclitaxel and
curcumin against 3-MC-induced carcinogenesis.
More interestingly, paclitaxel-curcumin combi-
nation therapy afforded significantly better tu-
mor response than standard single-drug treat-
ment. Consistent with previous reports (Chhabra
et al. 1995), histopathological analysis of 3-
methylcholanthrene-induced cervical tumors de-
rived from our study revealed different stages of
squamous cell carcinoma, and such progressive
multistage carcinogenesis models better reflect
the molecular and cellular complexity of human
epithelial tumors.

Consistent with the role of NF-kB in oncoge-
nesis and survival, cumulative experimental and
epidemiologic evidence demonstrates the preva-
lence of aberrant constitutive activation of NF-
kB in human tumors of diverse tissue origin
and in various cancer cell lines (Aggarwal 2004;
Karin et al. 2002). Reports also indicate that
inhibition of NF-kB ameliorates the pathogen-
esis and overcomes therapeutic resistance (Ahn
et al. 2007). Moreover, paclitaxel induces NF-
kB activation in several cell types, and adjuvants
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that inhibit NF-kB function can enhance its ther-
apeutic efficiency (Bava et al. 2005; Inoue et al.
2008). To our knowledge this is the first report to
reveal the strong association of constitutive NF-
kB activity with 3-MC-induced tumorigenesis in
mice, and we found that curcumin suppresses the
nuclear translocation and DNA-binding activity
of NF-kB very effectively in the tumor tissues
when given alone or in combination with pacli-
taxel. The results of the xenograft experiments
using HeLa cells also corroborate the central
findings of the 3-MC-induced multistage carcino-
genesis study, and together they suggest that the
administration of curcumin along with paclitaxel
can potentially enhance the therapeutic outcome
of paclitaxel in vivo.

The transcriptional activation and overexpres-
sion of NF-kB target gene products such as the
stress response protein COX-2, cell cycle regu-
latory protein cyclin D1, cell adhesion molecule
ICAM-1, proteolytic enzymes such as matrix
metalloproteinases 2 and 9, and the angiogenic
factor VEGF in human cancers is well docu-
mented (Aggarwal et al. 2005). Our data substan-
tiates the ability of curcumin to circumvent the
detrimental effects of oncogenic NF-kB, such as
induction of proliferation, cell invasion, metas-
tasis, and angiogenesis. The expression patterns
of several NF-kB-dependent antiapoptotic genes
such as Bcl-2, survivin, XIAP, and c-IAP in the
tissue samples showed excellent correlation with
the NF-«kB activity, and consequently cells with
elevated NF-kB activity will be more resistant
to paclitaxel-induced cell death. Since these pro-
teins play central roles in the suppression of apop-
tosis, their inhibition by curcumin can enhance
the apoptotic activity of paclitaxel when given
together. This notion is confirmed by increased
caspase activation observed in the tumor samples
treated with the combinatorial regimen.

In many human malignancies, over-expression
of the multidrug resistance (MDR-1) gene prod-
uct P-glycoprotein is a major obstacle to effective
chemotherapy, and it functions as an energy-
dependent efflux pump for which paclitaxel is a
substrate (Bradley and Ling 1994). In addition,
MDR-1 gene expression is regulated by NF-kB
in different cell types (Bentires-Alj et al. 2003;

Zhou and Kuo 1997), and several groups have
shown that curcumin down-regulates MDR-1 ex-
pression in different cell types either through
inhibiting the NF-kB pathway or by direct inter-
action (Choi et al. 2008; Ganta and Amiji 2009).
Our data suggest that the inhibition of MDR-1
expression by curcumin in 3-MC-induced tumor
samples can enhance the intracellular accumula-
tion of paclitaxel and contribute at least in part to
the synergistic effect of these agents.

Constitutive and drug-induced activation of
the serine-threonine kinase Akt and the three
major MAPKs — ERK1/2, p38, and JNK - have
been widely implicated in cancer cell prolifera-
tion, survival, and resistance to apoptotic stimuli
(Chang and Karin 2001; Hokeness et al. 2005).
Paclitaxel has been reported to activate Akt (Ho-
keness et al. 2005) and MAPK pathways (Kuo
et al. 2006; Yagi et al. 2009) and thereby com-
promises its apoptotic potential, whereas inhi-
bition of these pathways by curcumin increases
susceptibility of cancer cells to chemotherapeu-
tic agents (Aggarwal et al. 2006; Bava et al.
2005; Gagnon et al. 2008). Although activated
JNK contributes to some apoptotic responses,
the JNK-dependent apoptotic signaling pathways
can be blocked by activation of NF-kB and
Akt pathways (Xia et al. 1995). Since curcumin
remarkably inhibited the activation of MAPKSs
in 3-MC-induced tumors, it could attenuate the
DNA-binding activity of the down-stream tran-
scription factor AP-1. Furthermore, activated Akt
can contribute to the induction of NF-kB ac-
tivity (Kane et al. 1999). Nevertheless, down-
regulation of Akt activation, ERK1/2 and JNK
pathways, and DNA-binding activity of AP-1 by
curcumin are possible mechanisms by which the
3-MC-induced tumors are sensitized to paclitaxel
therapy.

Collectively, we have shown that curcumin,
the pharmacologically safe chemosensitizer, can
significantly augment the anticancer potential of
paclitaxel by targeting multiple signaling events
using well-defined preclinical models, and these
in vivo evidences on the existence of therapeutic
synergism between these agents underscore the
essential need for validating this combination
through clinical trials.
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Azadirachta indica (Neem) and Neem
Limonoids as Anticancer Agents:
Molecular Mechanisms and Targets
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Abstract

Neem (Azadirachta indica A. Juss), one of the most versatile medicinal
plants that grows ubiquitously in India has attained worldwide prominence
owing to its wide range of medicinal properties. The bioactivity of neem
has been attributed to its rich content of complex limonoids. Neem extracts
and limonoids have been documented to exert antiproliferative effects both
in vitro and in vivo. Accumulating evidence indicates that the anticancer
effects of neem extracts and neem limonoids are mediated by prevent-
ing carcinogen activation; enhancing host antioxidant and detoxification
systems; inhibiting cell proliferation, inflammation, invasion and angio-
genesis; inducing apoptosis; modulating oncogenic transcription factors
and signalling kinases; and influencing the epigenome. Neem and its
constituent limonoids that target multiple signalling pathways aberrant in
cancer are promising candidates for anticancer drug development.
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MTMP Mitochondrial — permeability
transition pore

NF-«B Nuclear factor kappa B

NLGP Neem leaf glycoproteins

PCNA Proliferating cell nuclear antigen

PARP Poly(ADP-ribose) polymerase

PI3K Phosphoinositide 3-kinase

RECK Reversion-inducing cysteine-rich
protein with Kazal motifs

ROS Reactive oxygen species

Smac/Diablo  Second mitochondria derived
activator of caspases/direct AP
binding protein with low pl

TIMP-2 Tissue inhibitor of matrix
metalloproteinases-2

TNF Tumour necrosis factor

TRAIL TNF-related apoptosis-inducing
ligand

Ub Ubiquitin ligase

VEGF Vascular endothelial growth
factor

XME Xenobiotic metabolizing enzyme

4.1  Introduction

Azadirachta indica A. Juss (Meliaceae), com-
monly known as neem, is a large, evergreen tree
belonging to the Meliaceae family ubiquitously
present in the Indian subcontinent. Neem is one
of the most researched trees globally because
of its beneficial effects on the ecosystem and
health. Neem is used both as a fertilizer and
as a pesticide. The neem tree is recognized to
control soil erosion and salinity and improve fer-
tility of the soil. Biopesticides manufactured from
neem are effective, eco-friendly, and acceptable
to the farmers. Neem products have been shown
to possess insecticidal, larvicidal, and mosquito-
repellent properties (van der Nat et al. 1991;
Udeinya 1993; Brahmachari 2004). Neem seeds
are the richest source of pesticidal and insecti-
cidal compounds. In particular, azadirachtin, the
most active principle of neem-based insecticides
and pesticides extracted from neem seed kernels,
has been documented to be effective against ap-
proximately 200 insect pests (Mordue and Black-
well 1993; Morgan 2009).
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The neem tree has gained worldwide attention
in recent years, owing to its wide spectrum of
medicinal properties. All parts of the neem tree—
leaves, flowers, seeds, fruits, roots, and bark—
have been used in traditional systems of medicine
including Ayurveda, Siddha, Unani, Roman, and
Greek to treat numerous human ailments. In
India, the neem tree is considered as ‘sarva
roga nivarini’ (the panacea for all diseases)
and has been hailed as ‘heal all’, ‘divine tree’,
“village dispensary’, and ‘nature’s drug store’
(Puri 1999).

The neem is a broad-leaved tree that can grow
up to 30 m in height with branches spreading
over 20 m and roots that deeply penetrate the
soil. The trunk has a moderately thick, furrowed
bark. The leaves are broad, alternate, and bitter
in taste, and the flowers and fruits are borne in
axillary clusters. The drupes are ellipsoidal and
greenish yellow in colour and comprise a sweet
pulp enclosing the seed composed of shell and
kernels. Neem seed oil accounting for about 45 %
of the total weight of the seeds is extracted from
the kernel that contains secretory cells, which
are the sites for the synthesis and storage of
neem chemicals (Puri 1999; Biswas et al. 2002;
Brahmachari 2004).

4.1.1 Chemistry

Over 300 structurally complex bioactive, organic
compounds have been isolated and characterized
from various parts of the neem tree (Kumar
et al. 1996; Biswas et al. 2002; Tan and Luo
2011). These compounds have been categorized
into two major classes: isoprenoids or terpenoids
and non-isoprenoids. The isoprenoids include
diterpenoids, triterpenoids, vilasinin type of com-
pounds, and C-secomeliacins. Among these, the
triterpenoids are the most abundant and occur in
all parts of the neem tree especially in seeds and
leaves. These are categorized into protolimonoids
and mono- to nonanortriterpenoids. The tetranor-
triterpenoids are also known as limonoids. The
non-isoprenoids include polysaccharides, pro-
teins, amino acids, sulphur compounds, hydro-
carbons, fatty acids, and their esters, tannins, and



4 Azadirachta indica (Neem) and Neem Limonoids as Anticancer Agents... 47

polyphenolics such as flavonoids and coumarin
(Biswas et al. 2002; Subapriya and Nagini 2005).

Although a large number of compounds have
been isolated from neem, only a few pure com-
pounds have been screened for biological activ-
ity as shown in Table 4.1. The bioactivity of
neem has been largely attributed to the rich con-
tent of complex limonoids that constitute about
one-third of the phytochemical constituents in
neem. Limonoids are highly oxygenated modi-
fied triterpenes categorized as tetranorterpenoid.
Limonoids with an intact apoeuphol skeleton, a
14,15-B-epoxide, and a reactive site (either 19—
28 lactol bridge or a cyclohexane) on the A
ring are biologically very active, and absence
of these structural features results in reduced
activity (Tan and Luo 2011). Activity-guided
fractionation of crude ethanolic extract of neem
leaf revealed the presence of nimbolide, nimbin,
2/3’-dehydrosalannol, 6-desacetyl nimbinene, ni-
molinone, and quercetin (Manikandan et al. 2008,
2009; Mahapatra et al. 2012).

4.1.2 Maedicinal Properties

Of late, neem has attracted increasing research
attention because of the plethora of health bene-
fits that it confers. Although all parts of the neem
tree have been successfully used for centuries to
treat a variety of disorders, the medicinal utilities
have been described especially for leaf and seeds
(Biswas et al. 2002; Brahmachari 2004; Sub-
apriya and Nagini 2005). Extracts of neem seeds
and leaves were shown to provide protection
against various strains of malarial parasite and
human fungi including Candida (Badam et al.
1987; Khan and Wassilew 1987). The antibac-
terial effects of neem leaves, seeds, and bark
have been demonstrated against Gram-positive
and Gram-negative bacteria including M. tuber-
culosis and Streptomycin resistant strains, Vibrio
cholerae, Klebsiella pneumoniae, and M. pyo-
genes (Chopra et al. 1952; Satyavati et al. 1976).
Neem and neem-based products exhibit antiviral
activity against chikungunya, herpes simplex
virus-1, dengue virus type-2, and human immun-
odeficiency virus (HIV) (Udeinya et al. 2004).

Alcoholic neem leaf extracts were found to
be effective against chronic skin diseases such
as eczema, scabies, and ringworm infection
(Singh et al. 1979). Neem has been used in
the treatment of gingivitis, periodontitis, oral in-
fections, and inhibition of plaque growth (Pa-
tel and Venkatakrishna-Bhatt 1988). A dental
gel containing neem leaf extract (25 mg/g) was
documented to reduce plaque index and bac-
terial count (Pai et al. 2004). Herbal chewing
sticks of neem were found to be effective against
Streptococcus spp. involved in causing dental
caries (Prashant et al. 2007). Both the aqueous
and alcoholic neem leaf extracts are reported
to exhibit hepatoprotective effects against liver
damage induced by paracetamol and antitubercu-
lar drugs (Bhanwra et al. 2000; Chattopadhyay
2003). Neem preparations were demonstrated to
be useful in the control of gastric hyperacidity
and ulcer by blocking acid secretion through in-
hibition of HT-K*-ATPase and by prevention of
oxidative damage and apoptosis (Chattopadhyay
et al. 2004). Studies have documented that oral
administration of aqueous as well as alcoholic ex-
tract of neem leaf decreased blood glucose level
in experimentally induced diabetes by releasing
endogenous insulin (Khosla et al. 2000).

Neem extracts have been shown to exert potent
anticancer effects attributed to the presence of
limonoids (Roy and Saraf 2006). Azadirachtin
isolated from seed kernels, and nimbolide, abun-
dant in neem leaves and flowers are the most
active neem limonoids that display anticancer
effects.

4.2  Anticancer Properties

The evidence for the anticancer property of neem
extracts and neem limonoids stems from both in
vitro and in vivo studies (Biswas et al. 2002;
Subapriya and Nagini 2005; Paul et al. 2011).

4.2.1 In Vitro Studies

Several studies have demonstrated the inhibitory
effects of neem extracts and limonoids on the
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Table 4.1 Structure and biological activity of neem phytochemicals

Neem compound Structure Biological activity

Azadirachtin Insecticidal, antimicrobial,
antioxidant, antimutagenic,
anticancer

Azadirone Anticancer

Deacetyl nimbin Spermicidal, anticancer

o]
Gedunin / Antimicrobial, diuretic,
antiarthritic, antipyretic,
0o spermicidal, anti-inflammatory,

anti-ulcerogenic, anticancer

(continued)
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Table 4.1 (continued)

Structure

Neem compound
Nimbin

Nimbolide

Salannin

Quercetin

growth of diverse cancer cells in vitro. Neem
leaf extracts exerted anticancer effects against
human pancreatic carcinoma cell lines Panc-
1, BxPC-3, and MIA PaCa-2; prostate cancer
cells such as LNCaP, C4-2B, and PC-3; as well
as murine Ehrlich’s carcinoma (EC) and B16
melanoma cells (Baral and Chattopadhyay 2004;
Gunadharini et al. 2011; Mahapatra et al. 2011;
Veeraraghavan et al. 2011a, b).

Among the 35 limonoids from Azadirachta
indica seed extracts evaluated for cytotoxicity
against five human cancer cell lines, three limo-
noids 7-deacetyl-7-benzoylepoxyazadiradione,
7-deacetyl-7-benzoylgeduin, and 28-deoxonim-

Biological activity
Spermicidal, anticancer

Insecticidal, antimicrobial,
cytotoxicity, antioxidant,
antimutagenic, anticancer

Antigastric ulcer, anticancer

Antioxidant, anticancer

bolide displayed potent cytotoxic effects against
HL60 leukaemia cells with ICsy values in the
range 2.7-3.1 pM. In particular, 7-deacetyl-
7-benzoylepoxyazadiradione exhibited selective
cytotoxicity to leukaemic cells and only weak
cytotoxicity against the normal RPMI 1788 lym-
phocyte cell line (Kikuchi et al. 2011).
Azadirachtin has been reported to have potent
cytotoxic effects against glioblastoma cell lines
(G-28, G-112, G-60, G-44, G-62, G-120) by
increasing micronuclei formation and decreas-
ing the mitotic index (Akudugu et al. 2011).
Azadirachtin was also demonstrated to inhibit the
growth of human cervical cancer cells (HeLa),
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MCF7 breast cancer cells, 143B.TK" human
osteosarcoma, and ovarian cell lines (Cohen et al.
1996a; Priyadarsini et al. 2010). Nanduri et al.
(2003) have documented the cytotoxic effect of
azadirone against a panel of cancer cell lines.

Gedunin was shown to manifest anticancer
activity via inhibition of the 90 kDa heat shock
protein 90 (hsp90) folding machinery in MCF-
7 and SkBr3 breast cancer cells (Brandt et al.
2008). Kamath et al. (2009) found that gedunin
inhibits the proliferation of SKOV3, OVCARA4,
and OVCARS ovarian cancer cell lines and en-
hances the antiproliferative effect of cisplatin. 2’-
3’-Dehydrosalannol has been reported to inhibit
the growth of MDA-MB 231 and MDA-MB
468 triple-negative breast cancer cells (Boopalan
etal. 2012).

Studies have revealed that nimbolide is the
most potent anticancer agent among the various
neem limonoids examined. Nimbolide has been
documented to exert significant cytotoxic effects
against a panel of human cancer cell lines in-
cluding 143B TK osteosarcoma, HL-60, U-937
and THP-1 leukaemic, B16 melanoma, SMMC
7721, A-549, MCF-7 breast, HT-29, SW-620,
SW-480, HOP-62, A-549, PC-3, and OVCAR-
5 cell lines (Cohen et al. 1996b; Sastry et al.
2006; Roy et al. 2007; Chen et al. 2011). Studies
from this laboratory as well as by others have
shown that nimbolide induces a dose- and time-
dependent suppression of the viability of human
choriocarcinoma (BeWo), leukaemic (HeLa), and
WiDr and HCT-116 colon adenocarcinoma cells
(Harish Kumar et al. 2009; Priyadarsini et al.
2010; Babykutty et al. 2012).

4.2.2 InVivo Studies

Accumulating evidence from experimental ani-
mal models have provided convincing evidence
to indicate that neem preparations and its con-
stituents are highly effective in affording pro-
tection against malignant tumours induced by
a variety of chemical carcinogens. Tepsuwan
et al. (2002) demonstrated the chemopreventive
potential of neem flowers on carcinogen-induced
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rat mammary and liver carcinogenesis. Extensive
investigations from this laboratory provide
evidence that neem leaf extracts inhibit the
development of experimental oral and gastric
carcinogenesis (Subapriya and Nagini 2003; Sub-
apriya et al. 2005, 2006). Dasgupta et al. (2004)
reported the chemopreventive potential of neem
leaf extract in murine carcinogenesis model sys-
tems. Gangar et al. (2006) have demonstrated that
A. indica exerts chemopreventive effects against
benzo(a)pyrene-induced forestomach murine tu-
mours. Oral administration of aqueous neem
leaf extract was demonstrated to significantly
reduce the incidence of N-nitrosodiethylamine
(NDEA)-induced hepatocellular carcinomas and
delayed changes in hepatocyte differentiation,
metabolism, and morphology (Bharati and Rishi
2012). Neem leaf was found to exhibit short-term
chemopreventive effects on preneoplastic lesions
in rat colon carcinogenesis (Arakaki et al. 2006).
Haque and Baral (2006) have shown that neem
leaf preparation induces Ehrlich carcinoma pro-
phylactic growth restriction in Swiss and C57BL
mice. Recently, Mahapatra et al. (2011) have
demonstrated that ethanolic neem leaf extracts
inhibit the growth of C4-2B and PC-3M-luc2
prostate cancer xenografts in nude mice.
Although neem limonoids have been exten-
sively tested for cytotoxicity against a panel of
human cancer cell lines, evidence for the in vivo
inhibition of tumour growth in animal models is
rather scanty. Limonin 17-f-D-glucopyranoside,
a neem limonoid, was shown to inhibit DMBA-
induced oral carcinogenesis (Miller et al. 1992).
Nortriterpenoids, isolated from the seed extract
of neem, exhibited marked inhibitory effect
on melanogenesis in the B16 melanoma cells.
Akihisa et al. (2009) have documented the
anti-tumour-initiating activity of azadirachtin B
isolated from the seed extract of neem on
the two-stage carcinogenesis of mouse skin tu-
mour induced by peroxynitrite (ONOO—; PN)
as an initiator and 12-O-tetradecanoylphorbol-
13-acetate (TPA) as a promoter. Recently,
we have demonstrated that administration of
both azadirachtin and nimbolide inhibit the
development of 7,12-dimethylbenz(a)anthracene
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(DMBA)-induced hamster buccal pouch carcino-
mas by modulating the hallmark capabilities of
cancer (Vidya Priyadarsini et al. 2009; Harish
Kumar et al. 2010).

4.3  Molecular Mechanisms
Underlying Anticancer
Effects

4.3.1 Carcinogen Metabolism

A key molecular mechanism responsible for the
anticancer effects of neem and its limonoids
is the modulation of phase I and II xenobiotic
metabolizing enzymes (XME), which play a cen-
tral role in xenobiotic/drug metabolism. Phase I
enzymes, namely, cytochrome P450 monooxy-
genases and their isoforms, catalyze the bio-
transformation of procarcinogens to highly reac-
tive electrophilic intermediates that can damage
cellular macromolecules. In contrast, the phase
IT enzymes such as glutathione S-transferases
(GSTs), uridine diphosphate-glucuronosyl trans-
ferases (UGTs), and NADH quinine oxi-
doreductase (NQO1) catalyze the neutraliza-
tion of electrophilic intermediates generated
in phase I reactions, thereby resulting in re-
duced chemical reactivity and cellular damage
(Iyanagi 2007).

Ethanolic neem leaf extracts, neem leaf frac-
tions, and the limonoids azadirachtin and nim-
bolide function as dual-acting agents offering
protection against chemically induced carcino-
genesis by constraining the activities of total cy-
tochrome P450 as well as its isoforms CYP1A1,
1A2, 2B and CYPI1BI, and cytochrome bs and
simultaneously enhancing the activities of the
phase II detoxification enzymes—GST and DT-
diaphorase (Manikandan et al. 2008, 2009; Vidya
Priyadarsini et al. 2009). Aqueous extracts of
neem leaf were shown to inhibit the formation
of benzo(a)pyrene (B(a)P) DNA adducts during
B[a]P-induced murine forestomach carcinogene-
sis via modulating the activities of phase I and II
XMEs (Gangar et al. 2006).

4.3.2 Antioxidants

Extensive investigations have provided evidence
for the antioxidative properties of neem leaves,
fruits, flowers, and stem bark extracts as well as
the neem limonoids azadirachtin and nimbolide
against various free radicals both in vitro
and in vivo (Hanasaki et al. 1994; Sithisarn
et al. 2005, 2007; Manikandan et al. 2008,
2009; Vidya Priyadarsini et al. 2009). Farah
et al. (2006) reported that ethanolic neem leaf
extract exerts significant antimutagenic activ-
ity against pentachlorophenol (PCP) and 2.4-
dichlorophenoxyacetic acid-induced chromoso-
mal aberrations and incidence of micronuclei
in Channa punctatus. Studies from this lab-
oratory have unequivocally demonstrated that
ethanolic neem leaf extract significantly miti-
gates carcinogen-induced genotoxicity and ox-
idative stress by augmenting GSH-dependent an-
tioxidant defence mechanisms (Subapriya et al.
2004, 2005). Activity-guided fractionation iden-
tified subfractions that displayed significant pro-
tective effects against various free radicals and
H,0;,-induced oxidative damage to erythro-
cytes and pBR322 DNA (Manikandan et al.
2009). Both azadirachtin and nimbolide exhibited
concentration-dependent ROS scavenging activ-
ity and reductive potential in vitro and protected
against oxidative DNA damage in vivo by up-
regulation of antioxidants (Vidya Priyadarsini
et al. 2009).

4.3.2.1 Cell Proliferation, Cell Cycle
Arrest, and DNA Repair

Perturbation of cell cycle control with conse-
quent uncontrolled cell proliferation is a major
hallmark of cancer. Sequential activation and
deactivation of cyclins and cyclin-dependent ki-
nases (CDKs) regulates progression of the cell
cycle through the various phases (Csikasz-Nagy
etal. 2011).

Ethanolic extracts of neem leaf have also
been reported to inhibit cell proliferation and
tumour growth by downregulating a wide array
of proteins involved in cellular assembly and
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organization, DNA replication, recombination,
and repair such as HMOX1, AKR1C2, AKR1C3,
and AKRIB10 (Mahapatra et al. 2011). Niture
et al. (2006) showed that ethanolic and aque-
ous extracts of neem reduce the expression
of O6-alkylguanine lesions in human periph-
eral blood lymphocytes by increasing the lev-
els of O6-methylguanine-DNA methyltransferase
(MGMT) repair protein. Neem limonoids have
been documented to induce cell cycle arrest
at G1/S or G2/M phase accompanied by p53-
dependent accumulation of p21©Pafl and Chk2
associated with downregulation of the cell cycle
regulatory proteins cyclin A, cyclin Bl, cyclin
DI, cyclin E, Cdk2, Radl7, PCNA, and c-myc
(Roy et al. 2006; Priyadarsini et al. 2010). 2/3’-
Dehydrosalannol has been shown to inhibit the
growth of triple-negative breast cancer cells by
downregulating phosphorylated protein kinase B
(pAKT) and cyclin D1 (Boopalan et al. 2012).
Azadirachtin exerts antimitotic effects by inter-
fering with the polymerization of tubules and for-
mation of the mitotic spindle, thereby preventing
replication (Salehzadeh et al. 2003). Studies in
vitro and in vivo have revealed the regulatory
effects of nimbolide on cell cycle progression.
Treatment of U937 cells with nimbolide dis-
rupted the cell cycle by decreasing the number of
cells in GO/G1 phase (Roy et al. 2007). In colon
cancer cells, nimbolide was shown to interfere
with cell cycle kinetics and induce S phase arrest
by inhibiting cyclin A/cyclin D1 (Babykutty et al.
2012).

4.3.2.2 Induction of Apoptosis

Apoptosis, a form of programmed cell death,
plays a crucial role in the maintenance of adult
tissue homeostasis. Apoptosis is initiated via
complex interactions between the pro- and anti-
apoptotic members of the Bc-2 family that dictate
the integrity of the mitochondrial membrane. Per-
meabilization of the outer mitochondrial mem-
brane by pro-apoptotic Bcl-2 family proteins re-
sults in the efflux of apoptogenic factors such as
cytochrome ¢, SMAC/DIABLO, and Omi/HtrA2
from the mitochondrial intermembrane space into
the cytosol. In the cytosol, cytochrome ¢ engages
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apoptotic protease activating factor-1 (APAF-1)
and pro-caspase-9 to form the apoptosome
complex. Formation of the apoptosome complex
subsequently activates the downstream caspase
cascade and cleavage of vital proteins essential
for cell survival (Ulukaya et al. 2011).

Neem leaf extracts induce apoptosis in human
neuroblastoma xenografts, Panc-1, BxXPC-3, MIA
PaCa-2, LNCaP, and PC-3 cancer cells by modu-
lating the expression of Bcl-2 family proteins and
upregulating caspases (Gunadharini et al. 2011;
Kumar et al. 2006; Baral and Chattopadhyay
2004; Mahapatra et al. 2011; Veeraraghavan et al.
2011a, b).

Neem limonoids have been shown to induce
apoptosis in various cancer cells as evidenced
by detachment of cells from the substratum, an
increase in the number of sub-diploid cells, chro-
matin condensation, and appearance of annexin-
V-positive cells. Studies by us and other work-
ers have revealed that neem limonoids transduce
apoptosis by both the death receptor and mito-
chondrial pathways (Harish Kumar et al. 2009;
Priyadarsini et al. 2010). Gupta et al. (2011)
reported that nimbolide sensitizes colon cancer
cells to tumour necrosis factor-related apoptosis-
inducing ligand (TRAIL)-induced apoptosis by
enhancing the expression of the death receptors
DRS5 and DR4 through activation of ERK and p38
MAP kinase and generation of ROS. Recently,
Babykutty et al. (2012) also demonstrated that
nimbolide induces caspase-mediated apoptosis
by inhibiting ERK1/2 and activating p38 and
JNK1/2.

Accumulating evidence indicates that neem
limonoids induce apoptosis via the mitochondrial
pathway. The mechanism involved generation of
reactive oxygen species (ROS); decline in the mi-
tochondrial transmembrane potential; downreg-
ulation of anti-apoptotic Bcl-2 proteins such as
Bcl-2 and Bcl-xL; upregulation of pro-apoptotic
Bax, Bak, Bim, Bid, and p53; reduced expression
of inhibitor of apoptosis proteins (IAPs), namely,
survivin, neuronal apoptosis inhibitory protein
(NAIP), IAP-1, IAP-2, I-FLICE, and XIAP;
release of cytochrome ¢ from the mito-
chondria; apoptosome complex formation; and
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activation of initiator and effector caspases
and CARD domains, eventually culminating in
poly (ADP-ribose) polymerase (PARP) cleavage.
Interestingly, azadirachtin and nimbolide en-
forced nuclear localization of survivin, enabling
increased susceptibility to intrinsic apoptosis
(Gupta et al. 2010, 2011; Priyadarsini et al. 2010;
Boopalan et al. 2012).

4.3.2.3 Inhibition of Tumour Invasion
and Angiogenesis

Cancer cell invasion and endothelial transmi-
gration, critical events in tumour progression
and metastasis, depend on an intricate bal-
ance between proinvasive and proangiogenic
factors and their inhibitors. Matrix metallopro-
teinases (MMPs), a family of zinc-dependent
endopeptidases, play a pivotal role in extracel-
lular matrix (ECM) processing during which
process several proangiogenic molecules pre-
dominantly vascular endothelial growth factor
(VEGF) and hypoxia-inducible factor-lae (HIF-
la) are released. MMP activity is tightly reg-
ulated by tissue inhibitors of matrix metal-
loproteinases (TIMPs) and reversion-inducing
cysteine-rich protein with Kazal motifs (RECK)
(Brew and Nagase 2010; Gialeli et al. 2011;
Nagini 2012).

Ethanolic neem leaf extracts are reported to
exhibit antiangiogenic effects in human umbilical
vein endothelial cells (HUVECs) by attenuating
VEGF stimulation (Mahapatra et al. 2012). Stud-
ies from this laboratory have provided evidence
that the neem limonoids azadirachtin and nim-
bolide induce a shift of balance from a proin-
vasive, proangiogenic phenotype by downregu-
lating the expression of MMPs, VEGF, VEGF
receptors, and HIF-1a and upregulating TIMP-
2 and RECK expression in the hamster buccal
pouch carcinogenesis model (Vidya Priyadarsini
et al. 2009). In a recent study, nimbolide was
demonstrated to block tumour cell invasion, mi-
gration, and angiogenesis in colon cancer cells in
vitro by downregulating the expression of MMP
and VEGF via abrogation of ERK1/2 and NF-«B
signalling (Babykutty et al. 2012).

4.3.2.4 Modulation of Oncogenic
Transcription Factors

Neem extracts and its constituent limonoids are
reported to modulate various transcription factors
associated with oncogenesis, chiefly nuclear fac-
tor kappa B (NF-kB) and p-catenin. In unstimu-
lated cells, NF-kB exists in the cytosol as an inac-
tive heterodimer of p5S0 and p65 subunits tightly
sequestered to the IkB inhibitory protein. Acti-
vation of NF-kB occurs through phosphorylation
of IkB at serine-32 and serine-36 residues by
IKK@. This results in proteasomal degradation of
IkB and subsequent translocation of free NF-kB
heterodimer to the nucleus. In the nucleus, NF-xkB
binds to the kB enhancer element and transacti-
vates over 500 target genes that are implicated in
various processes such as cell proliferation, cell
survival, apoptosis evasion, invasion, metastasis,
and angiogenesis (Chaturvedi et al. 2011).

Neem extracts and limonoids restrict NF-
kB signalling by inhibiting the kinase activ-
ity of IKKP, phosphorylation and proteasomal
degradation of IkB, and nuclear translocation
of the p50/p65 heterodimer (Manikandan et al.
2008; Priyadarsini et al. 2010; Kavitha et al.
2012). Veeraraghavan et al. (2011a) showed that
neem leaf extracts inhibit proliferation of irra-
diated Panc-1, BxPC-3, and MIA PaCa-2 pan-
creatic cancer cells through selective abrogation
of radiotherapy-induced NF-«B signalling. Gupta
et al. (2010) demonstrated that nimbolide inhibits
NF-kB activation by modifying cys179 residue
in the activation loop of IKKp, thereby abro-
gating its kinase activity and subsequent NF-«B
signalling. Recent studies from our laboratory
have demonstrated that nimbolide inhibits both
the constitutive as well as tumour necrosis factor-
o (TNF-a)-induced NF-kB activation in NF-kB-
responsive luciferase reporter plasmid transfected
human hepatocarcinoma (HepG2) cells.

Reciprocal activation of NF-kB and Wnt/B-
catenin signalling pathways has been docu-
mented in malignant tumours (Du and Geller
2010). Activation of the Wnt/B-catenin path-
way involves dissociation of a multiprotein com-
plex containing glycogen synthase kinase 3f
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(GSK-3p) that results in cytosolic accumulation
and nuclear translocation of B-catenin that inter-
acts with TCF/lymphoid enhancer factor (LEF)
to form a functional transcription factor to trans-
activate various target genes involved in cell
proliferation, apoptosis, invasion, and angiogen-
esis (Sethi and Vidal-Puig 2010). Treatment of
HepG2 cells with nimbolide abrogated canoni-
cal Wnt/B-catenin signalling by downregulating
GSK-3f and impeding the cytosolic accumula-
tion and nuclear translocation of free p-catenin
(Kavitha et al. 2012).

4.3.2.5 Modulation of Intracellular
Signalling Cascades

The upstream components of the cytoplas-
mic signalling networks include the pro-
tein kinase B/Akt, mitogen-activated protein
kinases (MAPKSs), protein kinase C, and
phosphatidylinositol-3-kinase (PI3K). Inappro-
priate regulation of these kinases transmit mi-
togenic signals to transcription factors, co-
activators, and co-repressors resulting in tran-
scription of target genes that promote carcino-
genesis. Akt, a serine/threonine kinase, plays a
pivotal role in various cellular processes partic-
ularly cell proliferation and survival. The Akt
cascade is activated by receptor tyrosine kinases,
integrins, and various other stimuli through the
production of phosphatidylinositol 3,4,5 triphos-
phates. Akt influences cell growth and prolif-
eration through its effects on the mTOR and
p70 S6 kinase pathways, cyclin D1, p53, and
the CDK inhibitors- p21 and p27. Akt also
mediates cell survival through direct inhibition
of pro-apoptotic molecules such as Bad and
the Forkhead family of transcription factors
(Jazirehi et al. 2012). Mitogen-activated protein
kinases (MAPK) comprising extracellular signal-
regulated kinase (ERK), c-Jun N-terminal ki-
nase (JNK), and p38 kinases are conserved sig-
nalling modules that play a key role in oncogenic
transformation. Upon activation, these kinases
integrate various extracellular and intracellular
cues, translocate to the nucleus and induce tran-
scriptional programmes involved in cell growth,
apoptosis evasion and matrix invasion (Cargnello
and Roux 2011).
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Neem extracts and limonoids have been shown
to target Akt, phosphoinositide 3-kinase (PI3K),
p38, INK1/2, and ERK signalling pathways and
promote apoptosis induction and NF-kB ab-
rogation in diverse malignant cell lines. Gu-
nadharini et al. (2011) reported that ethano-
lic neem leaf extracts decreased the expression
of Akt 1/2 as well as the expression of pAkt
and total Akt in PC-3 and LNCaP prostate
cancer cells. Babykutty et al. (2012) demon-
strated that nimbolide modulates the expression
of pERK1/2, pP38, and pJNK1/2 in WiDr colon
adenocarcinoma cells. Gupta et al. (2010) found
that nimbolide targets ERK and p38 MAPK
molecules via generation of reactive oxygen
species (ROS) in HCT-116 colon adenocarci-
noma cells.

4.3.2.6 Anti-inflammatory Effects

Neem leaf extracts and limonoids have been
reported to exert potent anti-inflammatory ef-
fects by inhibiting the activation of tumour
necrosis factor (TNF)-a, a multifunctional pro-
inflammatory cytokine that plays a key role
in inflammation through signalling via TNFR1
and TNFR2 and by inhibiting NF-kB acti-
vation. Azadirachtin has been shown to ex-
ert anti-inflammatory effects via modulating
cell surface TNF receptors, thereby blocking
TNF-induced inflammatory responses. Inhibi-
tion of TNF activation by azadirachtin re-
duces NF-kB activation and the expression
of NF-kB dependent pro-inflammatory media-
tor COX-2 (Thoh et al. 2010). Epoxyazadira-
dione is demonstrated to inhibit macrophage
migration inhibitory factor (MIF)-mediated pro-
inflammation activities in RAW 264.7 cells
by inhibiting MIF-induced macrophage chemo-
tactic migration, NF-kB nuclear translocation,
and upregulation of inducible nitric oxide syn-
thase and nitric oxide production. Epoxyazadi-
radione also exhibits anti-inflammatory activity
in BALB/c mice by preventing the release of
pro-inflammatory cytokines TNF-a and inter-
leukin (IL)-1a, IL-1P, and IL-6 (Alam et al.
2012). The limonoids 1,3-diacetylvilasinin, 28-
deoxonimbolide, salannin, 2’,3’-dihydrosalannin,
and 3-deacetylsalannin were also found to
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exhibit potent anti-inflammatory activity against
TPA-induced inflammation (Akihisa et al. 2011).

4.3.2.7 Immunomodulatory Effects
Immunosuppression occurring as a result of in-
creased cytokine secretion is a key phenomenon
that promotes tumour growth and development.
Aqueous extracts of neem were also shown
to enhance both humoral immunity and cell-
mediated immunity (Ray et al. 1996). Neem
leaf glycoproteins (NLGP) and extracts exhibit
potential to enhance immunogenicity and block
negative immunoregulatory host mechanisms in
various tumours. Sarkar et al. (2008, 2010)
reported that NLGP induces anti-tumour im-
munity by enhancing carcinoembryonic antigen
(CEA) presentation of dendritic cells to T and
B cells. In addition, NLGP inhibits T-regulatory
cell (Tregs)-associated murine tumour growth
by downregulating the expression of Foxp3,
CTLA4, and GITR and facilitating recondition-
ing of the tumour microenvironment by increas-
ing interferon-y (IFN-y) and IL-12 secretion
(Chakraborty et al. 2011). Chakraborty et al.
(2010) showed that NLGP exhibits anti-tumour
activity in patients with head and neck squa-
mous cell carcinoma by activating cytotoxic T
lymphocytes and natural killer cells. Neem leaf
preparations are also reported to enhance Thl-
type immune responses and anti-tumour immu-
nity against breast tumour associated antigen by
inhibiting the release of IL-10 and promoting
IFN-y secretion (Mandal-Ghosh et al. 2007).

4.3.2.8 Epigenetic Alterations

Epigenetic modifications such as DNA methyla-
tion and histone acetylation play a major role in
regulating the dynamics of gene expression. DNA
methyltransferases (DNMTs), DNA demethy-
lases, histone acetyltransferases (HATSs) and hi-
stone deacetylases (HDACsS) act as key mediators
of the epigenetic processes. While CpG island
methylation by DNMTs and histone deacety-
lation by HDACS result in repression of gene
expression, histone hyperacetylation by HATSs

activates gene expression (Hassler and Egger
2012). The limonoids azadirachtin and nimbolide
exhibit the potential to inhibit the expression of
HDAC-1 and restrict tumour invasion and angio-
genesis during DMBA-induced HBP carcinogen-
esis (Vidya Priyadarsini et al. 2009). HDAC inhi-
bition by these limonoids is of particular signifi-
cance in the perspective of the emerging interest
in epigenetic reprogramming in cancer and the
potential anticancer effects of HDAC inhibitors
(Carew et al. 2008). Figure 4.1 summarizes the
molecular targets of neem and its constituent
phytochemicals.

4.4  Toxicity Studies

Several in vivo studies have demonstrated neem
extracts and limonoids to be potentially safe.
Aqueous extracts of neem leaf were non-toxic
to mice up to oral doses of 1,000 mg/kg body
weight (Biswas et al. 2002). Acute toxicity stud-
ies in mice have revealed that the LDsy value
for methanolic neem leaf extract is 13 g/kg
body weight (Okpanyi and Ezeukwu 1981).
Azadirachtin at daily doses of 15, 0.26 and
0.3 mg/kg body weight was found to be po-
tentially safe for human consumption (Boeke
et al. 2004). Technical azadirachtin, a mixture of
seven structurally related tetranorterpenoid iso-
mers, is also reported to lack toxicity in rats
(Srivastava and Raizada 2007). However, higher
doses of azadirachtin (LDsg > 5,000 mg/kg bw)
were found to exhibit acute toxicity (Raizada
et al. 2001). Pillai and Santhakumari (1984)
demonstrated that oral doses of nimbidin up to
100 mg/kg body weight are non-toxic. Intragas-
tric administration of nimbolide was also found to
be non-toxic to experimental animals. However,
intravenous and intraperitoneal administrations
were found to cause death in experimental an-
imals by lowering the arterial blood pressure
and inducing dysfunctions in the kidney, small
intestine, pancreas, and liver (Glinsukon et al.
1986).
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Conclusions and Future
Perspectives

4.5

Globally, there is an increasing trend towards
the use of natural products for medicinal pur-
poses owing to their chemical diversity, intrinsic
biologic activity, affordability, and lack of sub-
stantial toxic effects. Neem, a medicinal trea-
sure of the Indian subcontinent with its wide
array of phytochemicals is a promising can-
didate for anticancer drug development. Neem
extracts and the constituent limonoids target
multiple molecular and cellular pathways that
are dysregulated in cancer including xenobi-
otic metabolism, cell cycle, DNA repair, apop-
tosis, matrix invasion, angiogenesis, immune

surveillance, and intracellular signalling. How-
ever, the efficacy of neem extracts and limonoids
has been tested only in preclinical models, and
the cancer preventive and therapeutic poten-
tial in humans are largely unexplored. There
is therefore a need for extensive investigations
on the metabolism, pharmacokinetics, toxicity,
precise molecular mechanism of action, expres-
sion profiling using high-throughput microarrays,
and epigenetic remodelling in rigorous well-
designed clinical trials for translating the ben-
eficial effects of neem from the bench to the
bedside.
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Abstract

Cancer is a major public health problem in all parts of the world. With the
increasing number of cancer cases worldwide, considerable attention is
now being given to natural products for their possible cancer-preventing
properties. Increasing evidence suggests that oxidative stress-mediated
cardiovascular diseases and cancer-causing oxidation of the DNA
molecule can be counteracted by natural antioxidants. The present study
was conducted to evaluate the antioxidant/antigenotoxic potential of
aqueous fraction from the bark of Anthocephalus cadamba, an important
Ayurvedic medicinal plant. The antioxidant activity was assessed by
in vitro assays, namely, DPPH (2,2-diphenyl-2-picrylhydrazyl), ABTS
2,2-azino-bis-(3-ethylbenzthiazoline-6-sulphonic acid) assay, reducing
power assay, superoxide anion radical scavenging assay and plasmid DNA
nicking assay. The antigenotoxicity was studied against 4NQO-induced
DNA damage in E. coli PQ37 tester strain using SOS chromotest.
The fraction exhibited potent antioxidant activity in all the antioxidant
assays. The fraction exhibited 90.77 % activity in DPPH and 97.46 % in
ABTS assay at highest tested concentration (200 g/ml). The fraction
showed 67.13 % reduction potential and percent inhibition of 81.00 % in
superoxide anion radical scavenging assay at 1,000 pg/ml. The fraction
at a concentration of 1,000 pwg/ml decreased the SOS-inducing potency
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(SOSIP) of 4NQO (20 wg/ml) by 21.86 %. Phytochemical analysis of
aqueous fraction (AQAB) by UPLC-ESI-QTOF-MS revealed the fraction

to be rich in alkaloids.

Keywords

Anthocephalus cadamba * Antioxidant activity * Antigenotoxicity

5.1 Introduction

Chronic diseases such as arteriosclerosis and
cancer, which are the leading causes of death
in the western world, are likely to be mediated
by free radical and lipid peroxidation mecha-
nisms (Halliwell and Gutteridge 1990). Cancer
is expected to claim nine million deaths world-
wide by the year 2015. Oxidative stress has
been generating much interest primarily because
of its accepted role as a major contributor to
the aetiology of both normal senescence and
severe pathologies with serious public health
implications such as obesity, diabetes, atheroscle-
rosis, metabolic syndrome and cancer. Antioxi-
dants play a crucial role to protect human body
against oxidative damage caused by reactive
oxygen species. Reactive oxygen species (ROS)
are by-products of biological metabolism with
important roles in cell signalling, inflammation
and immune defence (Valko et al. 2007). Un-
der physiological conditions, the balance be-
tween oxidation and antioxidation is maintained
by enzymatic systems and chemical scavengers;
all of them are able to remove free radicals
formed in cells and thus protect against oxida-
tive damage (Bouayed and Bohn 2010). How-
ever, excessive formation of ROS and/or inad-
equate antioxidant defence may be a primary
cause of oxidative damage (Valko et al. 2004).
Antioxidants are those compounds that inhibit
or delay the oxidation of other molecules by
inhibiting the initiation or propagation of ox-
idising chain reactions (Velioglu et al. 1998).
They are effective in protecting living organisms
against oxidative damages caused by ROS. Sev-
eral synthetic antioxidants, such as butylated hy-
droxyanisole (BHA), butylated hydroxytoluene

(BHT) and tert-butylhydroquinone (TBHQ), are
commercially available, but their applications are
restricted for use in foods because of their toxicity
(Ito et al. 1986; Peters et al. 1996; Li et al. 2002).
In recent times, there has been an increasing
interest in antimutagenic and antioxidant activity
of compounds from plants. Natural plant products
are efficient chemopreventive agents (Surh and
Ferguson 2003). Moreover, several studies have
reported a positive correlation of the increased
dietary intake of natural antioxidants with re-
duced coronary heart disease, reduced cancer
mortality and longer life expectancy (Halliwell
2007; Rios et al. 2009). Anthocephalus cadamba
(Roxb.) Miq. (Rubiaceae) is an Ayurvedic medic-
inal plant, used in treating various ailments. It is
used as a folk medicine in the treatment of fever
and anaemia, as antidiuretic and for improvement
of semen quality. The present study was under-
taken to evaluate the water fraction (AQAB) from
bark of this plant for its antioxidant/antigenotoxic
potential in various in vitro assays.

5.2 Materials and Methods

5.2.1 Bacterial Strain and Chemicals

Escherichia coli PQ37 strain was purchased
from Institut Pasteur, France. 2,2-Diphenyl-
1-picrylhydrazyl (DPPH), Ferric chloride, L-
Ascorbic acid, NADH (nicotinamide adenine
dinucleotide), PMS (phenazine methosulphate),
NBT (nitroblue tetrazolium chloride), Ortho-
nitrophenyl p-D-galactopyranoside (ONPG) and
para-nitrophenylphosphate (PNPP) were ob-
tained from HiMedia Pvt. Limited Mumbai,
India. Potassium persulphate, ABTS [2,2-azinobis
(3-ethylbenzothiazoline-6-sulphonic acid) di-
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ammonium salt] and rutin were from Sigma (St.
Louis, MO, USA). Plasmid pBR322 was pur-
chased from Genei Pvt. Ltd., Bangalore. All other
reagents used were of analytical grade (AR).

5.2.2 Collection of Plant Material

The bark of Anthocephalus cadamba was col-
lected from the trees growing in the campus of
Guru Nanak Dev University, Amritsar.

5.2.3 Extraction and Fractionation

The bark was washed with running water to
remove any dust impurities and dried at 40 °C.
The material was finely powdered and extracted
with 80 % MeOH. The methanol extract was
concentrated under reduced pressure using rotary
evaporator. It was then made aqueous with dis-
tilled water in a separating funnel and further
fractionated with organic solvents in order of in-
creasing polarity, namely, n-hexane, chloroform,
ethyl acetate and n-butanol. The remaining frac-
tion was the aqueous fraction (AQAB) which was
subjected to various in vitro assays in the present
study.

5.2.4 Antioxidant Activity

5.2.4.1 DPPH Radical Scavenging Assay
DPPH radical scavenging assay was carried out
by the method of Blois (1958) with some modifi-
cations. Different concentrations (20-200 pg/ml)
of AQAB fraction from Anthocephalus cadamba
bark were dissolved in methanol and taken in
test tubes in triplicates. Then, 2 ml of 0.1 mM
methanol solution of DPPH was added to each of
the test tubes and were shaken vigorously. After
30 min, absorbance was taken at 517 nm using
UV-VIS spectrophotometer.

% Radical scavengingactivity (%) = [Abs
(control) — Abs (sample) /Abs (control)] x 100

where

Abs (control) is the absorbance of DPPH radi-
cal + solvent alone and

Abs (sample) is the absorbance of DPPH radi-
cal + AQAB fraction.

5.2.4.2 ABTS Radical Scavenging Assay
The spectrophotometric analysis of ABTS™"
scavenging activity was determined according to
the protocol given by Re et al. (1999). ABTS
radical cations were produced by reacting ABTS
solution (7 mM) and potassium persulphate
(2.45 mM) solution in the ratio of 1: 0.5 and
allowing the mixture to stand in the dark at room
temperature for 12—-16 h before use. The ABTS
radical cation solution was diluted with ethanol to
an absorbance of 0.70 (£0.02) at 734 nm. 300 1
of different concentrations (20-200 pg/ml) of
AQAB fraction were added to the diluted ABTS
radical cation solution and absorbance was taken
up to 5 min.

Radical scavenging activity %

= AO_AI/AO x 100

where

Ay is the absorbance of ABTS solution and
A is the absorbance of reaction mixture (contain-
ing test sample & ABTS solution).

5.2.4.3 Reducing Power Assay

Reducing potential of the AQAB fraction was
determined using the method of Oyaizu (1986).
Different concentrations (200-1,000 pg/ml) of
AQAB fraction from Anthocephalus cadamba
bark were dissolved in methanol and taken in test
tubes in triplicates. To the test tubes, 2.5 ml of
phosphate buffer (pH 6.6, 0.2 M) and 2.5 ml of
1 % potassium ferricyanide solution was added.
These contents were mixed well and were incu-
bated at 50 °C for 20 min. After incubation, 10 %
TCA (trichloroacetic acid) was added. 2.5 ml
of supernatant was taken and mixed with dou-
ble distilled water (2.5 ml) and ferric chloride
(0.1 %). The OD (absorbance) was measured
spectrophotometrically at 700 nm. Increase in
absorbance of reaction mixture was interpreted
as increase in reducing ability of the sample, and
ascorbic acid and rutin were used as standard.
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5.2.4.4 Superoxide Anion Radical
Scavenging Assay

The measurement of superoxide anion scavenging
activity of AQAB fraction was performed ac-
cording to the method of Nishikimi et al. (1972)
with slight modifications. About 1 ml of nitroblue
tetrazolium (NBT) solution (156 pM prepared
in phosphate buffer, pH 7.4), 1 ml of NADH
solution (468 uM prepared in phosphate buffer
pH 7.4) and 1 ml of various concentrations of
the AQAB fraction (100, 200, 400, 600, 800
and 1,000 pwg/ml) and the reference compound
ascorbic acid and rutin were mixed, and the reac-
tion was started by adding 100 pl of phenazine
methosulphate (PMS) solution (60 uM in phos-
phate buffer, pH 7.4). The reaction mixture was
incubated at 25 °C for 5 min and the absorbance
was measured at 560 nm. The percentage inhibi-
tion was calculated by formula:

[(Abs. of control) — (Abs. of sample)/

(Abs. of control)] x 100.

5.2.4.5 Plasmid DNA Protection Assay

To measure the hydroxyl radical scavenging ef-
fect of AQAB fraction, DNA nicking experiment
was performed according to the protocol of Lee
et al. (2002). Plasmid DNA was incubated with
Fenton’s reagent containing different concentra-
tions of AQAB fraction, and finally the volume of
the mixture was raised up to 20 1. The mixture
was then incubated for 30 min at 37 °C followed
by addition of loading dye. Electrophoresis was
carried out in TAE (tris-acetic acid-EDTA) buffer
and DNA was analysed followed by ethidium
bromide staining.

5.2.5 Genotoxic/Antigenotoxic
Activity

5.2.5.1 SOS Chromotest

The SOS chromotest is an SOS transcriptional-
fusion-based assay to estimate primary DNA
damage produced by chemicals and physical
agents by measuring the expression of a reporter
gene (B-galactosidase) that becomes coloured in
the presence of a substrate. It was carried out with
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the method of Quillardet and Hofnung (1985).
Exponential-phase culture of E. coli PQ37 was
grown at 37 °C in Luria broth medium (1 %
bactotryptone, 0.5 % yeast extract and 1 %
NaCl) plus 20 pg/ml ampicillin and diluted 1:9
into fresh medium; 100 wl aliquots were dis-
tributed into glass test tube containing 20 pl of
genotoxicant [4NQO (20 wg/ml)] and 20 pl of
AQAB fraction of different concentrations (10—
1,000 pg/ml) each and made final volume 0.6 ml
with L medium. Positive control was prepared
by exposure of bacteria to 4NQO. After incu-
bation for 2 h at 37 °C, 300 pl samples were
used for assay of P-galactosidase and alkaline
phosphatase activities, respectively. The activity
of the constitutive enzyme alkaline phosphatase
was used as a measure of protein synthesis and
toxicity. In order to determine the B-galactosidase
activity, 2.7 ml of B-buffer (adjusted to pH 7.5)
was added, and after 10 min, 600 pl of 0.4 %
4-nitrophenyl-p-galactopyranoside (ONPG) so-
lution was added to each of the test tubes
of one set. To determine the constitutive alka-
line phosphatase activity, P-buffer (adjusted to
pH 8.8) was added, and after 10 min, 600 w1 of
0.4 % 4-nitrophenyl phosphate (PNPP) solution
was added to another set of tubes. All mixtures
were incubated at 37 °C and observed for the
colour development. After 30 min, the conver-
sion of ONPG was stopped with 2 ml of 1 M
sodium carbonate and that of PNPP with 1 ml
of 2.5 M HCI and after 5 min added 1 ml of
2 M tris (hydroxymethyl) amino-methane. The
absorption was measured at 420 nm using a
reference solution in which culture is replaced by
L medium.

The enzyme activities were calculated accord-
ing to the simplified method:

Enzyme units (U) = Aaz0 x 1,000/¢

(A4p0 = optical density at 420 nm; ¢ = substrate
conversion time in minutes).

Induction factor (IF) = Rc/Ro
Rc = B-galactosidase activity/alkaline phospha-

tase activity determined for the test compound
at concentration c,
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Ro = p-galactosidase activity/alkaline phospha-
tase activity in the absence of the test
compound.

Anti-genotoxicity was expressed as percent-
age inhibition of genotoxicity according to the
formula:

Inhibition (%) = 100 — (IF; — IF,/IF, — IFp)
x 100

where

IF; is the induction factor of the test compound,

IF, is the induction factor of positive control
(4NQO) and

IF, the induction factor of the blank (without any
test compound).

5.2.6 UPLC-Electrospray
lonisation-Quadrupole
Time-of-Flight Mass
Spectrometry

5.2.6.1 Sample Preparation

For UPLC-ESI-QTOF-MS analysis, samples
were prepared in a mixture of acetonitrile/water
(80/20; v/v) and filtered through a 0.22 p
MILLEX GV syringe filter (Millipore, MA,
USA) prior to inject into the UPLC system.

5.2.6.2 UPLC Instruments

and Chromatographic

Conditions
All analysis were performed on Waters AC-
QUITY UPLC system (Waters, MA, USA),
including binary solvent manager, sample man-
ager, column comportment and photo diode ar-
ray (PDA) detector, connected with Waters Mass
Lynx software. An ACQUITY UPLC BEH Cg
column (100 mm x 2.1 mm i.d, 1.7 pm) also
from Waters was used. The column temperature
was maintained at 30 °C. Samples were sepa-
rated using a gradient mobile phase consisting of
0.05 % formic acid in water (A) and acetonitrile
(B). The gradient elution is 0-0.2 min, 82 %A;

0.2-1.4 min, 75 % A; 1.4-2.0 min, 65 % A,
2.2-3.5 min, 65 % A, and finally reconditioning
the column with 82 % A for 1 min. The flow rate
was set 0.28 ml min~! and the injection volume
was 1 pl

5.2.7 Statistical Analysis

The results are presented as the mean =+ standard
error. Regression analysis was carried out by
best-fit method and ICso values were calculated
using regression equation.

53 Results

5.3.1 DPPH Radical Scavenging
Assay

The scavenging of DPPH radicals increased
with increasing concentrations (20-200 pg/ml)
of the fraction. The percent of DPPH radical
scavenging was 21.59, 43.26, 66.75, 87.78 and
90.77 % at concentrations of 20, 60, 100, 140
and 200 pg/ml, respectively (Fig. 5.1). The ICsg
was found to be 58.26 pg/ml. The results were
compared with ascorbic acid (ICsg 13.74 pg/ml)
and rutin (ICsy 54.05 jLg/ml).

5.3.2 ABTS Radical Scavenging
Assay

The inhibitory effect on ABTS™* radicals of dif-
ferent concentrations of the AQAB fraction was
assayed at various concentrations ranging from
20 to 200 pg/ml. The absorption was taken upto
5 min and there was decrease in the absorption
with time. The inhibitory activity of 97.46 %
was observed at highest tested concentration of
200 pg/ml (Fig. 5.2). The ICsy of the frac-
tion was found to be 51.42 pg/ml compared
with standard compounds rutin and BHT which
showed ICsy value of 24.78 and 42.75 pg/ml,
respectively.
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5.3.3 Reducing Power Assay

The increased absorbance of the reaction mixture
indicates increased reducing power. The reduc-
ing power of AQAB fraction from A. cadamba
bark is presented in Fig. 5.3. As described in
Fig. 5.3, the AQAB fraction was found to have
strong and increased reducing ability at con-
centrations of 200-1,000 pg/ml. The reducing
power of AQAB fraction increased with increas-
ing concentration and was compared with stan-
dard ascorbic acid and rutin. It showed reduc-
ing power of 61.93 and 67.13 % when com-
pared with ascorbic acid and rutin and the
ICsp values were 764.98 and 708.24 pg/ml,
respectively.

5.3.4 Superoxide Scavenging Assay

AQAB fraction showed superoxide scavenging
activity which was dose dependent (Fig. 5.4).
The highest tested concentration of 1,000 g/ml
showed the scavenging activity of 81.00 %. ICsq
value of AQAB fraction on superoxide radical
scavenging activity was found to be 51.42 pg/ml,
whereas ICs, value of ascorbic acid and rutin was
found to be 13.96 and 58.75 pg/ml, respectively.

5.3.5 Plasmid DNA Nicking Assay

DNA protective activity was assessed by mea-
suring the degree of protection on DNA scission
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that was induced by the attack of hydroxyl radi-
cals, which was shown by the agarose gel elec-
trophoresis pattern. It is clear from the results
that the AQAB fraction scavenged the hydroxyl
radicals and protected the pBR322 plasmid DNA
quite effectively (Fig. 5.5).

5.3.6 Genotoxic/Antigenotoxic
Activity

In the SOS chromotest, it was ascertained that
different concentrations of AQAB fraction of A.
cadamba added to the indicator bacteria were not
genotoxic as the induction factor induced by the
tested doses was below 1.5. The AQAB fraction
reduced the genotoxicity of 4NQO by 21.86 %

at a concentration of 1,000 pg/ml. The induction
factor induced by 4NQO was 16.01 &£ 0.82 which
was reduced to 12.73 £ 0.90 at 1,000 pg/ml con-
centration of AQAB fraction (Table 5.1).

Identification of Bioactive
Compounds by UPLC

5.3.7

UPLC chromatogram of AQAB fraction is
shown in Fig. 5.6. The retention times (fr),
mlz and A, are listed in Table 5.2. Ten-
tative identification of compounds was based
on comparison of mass and Ay, from liter-
ature. UPLC-ESI-QTOF-MS study of AQAB
fraction from bark of A. cadamba showing
peaks at g 1.70, 2.03, 2.51 which correspond
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Fig. 5.5 Effect of AQAB fraction from bark of A. cadamba in plasmid DNA nicking assay. Lane 1: Negative
Control (DW + pBR322 plasmid DNA). Lane 2: pBR322 DNA + Fenton’s reagent (FR). Lane 3: pBR322 plasmid
DNA + FR + AQAB (100 pg/ml). Lane 4: pBR322 plasmid DNA + FR + AQAB (200 pg/ml). Lane 5: pBR322
plasmid DNA + FR + AQAB (300 wg/ml). Lane 6: pBR322 plasmid DNA + FR + AQAB (400 wg/ml). Lane 7:
pBR322 plasmid DNA + FR + AQAB (500 pg/ml)

Table 5.1 Genotoxic/antigenotoxic effect of AQAB fraction from bark of Anthocephalus cadamba in SOS chromotest

using E. coli PQ37 tester strain

B-Galactosidase units ~ Alkaline phosphatase units Percent
Treatment Dose (wg/ml) Mean £ SD Mean & SD Induction factor inhibition
Control 4.83+£0.32 14.62 £ 1.20
Positive control -
4NQO 20 pg/ml 65.84 £ 1.71 12.93 £ 1.00 16.01 £0.82
Negative control 10 231+1.01 13.36 £ 0.67 0.73£0.19 -
30 3.29+0.47 12.63 £1.09 0.79 £0.17 -
100 2.3240.59 13.30 £ 0.75 0.53+£0.14 -
300 2.97 £1.00 14.12£0.48 0.63 £0.22 -
1,000 3.3340.46 13.36 £ 0.46 0.72 £0.07 -
4NQO + AQAB 10 54.42 £2.09 11.89 £1.29 14.29 £2.27 11.50 %
30 52.36 £1.10 11.53 £0.65 13.79 £ 0.68 14.79 %
100 51.99 £3.45 11.32£0.68 13.954+1.30 13.72 %
300 51.28 £3.27 11.57+£1.43 13.61 £0.89 15.99 %
1,000 49.98 4 3.69 11.87 £0.57 12.73 +£0.90 21.86 %
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Fig. 5.6 UPLC chromatogram of AQAB fraction from bark of A. cadamba
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Table 5.2 Tentative identification of compounds in AQAB fraction from bark of A. cadamba by UPLC

SLNo. m/z M+H]T UV A
1 1.70 563 268, 366
alkaloid]
2 2.03 543 233, 308
3 251 545 220, 360
4 274 547 221,280
5 323 547 278

to glycosidic monoterpenoid indole alkaloid
(mlz =563; Amax = 268, 366) (Zhou et al. 2008),
iridoid glucoside (m/z=1543; Amax =233, 308)
(Kitagawa et al. 1996) and Cadambine, indole
alkaloid glucoside (m/z = 545; Ana = 220, 360)
(Handa et al. 1984), respectively. The occurrence
of peaks at fg 2.74 (Anax =221, 280) and 3.23
(Amax = 278) having m/z 547 are identified as
dihydrocadambine and/or isodihydrocadambine
(Zhou et al. 2008; on the basis of m/z only).

5.4  Discussion

Radical scavenging activities are very important
due to the deleterious role of free radicals in foods
and in biological systems. DPPH" and ABTS™"
radical scavenging methods are spectrophotomet-
ric procedures for evaluating the antioxidant po-
tential of various plant extracts/bioactive phyto-
constituents (Bretan et al. 2011; Liu et al. 2011;
Tai et al. 2011; Suh et al. 2011; Pan et al. 2007;
Mathew and Abraham 2006). These chromogens
(the violet DPPH radical and the blue green
ABTS radical cation) are easy to use, have a high
sensitivity and allow the rapid analysis of the
antioxidant activity of large number of samples.
DPPH is a stable free radical at room tempera-
ture and accepts an electron to become a stable
diamagnetic molecule. The reduction capability
of DPPH was determined by the decrease in its
absorbance (517 nm) in the presence of antiox-
idant. In the present study, the AQAB fraction
showed dose-response relationship in DPPH radi-
cal scavenging assay. The ICsy of AQAB fraction
was comparable to that of rutin. The AQAB
fraction also showed potent antioxidant poten-
tial in ABTS radical cation scavenging method.
Fragoso et al. (2008) reported the antioxidant

Tentative identification
3B-isodihydrocadambine- 4oxide [Glycosidic monoterpenoid indole

3/-O-caffeoylsweroside [iridoid glucoside]
Cadambine [indole alkaloid glucoside]
3B8-dihydrocadambine [indole alkaloid]
3B-isodihydrocadambine

and antigenotoxic activity of psychollatine, a
monoterpene indole alkaloid from Psychotria
umbellata. The antimutagenic activity was as-
sayed using Saccharomyces cerevisiae N123
strain in the presence of H,O,, and the antioxi-
dant capacity of the extract and indole alkaloid
was investigated using the hypoxanthine/xanthine
oxidase assay. Psychollatine and the crude fo-
liar extract of P. umbellata showed protective
effect against oxidative stress in yeast, acting both
as antioxidant and antimutagenic agents. Iridoid
glucosides were isolated from the methanolic
stem-bark extract of Fagraea blumei which were
reported to show scavenging properties towards
the 2,2-diphenyl-1-picryl-hydrazyl (DPPH) radi-
cal in TLC autographic and spectrophotometric
assays (Cuendet et al. 1997). The high free radical
scavenging activity of AQAB fraction in DPPH
and ABTS assay may be attributed to the pres-
ence of free hydroxyl groups present in iridoid
glucoside (3’-O-caffeoylsweroside) and indole
alkaloid glucosides (38-isodihydrocadambine 4-
oxide, 3f-dihydrocadambine, cadambine and
3B-isodihydrocadambine) (Fig. 5.7) analysed by
UPLC. The DPPH radical scavenging activ-
ity of three alkaloids isolated from Mahonia
aquifolium —berberine, jatrorrhizine and mag-
noflorine — were studied by Rackova et al.
(2004), and it was observed that alkaloids bearing
free phenolic groups — jatrorrhizine and mag-
noflorine — showed better activities than berber-
ine not bearing any readily abstractable hydro-
gen on its skeleton. In a report by Shirwaikar
et al. (2006), the ABTS™" radicals were scav-
enged by berberine (benzyl tetra isoquinoline
alkaloid) in a concentration dependent manner
with the maximum scavenging activity observed
at 512 pg/ml and the minimum scavenging ac-
tivity found at 2 pg/ml and ICsy was found to
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Fig. 5.7 Structures of compounds identified from AQAB fraction from A. cadamba bark

be 38.7 pg/ml. The reducing power can serve
as a significant reflection of the antioxidant ac-
tivity. AQAB fraction showed potent reducing
power in a dose-dependent manner. In this assay,
the yellow colour of the test solution changes
to various shades of green and blue, depending
on the reducing power of test compound. The
presence of reducers (i.e. antioxidants) causes the
reduction of the Fe3 T /ferricyanide complex to the
ferrous form. Superoxide radical is biologically
quite toxic and is formed in almost all aerobic
cells, one important source being the ‘respiratory
burst’ of phagocytic cells when they contact for-

eign particles and immune complexes (Halliwell
and Gutteridge 1984). The biological toxicity of
superoxide is due to its capacity to inactivate
iron-sulphur cluster containing enzymes, which
are critical in wide variety of metabolic pathways,
thereby liberating free iron in the cell, which
can undergo Fenton chemistry and generate the
secondary ROS such as hydrogen peroxide and
hydroxyl radical (Valko et al. 2006). In superox-
ide scavenging assay, the fraction showed ICsg
value of 51.42 pg/ml which was comparable to
standard rutin (ICsyp = 58.75 pg/ml). The AQAB
fraction was tested in SOS chromotest for its
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genotoxic and antigenotoxic potential. It was
found to be non-genotoxic as the IF was less
than 1.5. The compounds are classified as non-
genotoxic if the IF (induction factor) remains
<1.5, as marginally genotoxic if the IF ranges
between 1.5 and 2 and as genotoxic if the IF
exceeds 2 (Kevekordes et al. 1999). AQAB frac-
tion showed weak antigenotoxic activity against
the genotoxic effect of 4NQO. However, AQAB
fraction when studied for its protective activity
against the DNA damage caused by hydroxyl
radicals generated by Fenton’s reagent in plasmid
DNA nicking assay showed that it possessed the
potential to protect the DNA from the damage
caused by hydroxyl radicals. Hydroxyl radical is
the most reactive free radical and its formation
causes the oxidation of lipids, proteins and nu-
cleic acids. Damage to DNA may cause strand
breaks, base modifications and DNA cross links
(Cadet et al. 1999). Nascimento et al. (2007)
showed that brachycerine (monoterpene indole
alkaloid) and the crude foliar extract of Psycho-
tria brachyceras have antioxidant and antimuta-
genic effects in yeast, and probably this action
is mainly due to the scavenging of OH" radicals.
The potent antioxidant activity of AQAB fraction
in various in vitro assays and its potential to
prevent DNA damage caused by hydroxyl radi-
cals may be attributed to the presence of iridoid
glucoside and alkaloid glucosides which can be
exploited for cancer chemoprevention.
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Abstract

A. Subramaniam

Hepatocellular carcinoma (HCC) is the most common type of liver cancer
and the third leading cause of cancer death worldwide, with 75 % of cases
occurring in Southeast Asian countries like China, Hong Kong, Taiwan,
Singapore, Korea, and Japan. The etiology of HCC is likely to involve
interactions between multiple risk factors. The most commonly reported
risk factors are nonspecific cirrhosis (21 %), followed by alcohol-induced
liver disease (16 %), HCV infection (10 %), and HBYV infection (5 %). In
addition, obesity and type II diabetes are also suspected to increase the risk
of acquiring liver cancer. Persistent activation of signal transducers and
activators of transcription-3 (STAT?3) is frequently observed several human
cancers and transformed cell lines including HCC. The significance of
constitutively STAT3 in HCC is due to its induction of several tumorigenic
genes that substantially contribute to the initiation and progression of
the malignancy. These include antiapoptotic proteins like Bcl-2, Bcl-xL,
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Mcl-1, XIAP, and survivin. Examples of other STAT3-regulated oncogenic
genes include c-Myc and cyclin D1, which regulates cell proliferation;
matrix metalloproteinase-9 which mediates cellular invasion; and vascular
endothelial growth factor, which controls angiogenesis. Thus, novel agents
that can suppress constitutive and/or inducible activation of STAT3 have
the potential for HCC therapy. In this chapter, we discuss in detail the
potential role of STAT3 signaling cascade both in HCC initiation and
progression and also various therapeutic strategies employed to block

aberrant activation of this proinflammatory transcription factor in HCC.

HCC « STAT3 e Proliferation * Apoptosis ® Angiogenesis
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Abbreviations

Bad Bcl2 associated death promoter protein

Bax Bcl-2-associated X protein

Bcl2 B-cell lymphoma 2

Bcl-xL.  B-cell lymphoma extra large

Bid BH3 interacting-domain death
agonist

c-myc Myelocytomatosis cellular oncogene

CSF-1R  Colony-stimulating factor-1R

EGF Epidermal growth factor

G-CSF  Granulocyte colony-stimulating
factor

HBV Hepatitis B virus

HCV Hepatitis C virus

HGF Hepatocyte growth factor

IGF Insulin-like growth factor

IL Interleukin

IFN-vy Interferon-gamma

JAK Janus kinase

MMPs  Matrix metalloproteases

NAFLD Nonalcoholic fatty liver disease

NASH  Nonalcoholic steatohepatitis

NF-kB  Nuclear factor kappa B

PDGF Platelet-derived growth factor

PTPase  Protein tyrosine phosphatase

ROS Reactive oxygen species

SOCS Suppressor of cytokine signaling

STAT3  Signal transducer and activator of
transcription 3

TGF Transforming growth factor

VEGF Vascular endothelial growth factor

6.1 Introduction: Risk Factors
Associated with Initiation
and Development of HCC

Hepatocellular carcinoma (HCC) is the fifth most
prevalent cancer worldwide (Ferlay et al. 2010)
and possibly the most common malignant tumor
found among men (Dominguez-Malagon and
Gaytan-Graham 2001; Subramaniam et al. 2013).
Due to its late presentation, aggressiveness, and
limited response to therapy, HCC has become
the third most deadly cancer and causes approxi-
mately one million deaths annually (Ferlay et al.
2010; Carr et al. 2010). While considered a rare
form of cancer in many western countries, HCC
is endemic in East and Southeast Asia where
over three-quarters of liver cancer-caused deaths
occur (Ferlay et al. 2010). Infections with chronic
hepatitis B (HBV)/hepatitis C virus (HCV) and
associated liver cirrhosis/hepatitis have been at-
tributed to more than 80 % of the cases of HCC
(Lau and Lai 2008). For example, chronic hep-
atitis caused by HBV/HCYV can cause significant
damage to hepatocytes and adversely affect their
normal functioning (Subramaniam et al. 2013;
Nakamoto and Kaneko 2003) (Fig. 6.1).

In addition, various environmental risk factors
also including aflatoxin B1 exposure, alcohol
over-abuse, and cigarette smoking have been re-
ported to contribute to the development of HCC
(Subramaniam et al. 2013; Abdel-Hamid 2009).
For example, an increased risk of mortality in
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Fig. 6.1 A multi step cascade for HCC initiation and development

HCC patients has been closely associated with
obesity. It has been found that obesity can in-
duce an inflammatory response, which in turn
may increase levels of proinflammatory cytokines
[interleukin-6 (IL-6) and tumor necrosis factor-
alpha (TNF-a) expression] in adipose tissue and
Kupffer cells (Subramaniam et al. 2013; Toffanin
et al. 2010).

6.2  Role of STAT3 Signaling
Pathway in the Initiation

of HCC

Signal transducer and activator of transcription
(STATs) were initially discovered in 1993 by
James Darnell and can be activated by diverse
stimuli to activate gene transcription (Shuai et al.
1993). STAT proteins have been in particular
shown to play a critical role in cytokine signaling

cascades that regulate various cell growth and
differentiation signal transduction (Subramaniam
et al. 2013). The STAT family consists of seven
members; these are STAT1, STAT2, STATS3,
STAT4, STATS5a, STATSb, and STAT6 that can
be further classified into two groups, according
to their biological functions. The first group com-
prising of STAT2, STAT4, and STAT®6 is reported
to actively participate interferon-gamma (IFN-y)
signaling and T cell maturation. On the other
hand, the second group consisting of STATI,
STAT3, and STATS is involved in development
of mammary glands, embryogenesis, as well as
oncogenesis (Subramaniam et al. 2013; He and
Karin 2011).

Among various STAT family proteins, STAT3
has gained significant attention as it has been
found to be an important regulator of distinct sig-
nal transduction pathways involved in liver dam-
age and repair mechanisms (Subramaniam et al.
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2013; Strain 1998; Taub 2003). STAT3 was ini-
tially demonstrated to be an acute-phase response
factor that can bind to the IL-6 responsive ele-
ment (Wegenka et al. 1993) and subsequently as
a DNA-binding protein in response to epidermal
growth factor stimulation (Zhong et al. 1994).
STAT3 can be induced by various cytokines such
as IL-6, leukemia inhibitory factor (LIF), onco-
statin M, and ciliary neurotrophic factor (CNTF)
that transmit their signals through the gp130 pro-
tein (Akira et al. 1994; Hibi et al. 1990; Hirano
et al. 1997). Interestingly, the expression of IL-
6 is elevated in various liver ailments and HCC
(Subramaniam et al. 2013; Trikha et al. 2003;
Naugler et al. 2007), and even IL-22-induced
STAT3 phosphorylation on Ser727 residue can
induce acute-phase genes in the liver (Dumoutier
et al. 2000). In addition, STAT proteins can
also be substantially stimulated by receptor ty-
rosine kinases such as epidermal growth factor
receptor (EGFR), platelet-derived growth factor
(PDGF-R), transforming growth factor (TGF),

and colony stimulating factor-1R (CSF-1R) and
seven-transmembrane G-protein-coupled recep-
tors such as angiotensin II receptors (Karras et al.
1997). In fact, EGF, TGF-p, and PDGF receptors
can even directly activate STAT3 proteins lead-
ing to enhanced proliferation and transformation
(Subramaniam et al. 2013; Levy and Darnell
2002) (Fig. 6.2). The possible role of STAT3 in
different aspects of liver tumorigenesis includ-
ing transformation, inflammation, antiapoptosis,
angiogenesis, cell cycle progression, and cellular
invasion is discussed in detail below.

6.2.1 Oncogenic Transformation

Persistent activation of STAT3 is involved in
several critical biological processes including
growth, survival, invasion, and angiogenesis, all
of which promote HCC initiation and progression
(Turkson et al. 1998; Subramaniam et al. 2013).
The first evidence related to the involvement
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of STAT3 in transformation came to light ini-
tially after studies showed that STAT3 is con-
stitutively activated during transformation in-
duced by oncogene v-Src. Several subsequent
studies also reemphasized the important find-
ing that STAT3 signaling is indeed required for
oncogenic transformation by v-Src (Cao et al.
1996; Chaturvedi et al. 1997; Bromberg et al.
1998). Deregulated STAT3 activation has been
consistently observed in HCC clinical samples
and cell lines but not in non-transformed liver
cells (Subramaniam et al. 2013; Yoshikawa et al.
2001; Niwa et al. 2005; Li et al. 2006). On
the contrary, in a recent study, Schneller and
colleagues elucidated the role of STAT3 in Ras-
dependent HCC progression in the presence
and absence of pl19 (ARF)/pl4 (ARF). They
found that constitutive active STAT3 is tumor
suppressive in Ras-transformed pl19 (ARF—/—)
hepatocytes, whereas the expression of STAT3
lacking Tyr (705) phosphorylation (U-Stat3) can
enhance tumor formation. Accordingly, Ras-
transformed STAT3 (Ahc)/p19 (ARF—/—) hep-
atocytes showed increased tumor growth, com-
pared to those expressing STAT3, demonstrat-
ing a tumor-suppressor activity of STAT3 in
cells lacking p19 (ARF) (Schneller et al. 2011).
Moreover, Wu et al. found in another study
that phosphorylated STAT3 expression in mono-
cyte was significantly correlated to advanced
clinical stage of HCC and a poor prognosis.
They also noticed that pharmacological STAT3
inhibitor, NSC 74859, significantly suppressed
tumor growth in mice with diethylnitrosamine
(DEN)-induced HCC. Interestingly, NSC 74859
treatment also attenuated cancer-associated in-
flammation in DEN-induced HCC model (Wu
et al. 2011). Moreover, Chen and coworkers
evaluated the efficacy of combination therapy
using cetuximab and NSC 74859 (a novel STAT3
inhibitor) in EGFR and STAT3 overexpressing
hepatoma cells and found that NSC 74859 po-
tentiated the antiproliferative effect of cetuximab
in all three cell lines. siRNA knockdown of
STATS3 increased the sensitivity of these cell lines
to cetuximab, whereas STAT3 overexpression
antagonized these effects (Chen et al. 2012a).

Also, it has been reported that even multitargeted
tyrosine kinase inhibitor sorafenib can inhibit
growth and metastasis of HCC in part by block-
ing the MEK/ERK/STAT3 and PI3K/Akt/STAT3
signaling pathways, but independent of JAK2
and phosphatase shatterproof 2 (SHP2) activa-
tion (Pfitzner et al. 2004). All these above-cited
reports and also the findings of our recently
published review article (Subramaniam et al.
2013) clearly establish that the aberrant activation
of STAT3 indeed plays a pivotal role in both
HCC initiation and development. This is further
supported by the fact that various novel STAT3
inhibitors have been identified in recent years that
can suppress proliferation and induce apoptosis
in various HCC cell lines and mouse models
(Table 6.1).

6.2.2 Inflammation

Several reports indicate the potential role of
HCC as a proinflammatory transcription factor
in HCC and other liver diseases (Subramaniam
et al. 2013; Pfitzner et al. 2004). STAT3 was
initially discovered as an acute-phase response
protein, thus suggesting its possible connection
to inflammation (Wegenka et al. 1993). IL-6
is one of the key regulators of inflammation
and predominantly exerts its biological effects
through the activation of the STAT3 pathway
(Zhong et al. 1994). Liang et al. recently tested
the effect of IL-6 family cytokines Golgi phos-
phoprotein (GP73) mRNA and/or protein levels
in human hepatoblastoma HepG2 cells. They
found that levels of GP73 mRNA and protein
were upregulated in HepG2 cells following treat-
ment with either proinflammatory cytokine IL-
6 or the related cytokine oncostatin M (OSM).
Induction required the shared receptor subunit
gpl30 and correlated with increased tyrosine
phosphorylation of STAT3. ELISA measurement
of GP73 and IL-6 levels in the sera of pa-
tients with premalignant liver disease revealed
a significant correlation between circulating lev-
els of the two proteins. OSM levels were also
elevated six- to sevenfold in sera from patients
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Table 6.1 Reported STAT3 blockers in HCC cell lines and mouse models

Natural/synthetic
inhibitors
Celecoxib

Parthenolide along with

TRAIL

Galiellalactone — a fungal
metabolite from the
ascomycete Galiella rufa

XZH-5 small molecule

Sorafenib SC-1-synthetic
molecule

Sorafenib with TRAIL

3-[3,4-Dihydroxy-
phenyl]-acrylic acid
2-[3,4-dihydroxy-phenyl]-
ethyl ester

(CADPE)

FLLL32

LLLI2

NSC-74859

ENMD-1198

Decoy ODN

AG490

Mechanism of inhibition
Inhibited JAK2
phosphorylation
Suppressed activation of
JAK proteins

Exerted STAT3 inhibitory
effect by covalently
modifying a cysteine
residue in the STAT3
DNA-binding domain
Reduced constitutive
STAT3 phosphorylation at
Tyr705 and the expression
of STAT3- regulated genes
Caused SHP-1-dependent
STAT3 inactivation

Upregulated SHP-1 activity

Inhibited both
IL-6-mediated STAT3
activation and recruitment
of STAT?3 to the cyclin D1
promoter

JAK/STAT inhibitor
suppressed STAT3
phosphorylation, STAT3
DNA-binding activity, and
STAT3-regulated gene
products

Inhibited IL-6-induced
STAT3 phosphorylation
Abrogated STAT3
activation

Inhibited STAT3
phosphorylation

Caused abrogation of
STAT3-mediated cell cycle
and antiapoptotic genes
Janus kinase
2-specificinhibitor

Cell lines/mouse models
Hep3B, HepG2, Huh-7,
SNU-387, and SNU-449
HepG2, Hep3B, and
SK-Hepl

HepG2

Hep3B, HepG2, Huh-7,
SNU-387, and SNU-449

HCC cell lines (PLCS,
Huh-7, Hep3B, and
Sk-Hep1l)/nude mice with
Huh xenografts

PLCS5, Huh-7, Hep3B, and
Sk-Hepl/nude mice with
PLCS5 xenografts

Huh-7

SNU-449, SNU-398,
HEP3B, and SNU387

Hep3B, SNU-387,
SNU-398, SNU-449
HepG2, PLC/PRF/5,
Huh-7, SNU-398,
SNU-449, SNU-182 and
SNU-475, Huh-7 in nude
mice

Huh-7 and HepG2

HepG2, H7402, and
PLC/PRF/5

Huh-1, Huh-7, HepG2 and
Hep3B cells, Huh-7 tumors
in athymic mice

References
Liu et al. (2011a)

Carlisi et al. (2011)

Lavecchia et al. (2011)

Liu etal. (2011b)

Tai et al. (2011)

Chen et al. (2010)

Won et al. (2010)

Lin et al. (2010) and Liu
et al. (2010b)

Liu et al. (2010a)

Lin et al. (2009)

Moser et al. (2008)

Sun et al. (2008)

Kusaba et al. (2007)

(continued)
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Table 6.1 (continued)

Natural/synthetic
inhibitors

IL-6 receptor fusion
protein (IL-6-RFP)
YC-1

Atiprimod

2/-0-methoxyethylribose-
modified
phosphorothioate
antisense oligonucleotide
(ASO)

Stattic (non-peptide small
molecule)

Statins

SOCS-1 (peptide
inhibitor)

Cyclopentenones,
2-(1-chloropropenyl)-4,5-
dihydroxycyclopent-2-
enone

(CPDHC)

Celastrol

B-Escin

y-Tocotrienol

Butein

Mechanism of inhibition
A high-affinity
cytokine-binding protein
Inhibited STAT3 activity by
enhancing the
polyubiquitination of
p-STAT3 (705) induced by
cisplatin

Suppressed STAT3
mediated through the
inhibition of activation of
upstream kinases c-Src,
JAK1, and JAK2

Caused suppression of
phosphorylated STAT3 and
reduced its DNA-binding
activity

Inhibited SH2 domain,
STAT3 dimerization, and
DNA binding

Reduced IL-6-induced
serine phosphorylation of
transcription factorSTAT3
(SOCS-1; also known as
JAB and SSI-1) switched
cytokine signaling “off” by
means of its direct
interaction with JAK

Suppressed IL-6and
IL-6-dependent pathway by
inhibiting the tyrosine
phosphorylation of the
STAT3 and STAT1 as well
as the serine
phosphorylation of the
STAT3 by direct inhibition
of JAK

Abrogated JAK/STAT
pathway and induced
apoptosis of HCC cells in
vitro and in vivo

Inhibited activation of
upstream kinases c-Src,
JAKI, and JAK2

Increased the expression of
SHP-1 in HCC cells
Inhibited activation of
upstream kinases c-Src and
JAK?2 induced the
expression of SHP-1

Cell lines/mouse models
HepG2

HepG2, Hep3, and PLC

Huh-7, HepG2,
HepG2.2.15, and HepG2

HCCLM3, SNU423, Huh7,
HCCLM3 nude mouse
model

HepG2

Hep3B

Human HCC lines
SNU-182, SNU-423,
SNU-387, SNU-398,
SNU-449, SNU-475, and
PLC/PRF/5

HepG2

C3A, HepG2, Hep3B,
PLC/PRF5, and Huh-7

HepG2, Huh-7, PLC/PRFS,
wild, and STAT3 KO mice
fibroblasts

HepG2, Huh-7 xenografts
in nude mice

HepG2, SNU-387,
HCCLM3, and
PLC/PRF5/HCCLM3 nude
mouse models

References
Metz et al. (2007)

Lau et al. (2007)

Choudhari et al. (2007)

Li et al. (2006)

Schust et al. (2006)

Arnaud et al. (2005)

Yoshikawa et al. (2001)

Weidler et al. (2000)

Rajendran et al. (2012)

Tan et al. (2010)

Rajendran et al. (2011a)

Rajendran et al. (2011b)

(continued)
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Table 6.1 (continued)

Natural/synthetic
inhibitors Mechanism of inhibition
Diosgenin Induced the expression of
Src homology 2
phosphatase 2 (SH-PTP2)
that correlated with
downregulation of
constitutive STAT3

activation

Accelerated
ubiquitin-dependent
degradation in the
Tyr705-phosphorylated
STAT3

Inhibited STAT3
phosphorylation
Reacted with cysteine
residues of JAKSs to form
covalent bonds that
inactivate JAKs

Luteolin

Cucurbitacin B

17-Hydroxy-jolkinolide B
(HIB)

with either cirrhosis or HCC relative to controls
without liver disease. Although there was an
association between levels of GP73 and OSM
in serum from people with liver cirrhosis, there
was not a statistically significant correlation in
HCC, thereby suggesting that the role of the
proinflammatory cytokines in determining circu-
lating levels may be complex (Liang et al. 2012).
Furthermore, in various tumors, STAT3 can di-
rectly interact with nuclear factor NF-kB family
member RELA (p65), keeping it localized in the
nucleus and thereby contributing to constitutive
NF-kB activation in cancer (Lee et al. 2009).
Also, in a recent study, Mano and coworkers
examined STAT3 activation, cytokine expression,
and infiltration of tumor-associated macrophages
in resected HCCs as well as the alteration of
cell growth and migration by cytokine stimu-
lation in HCC cell lines. They observed that
in HCC specimens, the pSTAT3-positive group
showed high levels of a-fetoprotein, large tu-
mor size, frequent intrahepatic metastasis, high
Ki-67 and Bcl-xL, poor prognosis, and high
recurrence rate (Mano et al. 2013). Overall,
their findings clearly indicate that STAT3 activa-
tion was correlated with aggressive behavior of
HCC and may be mediated via tumor-associated
macrophage.

A. Subramaniam et al.

References
Lietal. (2010)

Cell lines/mouse models
HepG2, C3A

HepG2, HLF, and HAK-1B  Selvendiran et al. (2006)

HepG2 cells and mouse
model

HepG2

Zhang et al. (2009)

Wang et al. (2009)

6.2.3 Regulation of Apoptosis

STAT3 hyperactivation can also lead to increased
transcription of various STAT3-regulated cell
survival genes, e.g., Bcl-2, Bcl-xL, and sur-
vivin, Mcl-1, and XIAP, and thereby inhibiting
pro-apoptotic proteins such as Bax, Bad, and
Bid (Subramaniam et al. 2013; Al Zaid Sid-
diquee and Turkson 2008; Germain and Frank
2007). For example, Chen and coworkers re-
ported that sorafenib can augment the antitu-
mor effect of recombinant tumor necrosis factor-
related apoptosis-inducing ligand (TRAIL) in re-
sistant HCC. They found that STAT3 played a
significant role in mediating TRAIL sensitiza-
tion and showed that sorafenib downregulated
phospho-STAT3 (pSTAT3) and subsequently re-
duced the expression levels of STAT3-related
proteins (Mcl-1, survivin, and cyclin D1) in a
dose- and time-dependent manner in TRAIL-
treated HCC cells. Knockdown of STAT3 by
RNA interference overcame apoptotic resistance
to TRAIL in HCC cells, and ectopic expression
of STAT3 in HCC cells abolished the TRAIL-
sensitizing effect of sorafenib (Chen et al. 2010).
Moreover, Liu et al. reported that IL-6 promoted
survival of human liver cancer cells through
activating STAT3 in response to doxorubicin
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treatment. Neutralizing IL-6 with anti-IL-6 an-
tibody decreased survival of SNU-449 cells in
response to doxorubicin. Also, targeting STAT3
with STAT3 siRNA reduced the protection of IL-
6 against doxorubicin-induced apoptosis, indicat-
ing that STAT3 signaling contributed to the anti-
apoptotic effect of IL-6. They also observed that
LLL12, a STAT3 small molecule inhibitor, can
block IL-6-induced STAT3 phosphorylation, re-
sulting in the attenuation of the antiapoptotic ac-
tivity of IL-6. Overall, these results demonstrated
that targeting STAT3 signaling could interrupt
the antiapoptotic function of IL-6 in HCC cells
(Liu et al. 2010a). Furthermore, Peroukides and
colleagues studied by immunohistochemistry the
protein expression of survivin in relation to cyclin
D1, p-STAT3, beta-catenin, E-cadherin, and p-
Akt in 69 cases of HCC and adjacent liver cir-
rhosis. Survivin was expressed in 63/69 (91.3 %)
cases of HCC and in 40/47 (85.1 %) cases of liver
cirrhosis. Survivin localization in HCC was ex-
clusively nuclear, while intense cytoplasmic and
low nuclear expression of survivin was observed
in cases of cirrhosis. Survivin expression in HCC
correlated significantly with low-grade tumors
and expression of cyclin D1 and p-STAT3. Ex-
pression of survivin in liver cirrhosis correlated
with downregulation of E-cadherin expression.
Overall, they noticed a clear association of nu-
clear survivin with well-differentiated HCC, as
well as with the expression of the cell cycle regu-
lator cyclin D1 (Peroukides et al. 2010). Interest-
ingly, Chen and coworkers recently reported that
a novel obatoclax derivative, SC-2001, can in-
duce apoptosis through SHP-1-dependent STAT3
inactivation in HCC cells (Chen et al. 2012b).

6.2.4 Cell Cycle Progression

It has been documented that the expression of
cyclin D1, which can associate with cdk4 or cdk6
and controls progression from G1 to S phase, is
elevated in STAT3-C expressing cells (Bromberg
et al. 1999). Also, several studies have shown
that dysregulated expression of cell cycle-related
proteins, such as cyclin D1, cyclin-dependent
kinase 4 (Cdk4), cyclin E, cyclin A, p16, and p27,

may significantly contribute to both HCC initia-
tion and progression (Subramaniam et al. 2013;
Matsuda and Ichida 2006). Guo and coworkers
recently showed that p27~/~ mice display in-
creased proliferation and decreased apoptosis of
tumor cells, accompanied by an increase in the
serum inflammatory cytokines IL-6 and TNF-a.
Furthermore, they observed that the increased
number and STAT3 phosphorylation status of
infiltrated inflammatory cells was accompanied
by increased IL-6 and TNF-a mRNA levels in
tumor and normal liver tissue in the p27~'~ mice.
Overall, their data demonstrated that the loss of
p27 promotes carcinogen-induced HCC genesis
and progression via the elevation of inflammatory
cytokines and the augmented activation of STAT3
signaling in tumor cells and infiltrated inflamma-
tory cells (Guo et al. 2013). On the contrary, Hu
et al. found that low doses of NSC 78459 (a novel
STAT?3 inhibitor) had little effect on HCC cell
proliferation but efficiently inhibited STAT3 ac-
tivation. Huh-7, Hep3B, and HepG2 cells, with
epithelial phenotypes, displayed significantly en-
hanced doxorubicin cytotoxicity following co-
treatment with NSC 74859, whereas mesenchy-
mal SNU-449 cells did not show significant en-
hancement. NSC 74859 inhibited STAT3 activity
and suppressed doxorubicin-induced epithelial-
mesenchymal transition (EMT) in epithelial HCC
cells. siRNA-mediated STAT3 knockdown re-
sulted in EMT inhibition, which led to attenu-
ation of NSC 74859-mediated chemosensitivity.
Collectively, their data indicated that STAT3 de-
activation and associated EMT attenuation con-
tribute to the synergistic antitumor effects of
combined NSC 74859/doxorubicin therapy (Hu
et al. 2012).

6.2.5 Angiogenesis

A large number of studies have implicated the
critical role of STAT3 in the process of angio-
genesis that facilitates formation of new blood
vessels from existing ones to supply nutrients to
tumor cells (Subramaniam et al. 2013; Folkman
1990). Ji and colleagues found that angiotensin
IT (Ang II) can upregulate angiogenic factors
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production such as vascular endothelial growth
factor (VEGF), angiopoietin-2 (Ang-2), and Tie-
2 in HCC (MHCC97H) cells in a time- and
concentration-dependent manner. Moreover, Ang
II-induced JAK2 and STAT3 phosphorylation
was significantly suppressed by losartan but not
PD123319. Further, STAT3 phosphorylation and
SOCS3 expression induced by Ang II were ev-
idently impaired by AG490. More importantly,
SOCS3 siRNA remarkably reinforced Ang II-
induced VEGF, Ang-2, and Tie-2 generation in
MHCC97H cells (Ji et al. 2012). Additionally, it
has been also noticed that the cross-talk pathway
between Angll and the EGFR mediated by EGF-
like ligands cleaved by a disintegrin and metallo-
protease is involved in the proliferation and inva-
sion activities of several HCC cell lines (Itabashi
et al. 2008). Moreover, aberrant VEGF expres-
sion is considered to be an important clinical
feature in HCC and may correlate with HCC tu-
mor invasion and metastasis (Subramaniam et al.
2013; El-Assal et al. 1998). In another recent
study, Jia et al. tested the effect of a combina-
tion therapy consisting of endostatin (a powerful
angiogenesis inhibitor) and STAT3-specific small
interfering RNA, using a DNA vector delivered
by attenuated S. typhimurium, on an orthotopic
HCC model in C57BL/6 mice. Although antitu-
mor effects were observed with either single ther-
apeutic treatment, the combination therapy pro-
vided superior antitumor effects. Correlated with
this finding, the combination treatment resulted
in significant alteration of STAT3 and endostatin
levels and that of the downstream gene VEGF,
decreased cell proliferation, induced cell apopto-
sis, and inhibited angiogenesis (Jia et al. 2012).
Also, silencing of STAT3 expression by RNA
interference has been reported to significantly
inhibit expression of STAT3 mRNA and protein
and suppress the growth of human HCC in tumor-
bearing nude mice through the downregulation of
survivin, VEGF, and c-myc and upregulation of
p53 and caspase-3 expression (Li et al. 2009).
Interestingly, Lang and coworkers also found that
the dual inhibition of Raf and VEGFR2 reduces
growth and vascularization of HCC in a subcuta-
neous tumor model (Lang et al. 2008).
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6.2.6 Cellular Invasion

Several studies have shown that STAT3 is inti-
mately linked to the process of tumor invasion
in HCC (Subramaniam et al. 2013). STAT3 ac-
tivation can modulate the expression of matrix
metalloproteinases MMP-1, MMP-2, and MMP-
9 which in turn can mediate tumor migration
and invasion (Subramaniam et al. 2013; Xie
et al. 2006). Yan and colleagues recently iden-
tified the presence of mesenchymal stem cells
(MSCs) in HCC tissues. They demonstrated that
liver cancer-associated MSCs (LC-MSCs) sig-
nificantly enhanced tumor growth in vivo and
promoted tumor sphere formation in vitro. LC-
MSCs also promoted HCC metastasis in an or-
thotopic liver transplantation model. cDNA mi-
croarray analysis showed that SI00A4 expression
was significantly higher in LC-MSCs compared
with liver normal MSCs (LN-MSCs) from ad-
jacent cancer-free tissues and that SI00A4 se-
creted from LC-MSCs can promote HCC cell
proliferation and invasion. They also noticed that
S100A4 promoted the expression of miR-155,
which mediates the downregulation of suppres-
sor of cytokine signaling 1 (SOCS1), leading to
the subsequent activation of STAT3 signaling.
This promoted the expression of MMP9, which
resulted in increased tumor invasiveness (Yan
etal. 2013). Lin et al. noticed significantly greater
STAT3 and tyrosine-phosphorylated STAT3 in
human HCC tissues than in human normal liver.
Further, in HCC cells with loss of response
to TGF-beta, NSC 74859, a STAT3-specific in-
hibitor, markedly suppresses growth. In contrast,
CD133 (+4) status did not affect the response
to STAT3 inhibition: both CD133 (+) Huh-7
cells and CD133 (—) Huh-7 cells are equally
sensitive to NSC 74859 treatment and STAT3
inhibition. Thus, the TGF-beta/beta2 spectrin
(beta2SP) pathway may reflect a more functional
“stem/progenitor” state than CDI133. Overall,
their findings indicate that inhibiting interleukin
6 (IL6)/STAT3 in HCCs with inactivation of
the TGF-beta/beta2SP pathway may be an ef-
fective approach in management of HCCs (Lin
et al. 2009).
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6.3 Link Between Oxidative

Stress and STAT3 Activation

Several reports in literature also indicate a critical
link between oxidative stress and STAT3 activa-
tion in various human malignancies, including
HCC (Wang et al. 2011; Toyokuni et al. 1995).
For example, a study by Kamata and coworkers
showed that inactivation of IKK-f in HCC cells
or hepatocytes favors the accumulation of ROS
which oxidize the catalytic cysteine of various
protein tyrosine phosphatases (PTPs) (Kamata
et al. 2005), including SHP1 and SHP2 [the
phosphatases that dephosphorylate STAT3 and
JAK2] (Valentino and Pierre 2006). Oxidation of
SHP1 and SHP2 results in loss of their catalytic
activity and accumulation of phosphorylated and
activated JAK2 and STAT3, which stimulate the
proliferation and tumorigenic growth of NF-kB-
deficient HCC (He et al. 2010). Sustained oxida-
tive stress is continuously maintained in tumor
cells (Toyokuni et al. 1995). Interestingly, many
HCC risk factors, including HCV infection and
hepatosteatosis, cause oxidative stress (El-Serag
and Rudolph 2007; Parekh and Anania 2007,
Wang and Weinman 2006), and just like JNK,
STAT3 can also be activated in response to ROS
accumulation (He et al. 2010). STAT3 was re-
quired for the activation of several immediate-
early genes at the gene expression level, includ-
ing c-fos and junB. These two genes are the
most strongly affected immediate-early genes in
IL-6/livers, and their expression is likely to be
directly regulated by STAT3 because their full
transactivation requires the STAT-binding ele-
ments in their promoters (Wagner et al. 1990;
Coffer et al. 1995). In addition, a positive corre-
lation between c-jun and STAT3 was observed in
the HCC progression (Zhang et al. 1999), c-jun
being the first discovered nuclear proto-oncogene
(Maki et al. 1987). The c-Jun interaction does
not occur with STAT1. Furthermore, there are
a number of enhancer elements that contain c-
Jun and STAT?3 sites. The transcription factor c-
Jun was found to interact with activated STAT3,
and STAT3 supplemented the transcriptional ac-
tivation capacity of c-Jun in a transfection assay
(Schaefer et al. 1995). These results suggest that

STAT3/JAKs signaling cascade may also con-
tribute to malignant transformation of hepato-
cytes besides Ras/Raf/ MAPK signaling pathway
in HCC (Feng et al. 2001). Also, Machida et al.
reported that HCV infection can cause production
of ROS and lead to the reduction of mitochon-
drial transmembrane potential (Delta Psi(m)) in
HCV-infected cell cultures. Furthermore, an in-
hibitor of ROS production, antioxidant N-acetyl-
L-cysteine (NAC), or an inhibitor of nitric oxide
(NO) prevented the alterations Delta Psi(m). The
HCV-induced DSB was also abolished by a com-
bination of NO and ROS inhibitors. These find-
ings indicated that the mitochondrial damage and
DSBs in HCV-infected cells were mediated by
both NO and ROS (Machida et al. 2006).

6.4  Conclusion and Perspectives
This chapter clearly indicates that STAT3 activa-
tion plays a major role in both HCC initiation
and development, and thereby the abrogation of
STAT3 activation using novel pharmacological
inhibitors can form the basis of future HCC ther-
apy. Interestingly, a number of strategies, includ-
ing the use of antisense oligonucleotide targeting
STAT3, synthetic drugs (including AG490, YC-
1, ENMD-1198, LLL12, NSC-74859, XZH-5,
sorafenib, and celecoxib), small molecules de-
rived from natural sources (diosgenin, PB-escin,
butein, celastrol, y-tocotrienol, garcinol, hon-
okiol, emodin, ursolic acid, capsaicin, resver-
atrol, curcumin), and gene therapy techniques
have been reported to suppress STAT3 signaling
cascade in different HCC cell lines and mouse
models. An important issue related to the safety
of these blockers still remains to be addressed as
inhibition of STAT3 in normal tissues may have
detrimental effects. Hence, to further develop
STAT3 pharmacological blockers for potential
clinical application, complete toxicological and
pharmacokinetics analysis in HCC mouse models
should be carried out in future studies.
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Simple Sequence Repeats in 5’ and 3’
Flanking Sequences of Cell Cycle
Genes

Seema Trivedi

Abstract

Simple sequence repeats (SSRs) are hypermutable, and this instability
leads to many disorders. Perhaps it is because of this reason SSRs are
relatively rare in coding sequences. The present study was undertaken
to explore SSRs in 5" and 3’ flanking sequences (FS) of cell cycle genes
(checkpoint; regulation; replication, repair, and recombination (RRR);
and transition) in humans and eight mammalian orthologues. The present
study shows more SSRs in FS of regulation genes compared to other gene
groups. However, differences in repeat numbers between different groups
of cell cycle genes are not significant. Trinucleotide repeats are generally
more in 3’ FS of human cell cycle genes but not in other mammals (with
some exceptions). On the other hand, in 5" FS of cell cycle genes (except
human genes), trinucleotide repeats are more in number compared to
other repeat types in almost all mammals (with some exceptions). Repeat
numbers do not differ significantly from other mammals except human
and cow genes. Many repeats in FS of human genes are conserved,
including rare repeats like CG/GC. CG motifs are conserved only in 5’
and 3’ FS of regulation genes but GC motifs are conserved in RRR genes.
This paper presents characteristics of SSRs occurring in 5" and 3’ FS of
cell cycle genes, which may be potential mutational hotspots that could
be used for further exploration of their potential roles in gene regulation
or medical investigations.
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7.1 Introduction

Arrays of DNA motifs of 1-8 base pairs re-
peated in tandem are known as simple sequence
repeats (SSRs, or microsatellites) with density
and length variations in different species or even
chromosomes of the same species (Chambers and
MacAvoy 2000; Toth et al. 2000; Trivedi 2006,
2010). Several factors affect SSR frequency and
length in different organisms that include dif-
ferences in nucleotide content (CG richness) of
genome or repeat, repair machinery, mutational
pressures, and distance of repeats from replica-
tion origin (Jacob and Eckert 2007; Eckert and
Hile 2009; Choudhary and Trivedi 2010; Tian
et al. 2011). Despite these differences, most or-
ganisms have higher SSR density in intergenic re-
gions compared to coding sequences (Chambers
and MacAvoy 2000; Toth et al. 2000) with ex-
ceptions in Archaea (Trivedi 2006). Moreover, in
general trinucleotide and hexanucleotide repeats
are more common in coding sequences compared
to other repeat types. This may be due to risk of
mutations in other repeat types that could lead
to nonsense mutation and possible loss of gene
expression (Metzgar et al. 2000).

SSRs mutations are mainly due to polymerase
strand slippage (Levinson and Gutman 1987)
and, to some extent, due to unequal recombi-
nation (Li et al. 2002), which may result in
expansion or contraction of repeat length. SSR in-
stability can increase by mutations affecting post-
replication mismatch mutation repair (MMR)
(Strand et al. 1993), or some other mechanism as
some prokaryotes do not have MMR (Eisen and
Hanawalt 1999).

SSRs may have functional roles (Kashi and
King 2006; Lukusa and Fryns 2008; Bacolla and
Wells 2009; Eckert and Hile 2009) and may

S. Trivedi

repress transcription (Regelson et al. 2006) or
affect efficiency of the cell cycle. For exam-
ple, AT-rich repeats can affect replication initia-
tion, nucleosome assembly, and DNA supercoil-
ing (Bacolla and Wells 2009). DNA replication
time during S-phase can be affected by repeats
like (CA)n and (ACTG)n that are present in
the regions flanking later replicating genes and
(CATA)n repeats near earlier replicating genes.
S-phase checkpoint proteins can influence SSR
length mutations especially on SSRs present near
the origin of replication or present on lagging
strand (Dere et al. 2004).

Since SSRs may affect gene regulation, it
might be expected that there would be fewer
repeats in 5’ and 3’ flanking sequences (FS) of
genes specially cell cycle genes as these regions
may also have regulatory elements that may be
important for gene expression and may affect
cell cyle. Nonetheless, SSRs are present in many
genes involved in DNA repair (Chang et al. 2001;
Trivedi 2003, 2010). Repeats are also present in
genes involved in FS of cell cycle checkpoint, like
(CT)19/(CA)16 are present in GOS2 (member of
GOS genes actively involved in GO/G1 switch).
Mutations in some of these repeats are known to
cause tumor or cancer in humans. For example,
tumorigenesis is seen due to mutations in the
mononucleotide repeat A(9) present in the CtIP
gene that plays a role in DNA-damage-induced
cell cycle checkpoint control at the G2/M tran-
sition and G1/S transition (Russell and Forsdyke
1991).

Though repeats in cell cycle genes have been
reported, analysis of SSRs in 5’ and 3’ FS of all
cell cycle genes has not been undertaken. The
aim of present study is to analyze the distribution
of repeats in 5" and 3’ FS of human cell cycle
genes (checkpoint; regulation; replication, repair,
and recombination (RRR); and transition) and
compare with orthologues in eight mammals.
This may help in identification of candidate cell
cycle genes that could be vulnerable to muta-
tions in their FS and hence affect cell cycle
regulation.
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7.2 Material and Methods

7.2.1 Cell Cycle Gene Sequences
Gene Ontology (GO) annotation IDs for Homo
sapiens cell cycle genes were obtained from
AmiGO (Biological Process, all data source, ev-
idence code all, search terms: cell cycle/cell di-
vision) (The Gene Ontology Consortium 2000).
These GO IDs were used for obtaining H. sapi-
ens gene IDs from the Ensembl Genome
Browser version 55 (http://www.ensembl.org/
biomart/martview/). Human orthologue IDs of
chimpanzee (Pan troglodytes), orangutan (Pongo
pygmaeus), macaque (Macaca mulatta), horse
(Equus caballus), cow (Bos taurus), dog (Canis
familiaris), mouse (Mus musculus), and rat (Rat-
tus norvegicus) were also obtained from Ensembl
by using human cell cycle genes’ Ensembl gene
IDs. Unspliced genes with 50 nucleotides (nts)
upstream and downstream flanks from Ensembl
were obtained by using these Ensembl gene IDs.
Note: Only GO IDs for genes that have a direct
role in the cell cycle were used for further analy-
sis. Further, IDs for genes not directly associated
with cell cycle but associated with signaling path-
ways that affect cell cycle regulation were not
included.

7.2.2 Grouping/Classification
of Genes

Classification of human cell cycle-related genes
was done on the basis of reported func-
tion/expression in the cell cycle as per GO
“biological process” names (The Gene Ontol-
ogy Consortium 2000), cell cycle base (Gau-
thier et al. 2008), reactome (Joshi-Tope et al.
2003; Matthews et al. 2007, 2009; Va Vas-
trik et al. 2007), WikiPathways (Pico et al.
2008; Kelder et al. 2009), KEGG pathways
(http://www.genome.jp/kegg/pathway.html), En-
trezGene  (http://www.ncbi.nlm.nih.gov/gene/),
and UniProtKB/Swiss-Prot (http://www.uniprot.
org/uniprot/) into four groups: (1) replication,
repair, and recombination (RRR); (2) checkpoint;

(3) regulation (translation and transcription regu-
lation excluded); and (4) transition.

7.2.3 Repeat Search
and Representation

Repeat search program SPUTNIK (http://
espressosoftware.com/sputnik/index.html), which
looks for di-, tri-, tetra-, and penta-nucleotide
repeats, was used for analysis of cell cycle gene
sequences of all nine mammals. Heat map was
generated to represent repeat motif frequencies
by using web interface of “Matrix2png” (Pavlidis
and Noble 2003).

7.2.4 SSRCG Richness and Length

For calculation of SSR lengths, total numbers of
nucleotides for each SSR were counted. Further,
this length was adjusted to the repeat-divisible
value — i.e., if the length of a dinucleotide repeat
was given as 13nt by SPUTNIK, this was ad-
justed to 12nt repeat length and for trinucleotide
repeat, if length was given as 16nt, it was adjusted
to 15nt.

7.2.5 Repeat Position

3’ and 5’ FS positions in genes were identified
based on the positions obtained from Ensembl.
Repeats that were present in 3’ and 5’ FS but
also extended to either exon or intron of the gene
were named as 3’ FS_H and 5’ FS_H, respectively.
Repeat positions obtained from SPUTNIK were
then compared with positions of 5" and 3’ FS.

7.2.6 Conservation of Repeats

Ensembl version 55 was used for download-
ing human cell cycle genes and their aligned
(PECAN) orthologues in eight mammals (if
present). Each nucleotide of repeats present in
5" and 3’ FS of human genes was compared
with aligned orthologue sequences. Web interface
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of “Matrix2png” (Pavlidis and Noble 2003) was
used to generate heat map to represent repeat
motif conservation.

7.2.7 Statistical Analysis

One way ANOVA (analysis of variance) followed
by Tukey’s HSD (honestly significant difference
and Bonferroni correction) at 95 and 99 % con-
fidence levels was done with the help of SPSS
(version 16.0) to gauge significant differences
between the nine mammals as well as differences
between cell cycle genes within and between
species.

Similarly, ANOVA followed by Tukey’s HSD
(honestly significant difference and Bonferroni
correction) at 95 and 99 % confidence levels was
done to seek significance of differences between
repeat types as well as different cell cycle gene
groups in each mammal.

7.3 Results

7.3.1 Cell Cycle Genes 5’ and 3’
Flanking Sequences
and Repeats

Repeat search shows more repeats in 5’ FS com-
pared to 3’ FS in genes of all mammals except
human genes. However, there is no consistency in
distribution of repeat numbers in FS_H regions of
all nine mammals (Fig. 7.1). Moreover, there are
no significant differences between total repeats of
nine mammals except between human and cow
repeats (P < 0.05).

Distributions of SSRs types are different in
different mammals (Fig. 7.2a and b). Trinu-
cleotides are the most abundant repeat class
in human 3’ FS but are not present in chimp,
orangutan, horse, and cow genes. In 5’ FS, though
tri- and penta-nucleotide repeats are present in
all mammals, dinucleotide repeats are not present
in dog genes, and tetranucleotide repeats are not
present in human and horse genes. There are no
significant differences between repeat types in
nine mammals.

S. Trivedi

7.3.2 Cell Cycle Gene Groups
and Repeats

Only regulation genes have repeats in all regions,
ie., 3 and 5 FS and FS_H of all mammals
(Fig. 7.3). Distributions of repeats in different
gene groups also show higher repeat numbers in
FS of regulation genes in 5 and 3’ FS compared
to other gene groups. There are no significant
differences in repeat numbers in gene groups of
nine mammals except between regulation genes
of human and cow (P <0.05). Further, within
each mammal, different gene groups do not show
significant differences in repeat numbers.

Dinucleotide repeats are not present in 3’ FS
of checkpoint genes in human, chimp, orangutan,
and macaque and regulation genes of rat. Only
human and orangutan RRR genes and transition
genes of horse and mouse have dinucleotide re-
peats. 5" FS has repeats only in macaque check-
point genes and RRR genes of only orangutan.
Human, horse, and dog regulation genes do not
have dinucleotide repeats in 5’ FS. 3’ FS_H has
dinucleotide repeats only in regulation genes of
macaque, horse, and rat. 5 FS_H has repeats
only in macaque checkpoint genes, human and
chimp regulation genes, and macaque and mouse
transition genes (Fig. 7.4). Similarly, distribu-
tions of tri-, tetra-, and penta-nucleotide repeats
are different in different gene groups of the nine
mammals (Fig. 7.4). Trinucleotide repeats com-
pared to other repeat types are more in regulation
genes of all mammals (in particular non-primate).
It is interesting to note that 5' FS of checkpoint
genes do not have tetranucleotide repeats in all
mammals. Repeat types show no significant dif-
ferences in each mammal.

7.3.3 Motifs in Cell Cycle Genes

Distribution of repeat motifs varies in different
gene groups of all nine mammals (Fig. 7.5a
and b). It is interesting to note that GC repeat
motif in 3’ FS is present only in human RRR
genes. CG dinucleotide repeats are present only
in 5 FS of orangutan regulation genes. Among
trinucleotide repeats GC-rich motifs like CCG,
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Fig. 7.3 Repeats in
flanking sequences (FS) of
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CCT, CGC, GCG, GGA, and GGC are more
common in 5 FS of regulation genes in nine
mammals (with exceptions). Similarly, tetra- and
penta-nucleotide repeat motifs have different dis-
tribution in 5" and 3’ FS of different cell cycle
genes in nine mammals (Fig. 7.5a and b).

7.3.4 Conservation of Repeats

In 5’ FS, only regulation and transitions genes
show conservation of repeat motifs (CCTG and
CCT, respectively). In 3’ FS GC motif is con-
served in RRR genes of all mammals except
horse. GA (except dog), TC (except macaque),
and TG repeat motifs are conserved in regulation
genes of all mammals. Dinucleotide repeats are
not conserved in checkpoint and transition genes.
Among trinucleotide repeat motifs, ATA, CCG,
and TTC are conserved in checkpoint genes,
CGC and TCC are conserved only in regula-
tion genes, but GCG motifs are conserved in all
gene groups except checkpoint genes. Tetra- and
penta-nucleotide motifs show differences in con-
servation in different groups. Further, some mo-
tifs are not conserved in all mammals (Fig. 7.6).
In 5 FS_H only CG dinucleotide repeat is con-
served (regulation genes) in all mammals except
horse. In 3’ FS_H only trinucleotide motifs are
conserved in regulation genes where CGC is
conserved in all mammals except dog and CGG
is conserved only in mouse and rat (data not
shown).
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7.4 Discussion

During DNA replication, strand slippage of-
ten leads to SSR flux which is corrected by
replication repair and the checkpoint machinery
(Chambers and MacAvoy 2000; Lahiri et al.
2004).

The present analysis shows repeats in human
FS of cell cycle genes as well as in eight euthe-
rian orthologues. Moreover, repeat frequency is
higher in 5’ FS in genes of all mammals except
human genes (3’ FS). Though many repeats may
be neutral in nature, it is known that SSRs can
form alternative non-B DNA structures and affect
normal DNA replication or MMR system, leading
to enhanced cancer susceptibility and neurode-
generative disorders (Lukusa and Fryns 2008;
Bacolla and Wells 2009; Eckert and Hile 2009).
Longer (AAAG)(n) repeats serve as binding site
of many transcription factors in 5’-UTRs of the
estrogen-related receptor gamma gene (ERR-y)
in breast cancer patients (Galindo et al. 2011).

It is known that repeat length alterations in
CDKN2A and CCND1 result in dysplastic head
and neck lesions (Tripathi Bhar et al. 2003).
The present study finds penta-nucleotide repeat
in 3’ FS of human and macaque CDKN2A gene
besides repeats in other regions of the gene.
Among human genes in the present study that
contain repeats, some are listed in the Mendelian
Inheritance in Man morbid (MIM) database
(http://www.ncbi.nlm.nih.gov/omim/) (obtained
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flanking sequences of cell cycle genes in nine mammal. (b) Repeat motifs in

Fig. 7.5 (a) Repeat motifs in 3’ and 5’
flanking and overlapping sequences of cell cycle genes
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through Ensembl biomart version 55) (Table 7.1).
Many disorders including different types of can-
cers are associated with these genes. These facts
point to the possibility that SSRs in FS of cell
cycle genes may contribute to disorders due to
SSR mutations that may affect gene regulation.
Importance of SSRs in cell cycle 5" and 3’
FS is further confirmed by establishment of as-
sociation of mutations in SSRs present in 5" and
3/-UTRs (that may be part of FS) with different
types of cancers. Mutations in coding regions
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or methylation of promoters of MMR genes
may lead to certain cancers like hematological
malignancies though not always detected in all
patients. In such cases, MMR deficiency may
be due to mutation in the MLH1 3’-untranslated
region (3’-UTR), though the exact mechanism
is unknown (Mao et al. 2008). Poly (T)8 re-
peat deletion within the 3’-UTR of the CDK2-
API gene results in its decreased expression due
to reduced mRNA stability and is associated
with MSI human colorectal cancer (Shin et al.
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Fig. 7.6 Conserved motifs in human cell cycle genes flanking sequences. Blank cells indicate no conservation

Table 7.1 Repeat (in flanking sequences) containing human cell cycle gene names and MIM morbid description

Gene name
MCM6
TGFB1
ACVRI
BMP4
MTUSI1
MEN1
CDC73
AKTI1
CDKN2A

PTEN

EXT1
SEPT6

MIM morbid description

Lactase persistence
Camurati-Engelmann disease
Fibrodysplasia ossificans progressiva
Microphthalmia, syndromic 6
Hepatocellular carcinoma

Hyperparathyroidism 1, multiple endocrine neoplasia, Type I

Hyperparathyroidism 1 and 2, parathyroid carcinoma

Breast cancer, breast-ovarian cancer, familial, colorectal cancer

Li-Fraumeni syndrome 1, melanoma, cutaneous malignant, uveal, melanoma-astrocytoma syndrome,

melanoma-pancreatic cancer syndrome

Bannayan-Riley-Ruvalcaba syndrome, Cowden disease, endometrial cancer, glioma of brain familial,
macrocephaly/autism syndrome, prostate cancer, Proteus syndrome, squamous cell carcinoma, head
and neck, Vacterl association with hydrocephalus

Chondrosarcoma, exostoses, multiple, Type I; trichorhinophalangeal syndrome, Type I1

Amyotrophy, hereditary neuralgic

2007). Dinucleotide deletion in the 3’-UTR of

CD24 also

causes mRNA instability that may

result in multiple sclerosis (MS) and systemic
lupus erythematosus (SLE) (Wang et al. 2007).

Microsatellite instability-high (MSI-H) tumors
(in endometrial and colorectal carcinomas) show
deletions of 3’-UTR polyA in epidermal growth
factor receptor (EGFR) (Deqin et al. 2012), and
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its association is also seen in gastric cancer
(Corso et al. 2011) and colon cancers (Yuan et al.
2009).

It is possible that despite risks of disorders,
SSRs may exist in FS of cell cycle genes due to
the possible involvement of repeats in processes
like gene regulation and chromatin organization,
or act as source of genetic variability that may
be useful for rapid adaptation (Chang et al. 2001;
Li et al. 2002; Fondon and Garner 2004; Kashi
and King 2006). Repeats that can form loops
and other secondary structures or cause unfolding
of DNA can be advantageous for transcription
(Li et al. 2002). Compared with CAG and CUG
tracts, there is higher degree of stability of struc-
ture due to CGG repeats (Kiliszek et al. 2011). It
is possible that some repeats found in the present
study like CGG in CDKN2D and AKT1 are also
associated with normal binding of transcription
factors or other DNA binding proteins with or
without formation of non-B DNA structures.

Single nucleotide polymorphism in dinu-
cleotide repeat (TA)(n) in the promoter region of
IL-28B affects transcriptional activity in length-
dependent manner (Sugiyama et al. 2011). There-
fore, it is possible that repeats in FS of cell cycle
genes may also facilitate transcription during
the division cycle especially during chromatin
condensation. Z-DNA conformation is formed
due to dinucleotide repeats present in the nega-
tive regulatory element (NRE, a transcriptional
repressor) at the 5-UTR of ADAM-12 gene
(member of the multifunctional ADAM family
of proteins linked to cancer, arthritis, and cardiac
hypertrophy) and is essential for interaction with
Z-DNA-binding protein that in turn repress tran-
scription of ADAM-12 gene (Ray et al. 2011). In
the present study, more dinucleotide repeats are
present in 3’ FS compared to 5 FS in human
cell cycle gene but no motif type is particularly
more in number. But the distribution is different
in other mammals. Few genes in the present study
contain CG/GC motifs or CG-rich repeats in FS.
This could be because methylation and/or deami-
nation of polymerase slippages is high in CG-rich
motifs (Tian et al. 2011; Li and Chen 2011); thus,
GC-rich SSRs are more unstable (Zahra et al.
2007; Tian et al. 2011), and, therefore, only es-
sential CG-rich motifs may be retained in genes.

It is also possible that during GO phase when
activation of cell cycle genes (except recruitment
for DNA damage) may not be necessary, SSRs
in 5" and 3’ FS may play a role in keeping these
genes repressed until the cell cycle is reinitiated.

The present study indicates that the nine mam-
mals are similar in terms of the repeat numbers
in 5" and 3’ FS of cell cycle genes, as there are
no significant differences between them. Further-
more, many human repeats show conservation in
FS of cell cycle genes all mammals studied here.
The present study does not show presence of long
repeats in primates except dinucleotide repeat GT
(28nt) in 3’ FS of human RRR genes and penta-
nucleotide repeat GCCCC (35nt) in regulation
genes. In 5’ FS also repeats are not long in pri-
mates except dinucleotide TG (44nt) in macaque
regulation genes (data not shown). It is known
that mutation rates are higher in long SSRs com-
pared to shorter repeats. This is because the like-
lihood of substitutions that can interrupt repeat
length is more in long repeats and can curtail their
infinite growth (Kruglyak et al. 1998; Ellegren
2000; Xu et al. 2000; Dieringer and Schlotterer
2003). Further, short motifs are compared to
motifs like tetra- and penta-nucleotide repeats are
more unstable (Jacob and Eckert 2007; Eckert
and Hile 2009). Some functional roles of tetranu-
cleotide repeats are known (Li et al. 2004; Csink
and Henikoff 1998); it is also known that repeat
instability in tetranucleotide repeats may be a
cause of cancer (Li et al. 2004). Possibly this
could be the reason for conservation of very few
tetranucleotide repeats in the present study.

7.5 Conclusion

The present study shows presence of repeats in
5" and 3’ FS of cell cycle genes. SSRs in FS
of regulation genes are present in all nine mam-
mals studied but significance remains untested.
There is no significant difference in total repeats
between humans and the other eight mammals,
except cow, and many repeats are conserved. The
fact that some of these repeat-associated genes
are in the MIM morbid database indicates that
SSRs may act as “chink in the armor” for these
critical genes. In future, it would be useful for
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investigators to recognize the potential role of
instability of repeats and identify cycle-related
disorders.
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Abstract

D, L-Sulforaphane (SFN) found in cruciferous vegetables is a highly
promising anticancer and chemopreventive agent. SFN has been shown
to exhibit cytostatic and cytotoxic activities against a number of cancer
cell types in vitro and inhibit chemically induced carcinogenesis in
rodent models in vivo. SFN also prevents metastasis in mouse models of
different cancer types. Cytostatic and cytotoxic activities of SFN have been
attributed to several mechanisms including the reactive oxygen species
(ROS)-dependent cell cycle arrest and apoptosis. Recent studies discussed
in this chapter strongly suggest that 4-hydroxynonenal (HNE), the most
abundant end product of ROS-induced lipid peroxidation of w-6 fatty
acids, is a major contributor to the chemopreventive activity of SFN.
The chemopreventive activity of SFN, and perhaps its analogs found in
cruciferous plants, may be attributed to HNE-induced selective apoptosis
in cancer cells and simultaneous protection of neighboring normal cells
from carcinogenic insult through the induction of defense mechanisms
such as the activation of Nrf2 and Hsf1.
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8.1 Introduction

Cancer leads to immense human suffering as
it is one of the major causes of mortality in
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the world. Cancer is caused due to the genetic
and epigenetic alterations leading to disruption
in pathways responsible for controlling normal
cellular homeostasis. While a significant progress
has been achieved in therapy and the management
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of cancer, this disease still remains a leading
cause of death and suffering. The approaches
to prevent initiation and progression of cancer
are therefore very important in our war against
cancer. Effective chemoprevention would require
the use of GRAS (generally regarded as safe)
micronutrients that could prevent initiation, pro-
gression, and proliferation of cancer. It has been
generally believed for long time that vegetar-
ian diet may be an important source of phyto-
chemicals that may prevent carcinogenesis and
in recent years, a multitude of phytochemicals
present in vegetables, fruits, green tea, etc. have
been shown to possess significant anticancer ac-
tivity (Fahey et al. 1997; Wang et al. 2004;
Brennan et al. 2005; Fowke et al. 2003). Many
of the cruciferous vegetables such as broccoli,
cauliflower, and cabbage have been identified as a
rich source of cancer-preventing isothiocyanates
that inhibit chemically induced carcinogenesis in
animal models (Fahey et al. 1997; Wang et al.
2004; Brennan et al. 2005; Fowke et al. 2003;
Conaway et al. 2002; Chung et al. 2000). Isoth-
iocyanates occur in these plants as glucosinolates
that yield respective isothiocyanates upon hydrol-
ysis catalyzed by myrosinase. The major con-
stituent glucosinolate of broccoli is hydrolyzed
by myrosinase to yield sulforaphane (SFN) that
is perhaps the most widely studied anticancer
compound among these isothiocyanates. SFN has
been shown to decrease the incidence, initiation,
progression, and severity of chemical carcino-
genesis induced by dimethylbenz(a)anthracene
(DMBA) and azoxymethane (AOM) in a number
of animal models (Fahey et al. 1997; Wang et al.
2004; Brennan et al. 2005; Fowke et al. 2003;
Conaway et al. 2002; Chung et al. 2000). SFN has
also been shown to selectively inhibit prolifera-
tion of cancer cells by specifically targeting the
factors that provide growth advantage to cancer
cells (Huang et al. 1999; Chandel et al. 1998;
Yao et al. 2008; Shan et al. 2009). For example,
the hypoxia-inducible factor-1a (HIF-1a), that is
known to provide advantage to the growth and
motility of cancer cells, is downregulated by SFN
in Tca8113 cell line. In another study it has been
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shown that in human bladder cancer cells, SFN
induces apoptosis by inhibiting the activation of
NF-kB and cyclooxygenase-2 (Shan et al. 2009).
These and many other studies attest to the validity
of SFN as a promising GRAS (generally regarded
as safe) anticancer natural product that can inhibit
not only the initiation of chemical carcinogenesis
but also the progression of cancer.

8.2 An Overview
of the Mechanisms
of Anticancer Activities

of SFN

In general, the chemopreventive activities of
many of the anticancer agents including SFN
can be attributed to their two pronged ef-
fect on biotransformation enzymes. First, the
anticancer agents inhibit Phase I enzymes to
prevent the formation of activated ‘“ultimate
carcinogens” from xenobiotics, e.g., formation
of benzo[a]pyrene diol-epoxide (BAPD) from
benzo[a]pyrene (Caldwell 1986), and second,
these agents induce Phase II enzymes such as
glutathione S-transferases (GSTs) to accelerate
the detoxification of “ultimate electrophilic car-
cinogens.” Recent studies suggest that the overall
cancer preventive activities of SFN may be due to
its capability to induce defense mechanisms that
protects normal cells from carcinogenic insult
along with its simultaneous proapoptotic effects
specifically on cancer cells that prevent their
proliferation (Brooks et al. 2001; Zhang et al.
2004, 2006; Juge et al. 2007; Basten et al. 2002;
Biichler et al. 2002). SFN exhibits both these
activities as it has been shown to inhibit the
expression as well as the activity of various Phase
I CYP 450 enzymes (Barcelo et al. 1996, 1998;
Maheo et al. 1997; Yoxall et al. 2005; Skupinska
et al. 2009) and is also a strong inducer of
Phase II enzymes such as GSTs and NAD[P]H
quinone oxidoreductase (NQO) (Brooks et al.
2001; Zhang et al. 2004, 2006; Juge et al. 2007,
Basten et al. 2002). The induction of Phase II
enzymes by SFN has been shown to be both
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in vivo and in vitro (Basten et al. 2002; Scharf
et al. 2003; Zhang 2000; Dinkova-Kostova et al.
2002). Among these enzymes, GSTs and NQO1
may perhaps be particularly important because
collectively these enzymes can reduce the con-
centration of the “ultimate carcinogens” and also
provide protection against oxidative stress gener-
ated during the biotransformation. The suppres-
sion of Phase I enzymes and induction of Phase
IT enzymes by SFN is not selective to normal
cells and cancer cells. It appears SFN exerts
its selective toxicity to cancer cells by targeting
the growth advantage of cancer cells. In these
mechanisms, the reactive oxygen species (ROS)
generated by SFN exposure and subsequently
formed lipid peroxidation products, particularly
HNE, play a major role.

Role of ROS-Induced LPO
in the Chemopreventive
Activity of SFN

8.3

ROS are generated in cells upon exposure to SFN,
and it has been suggested that the ROS-mediated
signaling may contribute to its chemopreventive
activities (Simon et al. 2000; Pham et al. 2004,
Singh et al. 2005). For example, it has been
shown that ROS generated due to SFN treatment
leads to apoptosis in U937 cells through different
mechanisms (Choi et al. 2008) and that it could
be prevented by antioxidants. Our recent stud-
ies show that SFN-induced apoptosis in cancer
cells can be inhibited by the overexpression of
GSTA4-4 that specifically detoxifies HNE and
attenuates its intracellular accumulation (Sharma
et al. 2010). These findings strongly suggest an
obligatory role of HNE in ROS-mediated signal-
ing and the selective toxicity of SFN to cancer
cells (Choi et al. 2008; Singh et al. 2004a, b; Choi
and Singh 2005). A multitude of studies in the
last decade (reviewed in references Sharma et al.
2012 and Awasthi et al. 2008a, b) have shown that
ROS-induced signaling is at least in part mediated
via lipid peroxidation products particularly lipid
hydroperoxides and HNE (Awasthi et al. 2004;
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Yang et al. 2003; Cheng et al. 2001; Dwivedi et al.
2007). It has been shown that apoptosis induced
by hydrogen peroxide, superoxide anion, UV, and
xenobiotics such as naphthalene can be inhibited
by attenuating lipid peroxidation and formation
of HNE caused by these agents (Sharma et al.
2010; Yang et al. 2003; Cheng et al. 2001).

It has also been shown that HNE plays a major
role in ROS-induced signaling for apoptosis, cell
cycle arrest, proliferation, angiogenesis, and tyro-
sine kinase receptor-mediated signaling (Sharma
et al. 2004; Vatsyayan et al. 2011; Awasthi et al.
2003a, b, 2005; Cheng et al. 1999; Yang et al.
2001, 2002). This role of lipid peroxidation prod-
ucts in stress signaling is corroborated by many of
our studies showing that ROS-induced signaling
is amplified by lipid peroxidation products and
that it can be inhibited by interrupting LPO and
minimizing the formation of the end product
HNE (reviewed in Awasthi et al. 2008a, b and
Dwivedi et al. 2007).

In recent years, the role of HNE in the mecha-
nisms of the chemopreventive activity of SFN has
been thoroughly examined (reviewed in Sharma
et al. 2012). SFN activates Nrf2 and induces
its target genes such as GSTs, gamma-glutamyl
cysteine synthetase, and NQOI1 that contribute to
its chemopreventive properties (Jeong et al. 2006;
Thimmulappa et al. 2002). HNE can also stimu-
late these defense mechanisms against oxidative
stress via Nrf2, HSF1, the EGFR-related prolif-
erative pathways, and angiogenesis (Vatsyayan
et al. 2011) and activate pS3-mediated mecha-
nisms for preserving genome integrity (Sharma
et al. 2008a, b, 2010; Chaudhary et al. 2010).
HNE induces apoptosis in all cancer cell lines
studied so far in our laboratory (Awasthi et al.
2008a, b; Singhal et al. 2006, 2007, 2009). Like-
wise, many of the biological activities of SFN
listed in Table 8.1 are also exhibited by HNE.
The studies summarized in following sections
indicate that many of the effects of SFN can
be blocked by transfecting cells with GSTAI1-
1 or GSTA4-4 that attenuate the formation and
accumulation HNE and strongly suggest a role of
HNE in the biological activities of SFN (Fig. 8.1).
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Table 8.1 Biological effects of sulforaphane

Biological effects

1 Apoptosis

2 Induction of Bax, p21, caspase3
3 Loss of membrane potential

4 Cell cycle arrest

5 Interaction with NfkB

6 Inhibition of HDAC*

7 Activation of Nrf2

8 Activation of HSF1°

9 Activation of p53

10 Induction of HSP70

11  Repression of hTERT®

12 Induction of oxidative stress
13 Activation of MAPKY

14 Inhibition of angiogenesis

“Histone deacetylases

®Heat shock factor 1

“Human telomerase reverse transcriptase
dMitogen-activated protein (MAP) kinases

SFN
l

ROS

Lipid Peroxidation

Protective Mechanisms
for Normal Cells e.g.
Nrf2, HSF1, p53, EGFR,
VEGFR

Fig. 8.1 Proposed mechanism for the chemopreventive

activity of sulforaphane

8.4 OverlapinSFN
and 4-HNE-Induced

Signaling

Apoptosis of Cancer Cells
Toxicity to Cancer Cells
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manner, regulates the expression of many genes
in various types of cells (Dianzani 2003; Ester-
bauer et al. 1991; Awasthi et al. 2004, 2005,
2008a, b; Yang et al. 2003; Cheng et al. 2001;
Dwivedi et al. 2007; Sharma et al. 2004; Vat-
syayan et al. 2011; Cheng et al. 1999; Yang
et al. 2001, 2002). At low concentration, HNE
can limit its own toxicity by activating mech-
anisms for cell survival (Sharma et al. 2008a,
b; Chaudhary et al. 2010) and is known to in-
duce stress-responsive pro-survival factors, such
as Nrf2, heat shock factor 1 (HSF1), and its client
heat shock proteins, EGFR, VEGFR, and the
transcription repressor Daxx that can inhibit Fas-
mediated apoptosis (Sharma et al. 2004, 2008a,
b; Vatsyayan et al. 2011; Awasthi et al. 2005;
Cheng et al. 1999; Yang et al. 2001; Chaudhary
et al. 2010). Many of the biological activities
of SFN listed in Table 8.1 are shared by HNE.

It has been shown that HNE signals for cell
proliferation, cell cycle arrest, differentiation,
and apoptosis, and, in a concentration-dependent

ROS-induced generation of HNE upon SFN ex-
posure seems to contribute to its protective effects
against cancer through two mechanisms. First,
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it activates the survival mechanisms to protect
normal cells against electrophilic insult, and, sec-
ond, it promotes apoptosis in cancer cells and
inhibits their proliferation. In this model initially
generated low levels of HNE may induce sur-
vival mechanisms beneficial for the normal cells,
but sustained oxidative stress caused by SFN
and increase in HNE levels may selectively kill
cancer cells and prevent their proliferation by
targeting the factors that provide advantage to
cancer cells in their proliferation (Sharma et al.
2012). Our studies (Sharma et al. 2011) with
human erythroleukemic cells are in line with this
idea. These studies show that some of the bio-
logical activities associated with the chemopro-
tective properties of SFN are mediated through
HNE generated during SFN-induced ROS for-
mation, and that these activities of SFN could
be inhibited by the overexpression of alpha class
GST isozymes that attenuate HNE levels in cells
(Sharma et al. 2011). It has been demonstrated
that SFN-induced cytotoxicity, cell cycle arrest,
and apoptosis in HL60 and K562 cells is inhib-
ited by forced overexpression of GSTAI-1 that
attenuates LPO and suppresses the accumulation
of HNE. This would strongly suggest that at least
some of the biological activities of SFN are being
mediated via HNE. This contention finds further
support from many previous studies showing that
HNE is a common denominator in the mecha-
nisms of ROS-mediated signaling (Sharma et al.
2010; Jeong et al. 2006). HNE per se is known
to induce cell cycle arrest and cause cytotoxicity
to cells via necrosis and apoptosis (Awasthi et al.
2003a, b, 2008a, b; Zhang and Forman 2009) and
these effects are common with SFN. While the
observed inhibition of the biological activities of
SEN accompanied with the suppression of HNE
levels in GSTA1-1 overexpressing cells (Sharma
et al. 2010) implicate HNE in the mechanisms of
the chemopreventive effects of SFN, it is possi-
ble that the increased SFN-conjugating activity
in GSTA1-1-overexpressing cells may lower the
actual concentration of SFN by its accelerated
conjugation with GSH. However, no significant
alterations in the GSH levels of SFN-treated cells
transfected with either empty vector or hGSTA
were observed in these studies (Sharma et al.
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2010) suggesting that the protective effect of
GSTAI1-1 against SFN toxicity was preferen-
tially imparted through the inhibition of SFN-
induced LPO and consequent lowering of HNE
levels, rather than GST-mediated detoxification
of SFN.

The effects of SFN similar to those in HL60
and K562 cells have also been reported for colon
and prostate cancer cells (Singh et al. 2005; Choi
et al. 2008; Gamet-Payrastre et al. 1998). These
effects include the induction of cell cycle arrest
and apoptosis. It has been shown that SFN can
arrest cell cycle at different stages of its progres-
sion, a mechanism by which it can inhibit growth
of cancer cells. Arrest of cells in GO/G1, G2/M,
and S phases upon treatment with SFN have
been reported in leukemia, breast, bladder, colon,
and prostate cancer cells (Singh et al. 2004a, b;
Gamet-Payrastre et al. 2000; Fowke et al. 2003;
Xu and Thornalley 2000; Fimognari et al. 2002;
Tang and Zhang 2004; Herman-Antosiewicz et al.
2006). A number of mechanisms have been pro-
posed for the SFN-induced cell cycle arrest in
different cell types. Cyclins and cyclin-dependent
kinase complexes play an important role in the
mechanisms of cell cycle progression (Sherr
1996; Sherr and Roberts 1999). By binding to
Cdk1/2, cyclin B1 can activate Cdk1/2 (cdc2) to
facilitate its nuclear accumulation for mitotic ini-
tiation in the late G2 phase of mammalian cells.
It has been suggested that while SFN-induced
cell cycle arrest in the G2/M phase appears to be
regulated by cell cycle-related proteins cyclin B1
and Cdkl, the arrest in G1 phase is mediated by
the inhibition of cyclin D1 and DNA synthesis
(Shen et al. 2006; Singh et al. 2004a, b; Shan et al.
2006). Another suggested mechanism through
which SFN induces cell cycle arrest is via the
upregulation of CDKI, p21, and p27 (Singh et al.
2005; Choi et al. 2008; Sharma et al. 2010). SFN-
induced cell cycle arrest has also been attributed
to the disruption of normal mitotic microtubule
polymerization and histone acetylation (Jackson
et al. 2006; Myzak et al. 2004). Many of these
effects of SFN on cell cycle progression can be
attenuated by the overexpression of GSTA1-1 or
GSTA4-4 in cells (Sharma et al. 2010; Singh et al.
2004a, b). HNE may be a causative factor for
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SFN-induced apoptosis via mitochondrial apop-
totic pathways as well because in GSTAIL-1-
overexpressing cells, SFN fails to induce apopto-
sis and, unlike the wild-type cells HNE levels, do
not increase in these cells upon SFN treatment.
In GSTAL1-1-overexpressing cells, SFN-induced
translocation of Bax to mitochondria, a proapop-
totic signal, is inhibited, and antiapoptotic signal-
ing is activated as indicated by activation of Bcl-
xL (Sharma et al. 2010). Furthermore, in GSTA1-
1-overexpressing cells, SFN-induced release of
cytochrome c to the cytosol and nuclear accumu-
lation of AIF is also inhibited [29]. These studies
suggest that caspase3-independent apoptosis by
SEN is also HNE dependent further indicating a
role of HNE in the biological activities of SFN
(Sharma et al. 2010).

Contributions of SFN
and HNE Toward the Defense
of Normal Cells

8.5

Both SFN and HNE promote nuclear transloca-
tion of HSF1 and induction of the expression
of Hsp70, the mechanisms involved in defense
against stress. SFN-induced upregulation of heat
shock proteins (Sharma et al. 2010) most likely
results from the reverse nuclear-cytoplasmic traf-
ficking of the transcription factor HSF1 and its
repressor protein Daxx (Sharma et al. 2010).
HNE also induces translocation of Daxx from
nucleus to cytoplasm and that of HSF1 from
cytoplasm to nucleus (Sharma et al. 2008a, b).
Both HNE and SFN induce the nuclear transloca-
tion and activation of Nrf2 (Sharma et al. 2010).
However, it has been shown that SFN-induced
nuclear translocation of Nrf2 is more pronounced
in GSTA1-1 overexpressing HL60 and K562
cells as compared to the empty vector-transfected
cells (Sharma et al. 2010). The question then
arises that if HNE is the causative factor for
such translocation, why a lesser nuclear translo-
cation of Nrf2 and HSFI is not seen in SFN-
treated GSTA1-1 over expressing cells? This
apparent anomaly could perhaps be due to the
concentration-dependent opposite effects of HNE
on signaling for survival at low concentration
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and apoptosis at higher concentration (Sharma
et al. 2012) discussed above. It is possible that
initial low levels of HNE generated during SFN
exposure act as a sensor to induce translocation
of Nrf2 and HSF1 in both the vector and GSTA1-
1 overexpressing cells as a survival mechanism.
Whereas in GSTA1-1 overexpressing cells, low
levels of HNE that are required for the translo-
cation are maintained, in vector-transfected cells,
sustained higher accumulation of HNE leads to
apoptosis and apparently a lesser nuclear ac-
cumulation of Nrf2 and HSFI1. This postulate
however remains to be confirmed through fur-
ther studies and the constitutive levels of HNE
in cells that would promote either proliferation
or cell death need to be clearly established.
Nevertheless, so far available evidence strongly
suggests that HNE plays a crucial role in the
mechanisms of the biological activities of SFN
including its chemoprotective properties, namely,
(1) the protection of normal cells against oxida-
tive/electrophilic stress by upregulating defense
mechanisms and (2) specific killing of cancer
cells by targeting signaling of pathways that pro-
vide selective growth advantage to cancer cells.
Further studies to validate these conjectures may
help in further refining of the approaches for the
search of more effective chemoprotective agents.
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Reciprocal Relationship Between
VE-Cadherin and Matrix
Metalloproteinases Expression
in Endothelial Cells and Its
Implications to Angiogenesis
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Abstract

Angiogenesis, the process of new blood vessel formation from preexisting
ones, is critical in the development and progression of tumor. Since
metastasis is favored by increased neovascularization, understanding the
molecular mechanism governing angiogenesis gains utmost importance.
Endothelial cells respond to numerous angiogenic factors like VEGF and
switch over to angiogenic phenotype. Apart from VEGF, another key
molecule involved is matrix metalloproteinases which are the enzymes
involved in pericellular proteolysis, a process critically important in
initiating angiogenesis. But during the later stages, when cell-cell con-
tact formation occurs, MMP expression is downregulated. Regulation of
MMPs by cell—cell contact formation was found. This article focuses on a
reciprocal relationship between the expression of cell adhesion molecules
that modulates cell—cell contact formation and MMP expression.
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functional and structural integrity of organism.
Endothelial cells are the key players in angio-
genesis. All tissues develop a vascular network
that provides cells with nutrients and oxygen.
The vascular network, once formed, is a stable
system that regenerates slowly. Normal angio-
genesis is an essential process during wound
healing, fetal development, ovulation, as well
as growth and development. When angiogenesis
is deranged, pathological problems often follow.
Angiogenesis-dependent diseases result when
new blood vessels either grow excessively or
insufficiently. Insufficient angiogenesis occurs in
diseases such as coronary artery disease, stroke,
and chronic wounds. In these conditions, blood
vessel growth is less due to inadequate production
of angiogenic growth factors; hence circulation is
not properly restored, leading to the risk of tissue
death. Excessive angiogenesis occurs when ab-
normal amounts of angiogenic growth factors are
produced by the diseased cells which overwhelm
the effects of natural angiogenesis inhibitors.
Excessive angiogenesis occurs in diseases such
as cancer (Charlesworth and Harres 2006), in-
flammation (Chade et al. 2004), atheroscle-
rosis (Hermann et al. 2006; Lip and Blann
2004), diabetic blindness, age-related macular
degeneration, rheumatoid arthritis, and psoriasis
(Folkman 1997).

Angiogenesis plays a critical role in the devel-
opment of cancer. Vascularization is not observed
in solid tumors which are smaller than 1-2 mm?>.
To metastasize, they need to be supplied by
blood vessels that bring oxygen and nutrients
and remove metabolic wastes. Beyond the critical
volume of 2 mm?, oxygen and nutrients have
difficulty in diffusing to the cells in the center
of the tumor, causing a state of cellular hypoxia,
which is an important factor stimulating the
production of proangiogenic molecules (Shweiki
et al. 1992). It is the shifting of balance from the
anti- to the proangiogenic factors, which causes
the transition from the dormant to the angiogenic
phase (Hanahan and Folkman 1996). New blood
vessel development is an important process in
tumor progression, which favors its transition
from hyperplasia to neoplasia, i.e., the passage
from a state of cellular multiplication to a state
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of uncontrolled proliferation. Neovascularization
also influences the spreading of cancer cells
throughout the entire body eventually leading to
metastasis formation. The vascularization level
of a solid tumor is an indicator of its metastatic
potential.

For angiogenesis to proceed, first the diseased
or injured tissues must produce and release angio-
genic growth factors that diffuse into the nearby
tissues. The angiogenic growth factors bind to
specific receptors located on the endothelial cells
of nearby preexisting blood vessels. Once they
bind to their receptors, the endothelial cells be-
come activated. Signals sent from the cell’s sur-
face to the nucleus trigger the production of new
molecules including enzymes like MMPs, which
degrade the basement membrane surrounding ex-
isting blood vessels that helps the endothelial
cells to proliferate and migrate toward the dis-
eased tissue (Folkman 1997; Risau 1997).

Role of Proteases
in Angiogenesis

9.2

Three major groups of endoproteases partici-
pate in the processes that regulate angiogenesis,
including the remodeling of the extracellular ma-
trix, cell migration and invasion, and the liber-
ation and modification of growth factors. They
comprise the metalloproteinases, in particular the
matrix metalloproteinases, the cathepsin cysteine
proteases, and the serine proteases. The activi-
ties of these proteases are controlled by specific
activation mechanisms and specific inhibitors,
particularly tissue inhibitor of matrix metallo-
proteinases, cystatins, and inhibitors of serine
proteases called serpins (Victor et al. 2006).

Of these endopeptidases, matrix metallopro-
teinases play a major role in angiogenesis. MMPs
are a diverse family of enzymes capable of de-
grading various components of the extra cellular
matrix. They require zinc for catalytic activity
and are synthesized as inactive zymogens which
have to be proteolytically cleaved to be active.
Normally, MMPs are expressed only when and
where needed for tissue remodeling. However,
aberrant expression of various MMPs has been
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correlated with pathological conditions, such as
tumor cell invasion and metastasis, periodonti-
tis, and rheumatoid arthritis (Woessner 1991).
Matrix metalloproteinase can be classified into
two groups: as soluble MMPs and membrane-
type MMPs. The soluble MMPs consist of
collagenases (MMP 1, MMP 8§, and MMP 13),
gelatinases (MMP 2 and MMP 9), stromelysins
(MMP 3, MMP 10 and MMP 11), matrilysins
(MMP 7 and MMP 25), and MMP 12 and MMP
26 (Visse and Nagase 2003). The membrane-
type MMPs encompass 6 members, MT1-MMP
to MT6-MMP, that are activated intracellularly by
furin-like enzymes. The MT-MMP family mem-
bers were first identified as activators of soluble
MMPs and subsequently also shown to be able
to degrade extracellular matrix components such
as fibrillar collagen, laminin-1 and laminin-5,
aggrecan and fibronectin, and the plasma-derived
matrix proteins vitronectin and fibrin (Visse and
Nagase 2003; Seiki et al. 2003). The MMPs
are inhibited by their endogenous inhibitors, the
TIMPs (TIMP 1, 2, 3, 4), each capable of in-
hibiting virtually all members of the MMP family
(Henriet et al. 1999). The equilibrium between
TIMPs and MMPs is important in localized pro-
teolysis.

MMPs not only degrade basement membrane
and other ECM components allowing endothelial
cells to detach and migrate into the tissues but
also release ECM-bound proangiogenic factors
like bFGF, VEGF, and TGF B. They also trig-
ger integrin intracellular signaling by degrading
ECM components, thereby generating fragments
with integrin binding site. However, MMP 2
also generates endogenous angiogenic inhibitors
from larger precursors. Cleavage of plasminogen
by MMPs releases angiostatin; endostatin is the
COOH terminal fragment of the basement mem-
brane collagen X VIII, which can be generated by
cleavage by cathepsins and MMPs; and genera-
tion of the hemopexin domain of MMP-2 from
MMP-2 may be through autocatalysis. Thus, the
MMPs have both pro- and antiangiogenic func-
tions. On the whole, however, MMPs are required
for angiogenesis, and inhibitors of MMPs have
been shown to inhibit angiogenesis in animal
models (Naglich et al. 2001).
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Reports suggest that cultures of endothelial
cells, which are used as model cell systems
to study angiogenesis, expressed MMP 1, 2, 3,
9, and 14 and TIMP 1, 2 (Moses 1997). The
requirement of MMPs produced by endothe-
lial cells for angiogenesis is evidenced by the
studies where naturally occurring (Moses et al.
1990; Fisher et al. 1994; Schnaper et al. 1993;
Anand-Apte et al. 1997) or synthetic inhibitors
(Montesano and Orci 1985; Hass et al. 1998;
Maekawa et al. 1999) of MMPs caused inhibition
of angiogenesis or various events thereof. Ad-
ditional evidence for the requirement of MMPs
during angiogenesis comes from genetic studies
in mice. With regard to the MMP knockout mice
deficient in MMP-2, tumor-induced angiogene-
sis was markedly reduced in dorsal sac assay
with B16-BL6 melanoma cells, and in MMP-9-
deficient mice, there was reduced bone growth
plate angiogenesis (Itoh et al. 1998; Vu et al.
1998).

Recent reports suggest a temporal relation-
ship between MMP production and angiogenic
process in HUVEC in culture. When endothe-
lial cells establish cell-cell contact formation
resembling angiogenic process, downregulation
in the production of MMP-2 and MMP-9 oc-
curs, which suggests that MMPs are produced
during initial stages of angiogenesis before cell-
cell contacts are established (Kiran et al. 2006).
Agents that promote angiogenesis such as cur-
cumin (in serum free conditions) induces capil-
lary network-like structure formation and cell-
cell contact formation at a faster rate (within
48 h for curcumin) compared to control cells.
We observed an inverse relation between cell—cell
contact formation and MMP expression. There
are increasing number of reports demonstrating
that, apart from requirement of MMPs in pro-
teolysis of extracellular matrix, endothelial cell
requires MMPs for cell movement, proliferation,
migration, and attachment to one another as well
as to the ECM (Gingras et al. 2001; Qian et al.
1997; Yu and Stamenkovic 1999). Further, MMPs
have been reported to alter with change in en-
dothelial cell shape where maximum activity was
reported when the cells were spherical in shape
(Yan et al. 2000).
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9.3 Cell Adhesion Molecules

and Angiogenesis

Apart from MMPs, cell adhesion molecules
are also important regulators of angiogenesis.
They give endothelium the ability to control the
passage of solute and circulating cells by forming
intercellular junction between endothelial cells
(Simionescu and Simionescu 1991). They also
provide endothelial surface polarity and regulate
initiation and maturation of newly formed ves-
sels during angiogenesis (Muller and Gimbrone
1986). During the initiation phase of angiogen-
esis, the continuity of endothelial layers is in-
terrupted due to loosening of cell—cell contacts
enabling the endothelial cells to proliferate and
migrate to free area (Schwartz et al. 1978; Sholley
et al. 1977). But during the maturation phase,
the endothelial cells establish the intercellular
contacts in order to maintain the morphological
integrity and quiescence of newly formed vessel
(Yang et al. 1999; Lampugnani et al. 1992).
Hence, the molecular mechanism that governs the
formation and stabilization of cell—cell contacts
and pericellular proteolysis must be suitably co-
ordinated and regulated.

Cell adhesion molecules can be classified into
four families depending on their biochemical
and structural characteristics. These include the
cadherins, selectins, immunoglobulin supergene
family, and the integrins. Members of each family
are implicated in neovascularization. Endothe-
lial cells express several distinct types of inte-
grins, allowing attachment to a wide variety of
ECM proteins (Eliceiri and Cheresh 1999). It
is reported that avp3 binds to MMP 2, thereby
localizing MMP-2-mediated matrix degradation
to the endothelial cell surface (Brooks et al.
1996). It is nearly undetectable on quiescent
endothelium but is highly upregulated during
cytokine or tumor-induced angiogenesis. Besides
integrins, members of immunoglobulin super-
family also mediate heterophilic cell-cell adhe-
sion. ICAM-1 and VCAM-1 are expressed on
quiescent endothelium but are upregulated after
stimulation with TNF-o, IL-1, or interferon-o
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(Brooks et al. 1996). VCAM-1 can induce
chemotaxis in endothelial cells in vitro and an-
giogenesis in vivo. Members of the selectin
family, in particular P-selectin and E-selectin,
promote adhesion of leukocytes to cytokine-
activated vascular endothelium, which plays a
major role in angiogenesis (Koch et al. 1995). E-
selectin induces endothelial migration and tube
formation in vitro and angiogenesis in vivo
(Nguyen et al. 1993).

Recent reports indicate that the components of
the intercellular adherence junctions also func-
tion in intracellular signaling during angiogenesis
(Bazzoni and Dejana 2004). Cadherin is the
major endothelial specific cell adhesion molecule
that plays important role in vascular morpho-
genesis and growth control (Lampugnani and
Dejana 1997). They establish direct molecular
connections with cytoplasmic partners that bind
to different and specific domains of their cyto-
plasmic region. Classical cytoplasmic partners
of cadherins are the catenins, namely, o, B, and
p120 catenin (Anastasiadis and Reynolds 2000),
which, besides promoting anchorage to actin
cytoskeleton, when released into the cytoplasm,
may translocate to the nucleus and influence
gene transcription (Ben-Ze’ev and Geiger 1998).
Moreover, cadherins associate to growth fac-
tor receptors (Carmeliet et al. 1999; Pece and
Gutkind 2000) and some components of their
signaling cascade such as Shc (Xu et al. 1997)
phosphatidylinositol 3-kinase (Carmeliet et al.
1999; Pece et al. 1999) and various protein
phosphatases (Zondag et al. 2000). These types
of interactions may play a role in controlling
growth factor signaling. VE-cadherin is exclu-
sively expressed in the endothelium and regulates
fundamental activities of this tissue (Dejana et al.
1999). Inactivation of VE-cadherin expression
by gene targeting results in early embryonic
lethality due to impairment of vascular organi-
zation and remodeling (Carmeliet et al. 1999).
Antibodies blocking VE-cadherin adhesion and
clustering strongly affect formation of new vas-
cular structures in adult animals (Liao et al. 2000)
and increase permeability of constitutive vessels
(Corada et al. 1999).
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We examined the molecular mechanisms in-
volved in cell—cell contact-dependent regulation
of MMPs in endothelial cells undergoing an-
giogenic process using HUVECs in culture and
the results showed a reciprocal change in the
expression of MMPs (MMP 2 and MMP 9)
and VE-cadherin as the cells undergo angio-
genic transition. A significant decrease in the
production and secretion of MMP 2 and MMP 9
was seen with the progression of culture, when
grouping of cells and tubular network-like struc-
ture developed. Development of extensive tubular
network-like structure involves cell-cell contact
formation, which correlated with the expression
of endothelial cell markers like CD 31, ICAM
1, and E-selectin, which mediates cell adhesion,
and VEGF and FGF, which are the biochemical
markers of angiogenesis. Thus, a reciprocal rela-
tionship between the expression of markers of an-
giogenesis, cell adhesion molecules, and MMPs
was evident. Further proof for the relationship
between MMP 2, MMP 9, and angiogenesis came
from the results of the experiments where en-
dothelial cells were treated with curcumin and
ursolic acid. Angiogenic effect of ursolic acid
was shown by upregulation of the expression of
angiogenic markers ICAM-1 and angiogenic fac-
tors like VEGF and fibroblast growth factor-2 by
endothelial cells (Kiran et al. 2008a). Opposing
effects of curcumin on angiogenesis was shown
using different model systems and the proangio-
genic effect was mediated through VEGF and
PI3K-Akt pathway (Kiran et al. 2008b). Treat-
ment of endothelial cells with substances which
promote angiogenesis caused downregulation of
MMP 2 and MMP 9. But such downregulation
was not produced by aspirin which inhibited
angiogenesis and reduced the production of cell
adhesion molecules that promote cell—cell con-
tact formation (Kiran et al. 2006).

During the initial stages when cells re-
mained mostly as individual ones, there was
more MMP-2 and MMP-9 and less VE-cadherin,
and at later stages, when grouping of cells
and network-like structures developed, increase
in VE-cadherin and decrease in MMP-2 and
MMP-9 production were observed. In serum-free
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conditions, curcumin accelerated angiogenic phe-
notype, which caused a significant upregulation
of VE-cadherin and downregulation of MMPs.
Further investigations on the signaling pathway
downstream to VE-cadherin suggested the in-
volvement of f catenin. During the initial stages
of the culture, B-catenin was less in the cytosol,
but there was a rapid translocation of p-catenin
to the cytosol during the later stages, when cell—
cell contacts were established. The activity of 8-
catenin is regulated by its phosphorylation status.
We observed an increased tyrosine phosphoryla-
tion, when catenin remained in the nucleus during
the initial stages, and relative increase in serine
phosphorylation during the later stages of the cul-
ture, when cell—cell contact formation occurred
and B-catenin was translocated to the cytosol.
A correlation between nuclear localization of -
catenin and MMPs was observed, i.e., when f-
catenin remained in the nucleus, there was an up-
regulation in the production of MMPs, and when
B-catenin was translocated to cytosol, MMP ex-
pression was downregulated. Agents which cause
inhibition of angiogenesis (curcumin in presence
of FCS) affect the downregulation of MMPs as
well as the phosphorylation of beta catenin. Such
downregulation of MMP was not seen in cells
treated with lithium chloride and SB 216763,
which caused increased nuclear localization of
B-catenin. The downregulation of MMP 2 and
MMP 9 caused by curcumin was also reversed
by lithium (Kiran et al. 2011). Lithium and SB
216763 inhibits GSK 3, which is involved in the
serine phosphorylation of B-catenin. Since serine
phosphorylation was inhibited, catenin remained
in the nucleus which correlated with the upregu-
lation of MMPs and decreased cell—cell contact
formation. MMP genes are under the influence
of the transcriptional activity of B-catenin as f-
catenin responsive elements are reported to be
present in the MMP genes (Munshi and Stack
2006; Overall and Lopez-Otin 2002). We ob-
served the downregulation of MMPs when the
level of VE-cadherin increased and p-catenin re-
mained in the nucleus. This suggests the possibil-
ity that VE-cadherin modulates MMP expression
through B-catenin-dependent mechanism.
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Fig. 9.1 Scheme  showing  VE-cadherin—B-catenin
signaling in the regulation of MMPs. The transcriptional
activity of B-catenin is regulated by its phosphorylation
status. Serine phosphorylation increases its affinity to
VE-cadherin and prevents its nuclear translocation.
In the absence of VE-cadherin Ser-phosphorylated B-
catenin is cleared from the cytosol by ubiquitinyla-
tion. Tyrosine phosphorylation reduces its affinity to
VE-cadherin, and it binds with Tcf/Lef protein and
translocates into the nucleus and regulates gene
expression. Higher levels of VE-cadherin inhibit the

9.4 Conclusion

Our results suggested a reciprocal relationship
between VE-cadherin and MMP production. The

production and secretion of MMP-2 and MMP-9
was high in the initial stages of HUVECs in

translocation of Tyr-phosphorylated B-catenin. The role
of PI3K-AKT and MAPK pathways (as was observed to
be involved in mediating the angiogenesis) in regulating
the activities of GSK-3 and Pyk2 is unknown. We
observed higher levels Tyr-phosphorylated [-catenin
during the initial 48 h when the level of VE-cadherin
was significantly low and concomitantly MMP levels
were high. During the later stages, high levels of Ser-
phosphorylated B-catenin was observed when the levels
of VE-cadherin increased and a significantly low level
of MMPs

culture, when they remained as individual cells,
which was associated with the decreased expres-
sion of VE-cadherin and increased nuclear local-
ization of B-catenin. But during the later stages,
when cell—cell contact formation was established,
there was a downregulation in the production
of MMPs, which was associated with increased
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expression of VE-cadherin and decreased nuclear
localization of B-catenin. These results suggest
that VE-cadherin may mediate the expression of
MMP production through a f-catenin-dependent
mechanism (Fig. 9.1).
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Abstract

Sex difference in the incidence of thyroid cancer with predominance of
the disease in women is well known, whereas the underlying mechanism
remains obscure. Research performed during the last four decades points
out that sex steroids may underlie this bias in thyroid cancer incidence.
This review attempts to compile the available information in the area. The
authors have taken care to include all relevant publications. If any of the
important reports is not included, it is inadvertent and not intentional. A
series of reports from our laboratory have established that testosterone
stimulates the proliferation and growth of normal thyroid gland in rats
of either sex, whereas estradiol has a specific stimulatory effect in
females and an inhibitory effect in males. Early experimental studies
in rats revealed that sex steroids may promote thyroid tumorigenesis;
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we have shown that testosterone may specifically promote malignancy.
We have also shown the stimulatory effect of testosterone and estradiol
in human thyroid cancer cell lines NPA-87-1 and WRO-82-1. In a recent
paper we reported a positive correlation between AR ligand-binding
activity and its protein expression level; AR mRNA expression had a
positive correlation with its transcription factors Spl and a negative
correlation with p53, its repressor in papillary thyroid carcinoma (PTC)
or follicular adenoma (FTA) tissues of women. There was inconsistency
between expression levels of AR mRNA and its protein, which was
influenced by the expression level of the microRNA (miR)-124a. From our
in vitro experiments using a human PTC cell line (NPA-87-1) transfected
with either miR-124a or anti-miR-124a in the light of our findings from
human thyroid tumor tissues, we have shown for the first time that miR-
124a is a potent inhibitor of AR expression, and its expression pattern may

determine the mitogenic effect of testosterone on thyroid cancer.

Keywords

Thyroid cancer ¢ Estradiol ¢ Tumorigenesis ¢ Papillary thyroid
carcinoma ¢ Mitogenic effect ¢ Testosterone

10.1 Introduction

Thyroid cancer has emerged as the most com-
mon endocrine malignancy. Broadly, thyroid tu-
mors are classified into tumors of follicular
and C cells origin. Benign follicular adenoma,
well-differentiated papillary thyroid carcinoma
(PTC), follicular thyroid carcinoma (FTC), and
poorly differentiated anaplastic thyroid carci-
noma (ATC) are tumors of follicular cells;
medullary thyroid carcinoma (MTC) is the tumor
of C cells (Hedinger et al. 1989). PTC is the
major thyroid neoplasia, constituting more than
80 % of all thyroid cancers, followed by FTC,
which constitutes 2—5 % thyroid cancers. Though
carcinoma of the thyroid constitutes less than 2 %
of total cancer cases (Landis et al. 1998; Colonna
etal. 2010; Ward et al. 2010), it accounts for 90 %
of all endocrine tumors and 63 % of all deaths
due to endocrine malignancy (Franker 1995). The
incidence of thyroid cancer has increased signif-
icantly in the past several decades (Chen et al.
2009). It is estimated that thyroid cancer accounts
for approximately 140,000 of the 11 million
annual global cancer cases (Nandakumar et al.
2005) and about 37,400 of the 1.5 million cases

of cancers that are diagnosed annually in the
USA (ACS 2012). It is the 6th most commonly
diagnosed cancer among American women and
the most common cancer of the endocrine system
(ACS 2012).

The disease is relatively more prevalent in
younger age group than adults, with almost two-
thirds of the diagnosed cases being persons aged
20-55 years and the mortality rate increasing
gradually by 40-45years of age (Dean and Hay
2000). Thyroid cancer had the fastest reported
increase in the age-adjusted annual incidence
rate, compared to other cancers recorded in the
USA between 1980 and 2005 (Chen et al. 2009).
In the last decade, the incidence of thyroid cancer
in the USA had increased by 82 %, whereas the
USA population grew at a rate of 12 % (ACS
2012). The pattern of thyroid cancer in India is
different from that seen in Western countries. The
Indian National Cancer Registry (INCR) reported
3,617 female and 2,007 male thyroid cancer cases
between 1984 and 1993 (Rao 1999). The nation-
wide relative frequency of thyroid cancer among
all the cancer cases was 0.1-0.2 % (Unnikrishnan
and Menon 2011). In Mumbai, western India,
the thyroid cancer incidence was found to be
at the lowest level in both sexes but was about
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three times more frequent among women than
in men (Rao 1999). The age-adjusted incidence
rate of thyroid cancer per 100,000 is about 1 for
males and 1.8 for females as per the Mumbai
Cancer Registry, which covered a population of
9.81 million subjects (Unnikrishnan and Menon
2011). One report from Chennai, South India,
showed that thyroid carcinoma constitutes about
1-2 % of all cancers (Dorairajan et al. 2002). Our
study conducted during the period 2005-2007
recorded 125 cases of thyroid cancer, among
381 patients who were admitted for surgical
treatment of different thyroid disorders at the
Department of Endocrine Surgery, Rajiv Gandhi
Government General Hospital, Madras Medical
College, Chennai (one of the major referral center
for endocrine surgeries in South India), with the
female:male ratio of 5.2:1 (unpublished data). In
Goa, the incidence of PTC was reported to be
higher than other thyroid cancers with a low ratio
of PTC to FTC in iodine-deficient areas, where
iodized salts are not in use (Arora and Dias 2006).

10.2 Etiology of Thyroid Cancer

The thyroid gland is one of the most radiosensi-
tive organs in the human body (Ron et al. 1998;
Schonfeld et al. 2011). Exposure to radiation is
by far the most well-established risk factor for
thyroid cancer (Reiners 2009; Lukas et al. 2012;
Mazonakis et al. 2012; Tronko et al. 2012; Veiga
et al. 2012). The increased incidence of thyroid
cancer from 1935 to 1975 observed in the USA
was attributed to therapeutic radiation adminis-
tered to the head and neck area of children for the
treatment of benign abnormalities (Pottern et al.
1980). The Chernobyl nuclear reactor accident
resulted in a marked increase (nearly 2,400 %)
in the incidence of thyroid cancer in Belarus, af-
fecting predominantly females (Demidchik et al.
2007; Tronko et al. 2012). Even in the adjoin-
ing Ukraine, there was marked increase in the
incidence of thyroid cancer among men and
women (Tronko et al. 2012; Demidchik et al.
2007). This dramatically increased the number
of thyroid cancer in children living in Belarus,
Ukraine, and Russia was related to the radioactive
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iodine contamination (Pacini et al. 1997; Stiller
2005; Demidchik et al. 2007; Kesminiene et al.
2012; Tronko et al. 2012). Memon et al. (2004)
suggested that family history of benign thyroid
diseases may be associated with an increased risk
of thyroid cancer, particularly among first-degree
female relatives. Epidemiological data have re-
vealed a four- to ten fold increase in the incidence
of PTC among the first-generation relatives of
PTC patients (Pal et al. 2001), suggesting the pos-
sibility of familial predisposition to PTC. Several
oncogenes and a series of genetic alterations are
associated with thyroid cancer. Multiple lines of
evidence suggest that RET/PTC rearrangements
may be an early event in thyroid cancer devel-
opment (Mishra et al. 2009). Involvement of the
rat sarcoma (RAS) gene has been reported as an
early and important event in thyroid tumorigene-
sis (Volante et al. 2009). Activation of MYC onco-
gene has been detected in human thyroid cancers.
Living in volcanic areas (Duntas and Doumas
2009), iodine intake (Franceschi 1998), obesity
(Schonfeld et al. 2011), and importantly the fe-
male sex (Rahbari et al. 2010) have also been as-
sociated with higher incidence of thyroid cancer.

10.3 Thyroid Cancer and Gender

Thyroid cancer is one of the cancers in which
the incidence rate in women far exceeds that of
men (Reynolds et al. 2005). Data from cancer
registries of different countries show that more
women than men are diagnosed with thyroid
cancer (3-5.5:1) (Mack et al. 1999; Negri et al.
1999; Cook et al. 2009; Howlader et al. 2011),
a patented phenomenon observed across geo-
graphic locations and ethnicity. Our earlier report
also confirmed the gender disparity in thyroid
cancer incidence as indicated by a sex ratio of
3:1 for PTC, 5:1 for FTC, and 5.4:1 for FTA
between women and men (Stanley et al. 2012).
The incidence of thyroid cancer in women in-
creases with age (Reynolds et al. 2005), reaches
the peak during pubertal age, and decreases after
menopause (Preston-Martin et al. 1987; Fara-
hati et al. 1998). Though females have the high
incidence of thyroid tumors, men have a high
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rate of malignancy, usually with poor prognosis
(LiVolsi 1996; Holzer et al. 2000; Wartofsky
2010). In 2012, among 56,000 adults diagnosed
with thyroid cancer in the United States, 43,000
were women (ACS 2012). The difference in the
incidence of thyroid cancer between men and
women suggests a possible role of sex steroids in
the incidence of thyroid cancer (Howlader et al.
2011). However, the exact relationship between
thyroid cancer incidence and women’s reproduc-
tive life remains unclear due to the great vari-
ability observed among different ethnic groups
(Mack et al. 1999; Negri et al. 1999).

10.4 Specific Effects of Sex
Steroids on Normal
and Cancer Thyroid

A sex-specific difference in the ligand-binding
activity (LBA) of AR in human thyroid with
higher activity in males than in females was
reported (Marugo et al. 1991). A series of re-
ports from our laboratory on postnatal devel-
opment/growth of thyroid gland in rats ascer-
tained the sex-specific effects of testosterone and
estradiol on thyrocytes proliferation. Banu et al.
(2002) demonstrated that the peak in thyrocytes
proliferation in normal male and female rats
during the second postnatal week is associated
with elevated levels of testosterone and estra-
diol and their receptors in the thyroid. Another
in vitro study on thyrocytes of immature and
adult rats revealed a direct mitogenic effect of
sex steroids; while testosterone promoted the
proliferation of thyrocytes isolated from either
sex, estradiol specifically promoted the same
in females, whereas it inhibited in males. The
above study entrenched the role of sex steroids
on thyrocytes proliferation by demonstrating the
inhibitory effect of the antiestrogen tamoxifen
and the antiandrogen flutamide on estradiol and
testosterone-induced thyrocytes proliferation, re-
spectively (Banu et al. 2002). Recently, we re-
ported that the mitogenic effects of testosterone
and estradiol on rat thyrocytes are associated
with increased expression of IGF-1 (Stanley et al.
2010). Earlier, we reported the differential effect
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of testosterone and estradiol on the prolifera-
tion of human thyroid cancer cell lines; while
testosterone promoted the proliferation of PTC
(NPA-87-1) and FTC (WRO-82-1) cell lines,
estradiol promoted the proliferation of NPA-87-1
alone, whereas it inhibited that of WRO-82-1 cell
line (Banu et al. 2001b). The differential effects
of estradiol and testosterone on the proliferation
of thyroid cancer cell lines underscored the im-
portance of these sex steroids in the sex-specific
difference in thyroid cancer incidence. Thiruven-
gadam et al. (2003) from our laboratory provided
evidence for the specific effects of estradiol and
testosterone in the promotion of nonmalignant
and malignant thyroid tumorigenesis in rat. The
above study demonstrated that estradiol promotes
the DHPN-induced development of thyroid ade-
noma in either sex, whereas excess testosterone
favored the development of malignant thyroid tu-
mors alone. The effects of testosterone in promot-
ing the malignant thyroid tumors were obvious
in gonad intact males and ovariectomized rats,
suggesting a modulatory effect of endogenous
estradiol on the effects of testosterone (Aruldhas
et al. 1995; Thiruvengadam et al. 2003). In vitro
studies from our laboratory also revealed the
stimulatory effects of testosterone and estradiol
on (*H)-thymidine uptake by normal (Banu et al.
2001a, b; Stanley et al. 2010) and cancerous rat
thyrocytes (Aruldhas et al. 1995) and human PTC
and FTC cell lines (Banu et al. 2001a, b; Stanley
et al. 2012), suggesting the direct action of sex
steroids on the thyroid. Rossi et al. (1996) re-
ported that Sa-dihydrotestosterone inhibited the
proliferation of primary culture of goitrous thy-
rocytes and the PTC cell line TPC, which was
associated with a reduction in the expression of
c-myc gene, whereas thyroperoxidase and thy-
roglobulin genes remained unaltered. The exact
reason for the inconsistency between our study
and that of Rossi et al. is not clear. Probably,
the difference in the cell lines used and the type
of the androgen and doses employed in the two
studies are the reasons for the inconsistency.
Bahrami et al. (2009) reported that testosterone
decreased thyroid enlargement and prevented the
fall in serum free T4 levels in castrated iodine-
deficient rats. Testosterone decreased thyroxine
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binding globulin (TBG) and total iodothyronines
(T4 and T3), indicating the direct effect of testos-
terone on the thyroid gland (Tahboub and Arafah
2009).

10.5 Sex Steroid Receptors
and Thyroid Cancer

Androgen receptor (AR), estrogen receptor (ER),
progesterone receptor (PR), glucocorticoid re-
ceptor, mineralocorticoid receptor, and thyroid
hormone receptor (TR) are members of the nu-
clear receptor super family, a diverse group of
transcription factors activated by the binding of
a hormone ligand (Flamant et al. 2006). In gen-
eral, these intracellular receptors undergo a con-
formational change upon ligand binding, which
allows for separation of the receptor from its
cytoplasmic chaperone proteins (exception, ERs
and TRs). There is subsequent dimerization and
binding of the receptor to a specific steroid re-
sponse element located on the promoter region of
target genes, recruiting and interacting with co-
activators, co-repressors, or other cis-acting tran-
scription factors to regulate gene expression and
activate various intracellular pathways (Thakur
and Paramanik 2009).

There are two distinct ER subtypes, ERa and
ERS, which are coded by separate genes. ERa
is expressed most abundantly in the female re-
productive tract, in particular the uterus, vagina,
and ovaries, while ERB has its highest expres-
sion in the prostate, ovaries, and lungs (Saun-
ders and Critchley 2002). Endogenous ligands
for AR are testosterone and its potent metabolite
5-a-dihydrotestosterone (DHT), as well as the
adrenal pre-hormones dehydroepiandrosterone
(DHEA) and DHEA sulfate (DHEAS); the male
reproductive organs exhibit the highest level of
AR expression (Cooke et al. 1991).

Thyroid tissue is responsive to sex steroids
as AR and ERs are expressed in normal and
cancer thyroid tissues (Marugo et al. 1991; Banu
et al. 2001a, b, 2002; Banu and Aruldhas 2002;
Thiruvengadam et al. 2003; Stanley et al. 2010,
2012). Though radiation exposure, low iodine
diet, family history and previous history of thy-
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roid goiter and sex chromosomes have been
attributed for thyroid cancer incidence, AR and
ER genes have emerged as the most significant
candidates responsible for the sex-specific differ-
ences in thyroid cancer incidence (Rossi et al.
1996; Banu et al. 2001a, b; Thiruvengadam et al.
2003). Both testosterone and estradiol regulate
the proliferation of thyrocytes by upregulating
their respective receptors (Banu et al. 2001a, b;
Stanley et al. 2010). The presence of AR, ERa,
and ERB, and their regulation by respective lig-
ands, suggests that these nuclear receptors might
play an important role in the pathogenesis of thy-
roid tumors. We have shown that the stimulatory
effect of testosterone on proliferation of human
PTC (NPA-87-1) and FTC (WRO-82-1) cell lines
is associated with homologous upregulation of
AR, independent of thyroid-stimulating hormone
(Banu et al. 2001a, b). The above study also re-
ported homologous regulation of ER by estradiol
in those cell lines. Recently, our laboratory in-
vestigated (Annapoorna et al. 2011; Annapoorna
2012) the expression pattern of ERa and ERB
in 68 human PTC tissue samples (17 males, 51
females); the results from these studies revealed
a varied expression pattern of ER subtypes with
overexpression of ERa in 51 % of the female
and the remaining subjects showing either nor-
mal (33 %) or decreased (16 %) expression;
among the males 59 % showed overexpression,
24 % had decreased expression, and the remain-
ing recorded normal expression level of ERa.
The same study revealed an interesting picture
of a general trend of decreased expression of
ERB in most of the females (73 %) and in-
creased expression in most of the PTC samples
from males (88 %), suggesting a clear sex dif-
ference in the expression pattern. Using NPA-
87-1 cell lines, Annapoorna (2012) has demon-
strated that estradiol prefers ERa over ERS for
its mitogenic activity, and the estradiol-induced
cell proliferation is associated with activation
of the MAP kinase pathway. Recently, we re-
ported sex difference in AR status in human
thyroid cancer tissues, i.e. increased expression
level of AR mRNA in majority of PTC men
and decreased expression in many of the women
(Stanley et al. 2012). Magri et al. (2012) reported
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that increased expression of AR, ERa and ERf
negativity may be associated with aggressive
thyroid cancer phenotypes and may represent
an additional criterion in deciding whether to
perform radioiodine ablation in these tumors. In a
recent review Yao et al. (2011) had given an elab-
orative account of these aspects, and interested
readers may refer to the article for additional
information.

10.6 Androgen Receptor
in Thyroid Cancer

AR is expressed in many tissues, including nor-
mal and malignant thyroid tumors with the high-
est level observed in male reproductive organs
(Magri et al. 2012; Stanley et al. 2012). AR
gene is located on the X chromosome (qll-
12) and the receptor protein is well known as
a ligand-inducible transcription factor that regu-
lates target gene expression (Heinlein and Chang
2002; Lee et al. 2003; Brinkmann 2011). As
a member of the nuclear receptor superfamily,
the AR gene consists of eight exons that en-
code four structurally and functionally distinct
domains: the NH,-terminal transactivation do-
main, the DNA-binding domain, a hinge region,
and the COOH-terminal ligand-binding domain
(Matsumoto et al. 2013). Upon ligand binding,
the receptor undergoes transformation, homod-
imerization, and nuclear translocation and binds
to specific AR-responsive elements located in the
promoter region of its target genes; this is fol-
lowed by recruitment of specific coregulators and
basal transcriptional machinery including RNA
polymerase II, leading to the transcription of tar-
get genes (Heinlein and Chang 2002; Brinkmann
2011).

The presence of AR in normal and cancer thy-
roid tissues of rodent, primate, and humans favors
its role in the pathogenesis of thyroid cancer. A
series of reports ascertained the presence of AR
in human thyroid tissues (Table 10.1). The rate
of thyroid malignancy is high in men with poor
prognosis, compared to women. Marugo et al.
(1991) showed the presence of higher nuclear
AR concentration in the male rather than in the
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female thyroid cancer tissues. We have reported a
varied pattern of AR expression in human thyroid
tumor tissue, which could be categorized into
subjects with increased, decreased, and unaltered
expression (Stanley et al. 2012). These findings
suggest that one cannot generalize about the ex-
pression pattern of AR in thyroid cancer, and it
needs an individualized or categorized approach
based on the tumor type, grade, and sex. Recently,
based on their immunohistochemical observa-
tions of AR in 122 of thyroid cancer tissues,
Magri et al. (2012) reported that AR(+) tumors
are more aggressive than the AR(—) tumors due
to a significantly higher prevalence of capsular
invasion. The capsular invasion is a major factor
increasing the risk of nodal metastasis in PTC
(Pisanu et al. 2009).

All these studies pointed out that androgens
have a regulatory role on thyroid tumorigenesis
and sex disparity in the incidence and aggres-
siveness of thyroid cancer. However, the exact
mechanism underlying the effect of AR on thy-
roid cancer and the factors responsible for its
varied expression among subjects afflicted with
the disease remain obscure. With this background
in mind, we investigated 125 thyroid tumor tis-
sue samples excised during surgery for PTC
(n=068; 17 males and 51 females), FTC (n=6;
1 male and 5 females), and FTA (n=>51; 8
males and 43 females) at the Department of En-
docrine Surgery, Madras Medical College, Chen-
nai, India; the parameters studied include testos-
terone concentration, AR ligand-binding activity,
AR expression using real-time PCR and west-
ern blot techniques, and expression pattern of a
few specific regulators of AR mRNA expression
(Stanley et al. 2012). The following were the
salient features of our report: (1) Peripheral and
thyroid tissue concentration increased in women
with thyroid tumors, whereas the same decreased
in male subjects with the disease. (2) AR ligand-
binding activity increased in a majority of male
subjects (41 % PTC, 100 % FTC, 88 % FTA) and
in carcinoma tissues of females (51 % PTC and
80 % FTC), whereas in 75 % of FTA tissues from
females, it decreased. Interestingly, it remained
unaltered in 35 % and decreased in 24 % of
PTC tissues from males and decreased in 35 %
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Table 10.1 List of reports on androgen receptor expression in human thyroid tissues

1

Author
Prinz et al. (1984)

Tissue type
PTC, FTA, NTG

Notes

AR was detected in 4/5 malignant and 9/20 nonmalignant
human thyroid tissues.

No significant difference between sex.

AR was detected in 8/29 nonneoplastic and 4/26 neoplastic
tissues.

No data on sex or sex disparity.

Immunostaining of AR in thyroid tissues (n = 2).

No data on sex or sex disparity.

AR expression detected in 12 female and 6 male thyroid
tissues.

AR expression was higher in men than women.

AR immunostaining detected in human thyroid follicular
cells.

No data on sex or sex disparity.

AR was detected in all the noncancerous (n = 7) and few of
the cancerous samples (n = 3) studied.

No data on sex or sex disparity.

AR was detected in 12/16 male and 7/9 female thyroid
tissues.

AR expression was detected mainly in men and lower
expression in women.

No sex disparity observed.

AR expression detected in 16/78 female, 3/13 male tissues.

No data on sex or sex disparity.

2 Miki et al. (1990) PTC, ATC, FTA, NTG

3 Ruizeveld de Winter ~ No detail provided
etal. (1991)

4 Marugo et al. (1991) NTG

5 Kimura et al. (1993) No detail provided

6 Rossi et al. (1996)

7 Zhai et al. (2003) MTC

8 Bléchet et al. (2007)  MTC, CCH

9 Magri et al. (2012) PTC

10 Stanley et al. (2012) PTC, FTC, FTA

AR expression was detected in all the 125 samples analyzed;

AR expression increased in men and decreased in women.
Varied AR expression and the testosterone levels might
contribute for the sex disparity.

and remained unaltered in 14 % of PTC females.
(3) Western blot analysis revealed normal pattern
of AR protein expression level in a majority of
cancer tissues from males. However, a majority
of cancer tissues from female subjects recorded
decreased expression level of AR protein; a few
samples from either sex recorded increased ex-
pression of AR protein. When we subjected the
data on AR ligand-binding activity and western
blot to Pearson’s correlation coefficient analysis,
there was a positive correlation between the two
parameters in PTC and FTA females and males.
(4) In an attempt to comprehend the mecha-
nism underlying the expression AR gene, we
determined AR mRNA expression by real-time
PCR analysis which showed either increased or
normal expression (41 % in each) in males, but
decreased expression was evident in a majority
of thyroid tumor tissues from women. Pearson’s

correlation coefficient analysis revealed a positive
correlation between AR mRNA and protein in
malignant and nonmalignant tissues of women
and only in PTC tissues of men. In general, our
findings revealed the existence of a sex-specific
difference in the expression and ligand-binding
activity of AR in thyroid cancer. As discussed
earlier, AR is a ligand-mediated transcription
factor (Lee and Chang 2003; Flamant et al. 2006)
and undergoes homologous upregulation in re-
sponse to testosterone stimulation (Banu et al.
2001a, b). Therefore, based on the findings of
correlation analysis of thyroidal concentration of
testosterone and AR ligand-binding activity, and
expression levels of AR mRNA and protein, we
suggested that the tissue level of testosterone in
the thyroid may be an important marker for the
prognosis of thyroid cancer in men and women
(Stanley et al. 2012).
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The AR 5’ upstream promoter region lacks a
typical TATA box and CAAT box but contains
binding sites for key regulatory elements like
specificity protein 1 (Spl) (Mizokami et al.
1994), cAMP response element-binding protein
(CBP) (Takane and McPhaul 1996), and p53
(Alimirah et al. 2007). Both Spl and CBP were
reported to enhance AR expression (Faber et al.
1993; Aarnisalo et al. 1998), while p53 was
reported to repress it (Alimirah et al. 2007)
Increased p53 decreased the expression of AR
mRNA and protein in 22Rv1 and LNCaP prostate
cancer cell lines (Cronauer et al. 2004; Alimirah
et al. 2007). Cyclin D1 was reported to function
as a strong corepressor of AR in LNCaP cell line
(Petre-Draviam et al. 2003).

We also detected the expression level of AR
transcription factors CBP and SP1 by western
blot, in an attempt to understand the regulation
of AR transcription. There was no significant
correlation between AR mRNA and CBP expres-
sion in thyroid tumor tissues from females and
males. However, there was a positive correlation
between AR mRNA and SPlexpressions in PTC
tissues of women alone. Increased level of testos-
terone is known to suppress AR expression via
inhibition of Spl in rat prostate (Beklemisheva
et al. 2007), suggesting that Spl and increased
testosterone bioavailability could contribute to
the downregulation of AR in a majority of thyroid
tumors in females. Based on the above findings,
we suggested that (1) SP1 may be the major
positive regulator of AR expression in thyroid
cancer, and (2) it may be one of the putative
factors contributing for the specific decrease in
AR expression in PTC women (Stanley et al.
2012).

As there was no consistency between AR
mRNA and the positive regulators of its tran-
scription in males, we looked for the expression
of repressors of AR transcription, P53 and cyclin
D1; there was a negative correlation between (de-
creased) expression of AR mRNA and P53/cyclin
D1 proteins in females and an opposite trend
between AR mRNA and P53 in males. We also
reported a positive association between tissue
testosterone level and cyclin D1 expression in
PTC tissues from women and an opposite trend

J.A. Stanley et al.

in males. An important finding in our study
was an inconsistency between AR mRNA and
protein expressions in a number of thyroid can-
cer tissues, particularly in males. Therefore, we
looked for the existence of a specific microRNA
(miRNA) that may decrease the translation of AR
mRNA into its protein. miRNAs regulate trans-
lation and stability of particular target mRNAs
by imperfect base pairing (Olsen and Ambros
1999). miRNAs are noncoding single-stranded
RNAs of about 22 nucleotides. A large num-
ber of miRNAs are involved in almost every
major cellular function like proliferation, differ-
entiation, and apoptosis, and as a consequence,
deregulation of miRNAs has also been linked
to a broad variety of cancers (Ha 2011). The
role of miRNAs in thyroid cancer is incom-
pletely understood. Several studies have analyzed
miRNA expression in numerous and different
types of thyroid tumors, suggesting a deregula-
tion of miRNAs in cancer tissues, compared with
their normal counterparts (Ricarte-Filho et al.
2009; Abraham et al. 2011; Marini et al. 2011;
Leonardi et al. 2012; Vriens et al. 2012). Using
bioinformatics analysis we predicted the presence
of a binding site (GUGCCUU) for miR-124a at
the nucleotide position 88-94 of AR 3’ UTR.
We found an increase in miR-124a expression
in all women who had decreased expression of
AR protein, suggesting a negative correlation
between the two parameters in those cases that
had an inconsistency between AR mRNA and
protein. The finding of negative correlation be-
tween AR protein and miR-124a in PTC and
FTA tissues from women alone also pointed
out the sex-specific variation in the regulation
of AR in thyroid cancers. We also confirmed
the negative effect of miR-124a on AR protein
and, thus, on testosterone-mediated proliferation
of thyroid cancer cells in NPA-87-1 PTC cell
line transfected with miR-124a and anti-miR-
124a. miR-124a also decreased the AR reporter
luciferase activity and the thyroid cancer cell
proliferation, suggesting that miR-124a can be a
potential candidate that determines AR gene ex-
pression pattern in human thyroid tumors, which
could be a putative mechanism underlying the sex
bias in the incidence of thyroid cancers. Thus,
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for the first time, to the best of our knowledge,
we provided evidence that AR gene is the direct
target for miR-124a, and its expression level de-
termines the expression pattern of AR in thyroid
tumor tissues. Our study also reported for the
first time the existence of a sex-specific relation
between testosterone bioavailability and AR ex-
pression pattern in thyroid tumors (Stanley et al.
2012).

10.7 Conclusion

Based on our findings and existing literature, it is
concluded that the varying pattern of testosterone
level and AR status in thyroid tissues of men
and women might contribute to the sex-specific
incidence of thyroid tumors. miR-124a plays a
significant role in determining AR gene expres-
sion pattern and may direct AR influence on sex-
specific thyroid cancer incidence.
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Cytotoxic Properties and Lead
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for Cancer
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Abstract

Metals and metal compounds have been used in medicine since ancient
times. Transition metals, which exhibit different oxidation states and
can interact with biomolecules, have an important place in the field
of medicinal chemistry. This property of transition metals facilitated
the development of metal-based drugs with promising pharmacological
applications and unique therapeutic opportunities. Discovery of antitumor
activity of a transition metal complex, cis-diamminedichloroplatinum(II)
(cisplatin), during the 1960s has been a milestone in metal-based cancer
chemotherapeutics and provided leads for the synthesis of many more
transition metal complexes for treatment of cancer. In our laboratories,
we synthesize, isolate, and characterize transition metal coordination
complexes such as iron(Il), cobalt(Il), nickel(Il), and copper(Il), which
are all among the essential metals and so could be potentially producing
little or less side effects, and study the DNA-binding and cytotoxic
properties of the complexes. Some of these complexes, in view of their
unique mode of binding with DNA, were found to affect the viability
of cancer cells by bringing about specific modes of cell death, namely,
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apoptosis, necrosis, and/or necroptosis, with or without generation of
reactive oxygen species. This review summarizes the salient outcomes of
our systematic study and the potential leads these cytotoxic complexes

provide.

Keywords

Apoptosis ¢ Cobalt(Il) « Copper(Il) ¢ Iron(Il) * Medicinal Chemistry ¢
Necroptosis ® Necrosis ¢ Nickel(II) » Transition metals

11.1 Introduction

Medicinal applications of metals can be traced
back to almost 5000 years (Bharti and Singh
2009). During the past three decades, the use
of metal complexes as pharmaceuticals and
chemotherapeutics has been increasing (Marzano
et al. 2009). The discovery of cisplatin (cis-
diamminedichloroplatinum(Il)) as a cancer ther-
apeutic has been a milestone in metallotherapeu-
tics. Cisplatin is a well-known transition metal-
based anticancer agent used as a highly effective
therapeutic against almost all types of cancers
and very specifically testicular, bladder, lung,
gastrointestinal, and ovarian cancers (Zhang and
Lippard 2003). Unfortunately, cisplatin is known
to produce several side effects such as ototoxicity,
neurotoxicity, and nephrotoxicity. The nephro-
toxic effect of cisplatin renders it dose limiting.
Since its mechanism of action in cancer therapy
is its covalent binding with adenine and guanine
bases in DNA, leading to adduction, the binding
is irreversible including with DNA in normal
tissues since this drug has low degree of se-
lectivity. Second- and third-generation platinum-
based compounds have come up for cancer ther-
apy, some of them being carboplatin, oxaliplatin,
nedaplatin, and lobaplatin, but these are also
not totally exonerated of toxicity (Boulikas et
al. 2007). More importantly, the cancers develop
resistance to these drugs which further limit their
use in cancer therapy.

These limitations in cisplatin-based metal
drugs have necessitated an extensive search for
more-efficacious, less toxic, and target-specific,
non-covalently DNA-binding metal-based anti-

cancer drugs. The variety of metal ion functions
in biology has stimulated the development of
new metallodrugs other than Pt drugs with the
aim to obtain compounds acting via alternative
mechanisms of action (Marzano et al. 2009).
Transition metals represent the d-block element
which includes groups 3—12 on the periodic table.
Their d-electron shells are in the process of being
filled. This property of transition metals led to the
foundation of coordination complexes. A metal
complex or coordination compound is a struc-
ture consisting of a central metal atom, bonded
to a surrounding array of molecules or anions
(Rafique et al. 2010). Transition metals exhibit
different oxidation states and can interact with a
number of biomolecules. This property of tran-
sition metals has encouraged the development of
metal-based drugs with promising pharmacolog-
ical application and may offer unique therapeutic
opportunities. These trace metals are essential
for the biological processes as about 3040 %
of all known proteins including metalloenzymes
require metal cofactors (e.g., Fe, Cu, Zn, Ni,
Mn) for their proper folding into an active three-
dimensional (3-D) structure (Kastenholz 2006,
2007). Therefore, considerable effort has been
now focused on the development of new an-
ticancer drugs based on transition metal com-
plexes, particularly biocompatible complexes,
that bind to and cleave DNA under physiological
conditions.

Our laboratories have been involved in synthe-
sis, characterization, and studies on DNA bind-
ing, DNA cleavage, and anticancer property of
transition metal complexes of iron(Il), cobalt(Il),
nickel(Il), and copper(Il), metals which play bio-
logical roles and have physiological significance.
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Scheme 11.1 Structures of rac-[Fe(diimine); ]t complexes

According to the classification of Zitka et al.
(2012), all these metals are essential metals and
occur in proteins. Herein we present a brief re-
view of our recent work with special reference
to DNA-binding and cleavage and anticancer
properties.

11.1.1 Iron(ll) Complexes

The trace element iron has important physiolog-
ical roles in the body. It serves as an oxygen
carrier from the lung to tissues by red blood cell
hemoglobin, as a transport medium for electrons
within cells, and as an integrated part of impor-
tant enzyme systems in various tissues (Kasten-
holz 2007). Very recently, iron(Il) chelators are
emerging as a class of agents that show effective
antitumor activity both in vitro and in vivo and
can overcome resistance to standard chemother-
apy (Torti et al. 1998; Bernhardt et al. 2003; Buss
et al. 2004; Richardson 2005; Richardson et al.
2006; Kalinowski et al. 2007a, b). The anticancer
properties of ferrocene-containing molecules
have been studied (Fiorina et al. 1978). Iron(II)
polypyridyl complexes cleave DNA by generat-
ing ROS in vitro (Wong et al. 2005). Recently, an
iron(IT) complex containing pentadentate pyridyl
ligands has been found to exhibit a level of cyto-
toxicity higher than cisplatin (Wong et al. 2005).

Four mononuclear redox-active iron(II)
complexes, namely,  rac-[Fe(diimine);]**,
where diimine = 2,2’-bipyridine (bpy) (1); 1,10-
phenanthroline  (phen) (2); 5,6-dimethyl-1,

10-phenanthroline (5,6-dmp) (3); and dipyrido
[3,2-d:2’,3'-f]quinoxaline (dpq) (4), have been
synthesized in our laboratory (Scheme 11.1),
and their DNA-binding and anticancer proper-
ties have been investigated (Ramakrishnan et al.
2011a). The use of 1,10-phenanthroline ligands in
the complexes is of considerable interest because
several ternary Ru(Il) (Rajendiran et al. 2008)
complexes of diimines strongly bind to DNA
and exhibit prominent anticancer activities by
inducing cell death. Also, substituted and mod-
ified 1,10-phenanthrolines, upon coordination to
metal, play a vital role in DNA binding and
in effecting conformational changes on DNA
(Maheswari et al. 2006a; Ramakrishnan and Pala-
niandavar 2008).

All the four complexes have been screened
against human breast carcinoma cell line (MCF-
7) to understand the efficiency of these complexes
in dealing with an ER-positive and p53-positive
breast cancer. All the four iron(Il) complexes
were found to cleave pUC19 supercoiled DNA
(SC DNA) in the presence of H,0O, as acti-
vator. These were active against MCF-7 breast
carcinoma cell, but the 5,6-dmp complex 3 dis-
played prominent DNA binding through binding
in the major groove of DNA and efficient DNA
cleavage ability, which was higher than the other
complexes even at low concentrations and in the
presence of very low concentrations of HyO,.
This complex exhibited cytotoxicity (ICsg at 24 h,
0.80 £0.04 uM; 48 h, 0.60 +0.03 wM) higher
than the other complexes and also the widely
used drug cisplatin, and induced apoptosis as
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of rac-[Co(diimine);]*T
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well as necroptosis, as revealed by morphological
assessment data obtained by using AO/EB and
Hoechst 33258 fluorescence staining methods.
We suggest that the enhanced hydrophobicity
conferred upon this complex by the 5,6-dmp co-
ligand facilitates its transport through the cell
membrane and its strong DNA binding as well as
efficient DNA cleavage.

11.1.2 Cobalt(ll) Complexes

Cobalt is recognized as an essential metal el-
ement widely distributed in the biological sys-
tems such as cells and body, and the interac-
tion of cobalt(Ill) complexes of diimine (Bar-
ton and Raphael 1985; Tamilselvi and Pala-
niandavar 2002) and polypyridyl ligands with
DNA has attracted considerable attention. The
ability of a cobalt(Il) complex to bind and
nick plasmid DNA on photoactivation has been
studied (Indumathy et al. 2008). The DNA-
binding and photo-cleavage properties of cer-
tain Co(II) complexes have been recently re-
ported (Sastri et al. 2003). We isolated three
Co(II) complexes, namely, rac-[Co(diimine);]**,
where diimine = 1,10-phenanthroline (phen) (5);
5,6-dimethyl-1,10-phenanthroline (5,6-dmp) (6);
and dipyrido[3,2-d: 2’,3’-f]quinoxaline (dpq) (7)
(Scheme 11.2), and characterized these com-
plexes (Ramakrishnan et al. 2011b).

We investigated the role of diimine co-ligands
on the mode and extent of DNA-binding and
cleavage and cytotoxic properties of these com-
plexes against breast carcinoma cell line MCF-
7. The DNA-binding ability of rac-[Co(5,6-
dmp)3](ClOy4), (6) was higher than the other
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two complexes. Interestingly, this complex binds
to the major groove. Among the remaining
two complexes, which bind to minor groove,
the efficiency of rac-[Co(dpq)3;](ClO4), (7) was
higher than rac-[Co(phen);](ClOy4); (5). The
DNA cleavage ability also follows the same
order. The order of cytotoxicity of the com-
plexes against breast carcinoma cell MCF-7 was
6>7>5. All the three complexes induced cell
death through both apoptosis and necrosis, but
the complex rac-[Co(5,6-dmp);](ClOy4), (6) was
more aggressive than others, as revealed by mor-
phological assessment data obtained by using
AO/EB and Hoechst 33258 fluorescence staining
methods.

11.1.3 Nickel(ll) Complexes

Synthetic nickel(I) complexes have several po-
tential applications in medicine, and very re-
cently several nickel(I) complexes have been
synthesized and tested for inhibition of can-
cer cell proliferation (Arguelles et al. 2004;
Liang et al. 2004; Afrasiabi et al. 2005).
Also, two closely related nickel(Il) com-
plexes have been shown to display differ-
ent abilities toward DNA damage and cell
viability (Matkar et al. 2006). Interestingly,
nickel(Il) complexes of the macrocyclic ligand
[1,4,7] triazecan-9-o0l act as potential antitu-
mor agents (Liang et al. 2004). We isolated
three tris(diimine)Ni(I) complexes, where di-
imine is 1,10-phenanthroline (phen) (8); 5,6-
dimethyl-1,10-phenanthroline (5,6-dmp) (9); and
dipyrido[3,2-d: 2',3’-f]quinoxaline (dpq) (10)
(Ramakrishnan et al. 2011b) (Scheme 11.3).
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Scheme 11.3 Structures 8
of rac-[Ni(diimine); |t
complexes

The role of diimine co-ligands on the mode
and extent of DNA-binding and cleavage and
anticancer activities of the complexes have
been systematically investigated. The Ni(Il)
complexes displayed very strong DNA-binding
activity. The binding ability of rac-[Ni(5,6-
dmp)3](ClOy), (9) is higher than other two com-
plexes; among these two complexes, the binding
of rac-[Ni(dpq);](ClO4), (10) is higher than rac-
[Ni(phen);](ClOy4), (8). The Ni(Il) complexes 8-
10 failed to cleave DNA as expected. Interest-
ingly, Ni(II) complexes exhibited higher cytotox-
icity (ICs 8, 8.0; 9, 2.0; 10, 2.0 uM at 48 h; ICs
8,10.0; 9, 3.0; 10, 3.0 uM at 24 h) against human
breast cancer (MCF 7) cell line than cisplatin.
Also, the 5,6-dmp complex (9) showed cytotox-
icity higher than the dpq complex (10) at 24 h
incubation time, and all the compounds caused
mostly apoptotic and to a certain extent necrotic
modes of cell death.

11.1.4 Copper(ll) Complexes

Copper(II) complexes are considered the best
alternatives to cisplatin because copper is bio-
compatible and exhibits many significant roles in
biological systems. Copper is found in all living
organisms and is a crucial trace element in redox
chemistry, growth, and development. It is impor-
tant for the function of several enzymes and pro-
teins involved in energy metabolism, respiration,
and DNA synthesis, notably cytochrome oxidase,
superoxide dismutase, ascorbate oxidase, and ty-
rosinase. The major functions of copper con-
taining biological molecules involve oxidation-
reduction reactions in which they react directly
with molecular oxygen to produce free radicals
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(Tisato et al. 2010). Among non-Pt compounds,
copper complexes are potentially attractive as
anticancer agents. Actually, for many years a lot
of researchers have actively investigated copper
compounds based on the assumption that endoge-
nous metals may be less toxic (Marzano et al.
2009). It has been established that the proper-
ties of copper-coordinated compounds are largely
determined by the nature of ligands and donor
atoms bound to the metal ion.

In recent years, several families of copper
complexes have been studied as potential antitu-
mor agents. Although only a little understanding
of the molecular basis of their mechanism of
action has been documented, copper complexes
have attracted attention based on modes of action
different from that of cisplatin (covalent bind-
ing to DNA). Therefore, copper complexes may
provide a broader spectrum of antitumor activ-
ity (Marzano et al. 2009). Synthetic copper(II)
complexes have been reported to act as pharma-
cological agents and as potential anticancer and
cancer-inhibiting agents (Fernandes et al. 2006;
Maheswari et al. 2006b). Very recently, cer-
tain mixed-ligand copper(Il) complexes, which
strongly bind and cleave DNA, have been shown
to exhibit prominent anticancer activities and
regulate apoptosis (Zhang et al. 2004).

11.1.4.1 Mononuclear Mixed-Ligand
Copper(ll) Complexes

a) Copper(ll) Complexes of a Tridentate
Phenolate Ligand

The new mononuclear copper(Il) complexes
[Cu(L)(H,0),]" (11) and [Cu(L)(diimine)]™
(12-16), where LH = 2-[(2-dimethylaminoethy-
limino)methyl]phenol ~ and  diimine =2,2’-
bipyridine (bpy) (12) or 1,10-phenanthroline
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Scheme 11.4 Structures
of copper(Il) complexes of
tridentate phenolate ligand

H(L)
Scheme 11.5 Structures
of copper(Il) complexes of OoH HO
tetradentate phenolate j
ligand —N NH

H(tdp)

(phen) (13) or dipyrido[3,2-f:2",3’-h]quinoxaline
(dpq) (14) or dipyrido[3,2-a:2’,3'-c]phenazine
(dppz) (15) or 11,12-dimethyldipyrido[3,2-
a:2',3’-c]phenazine (dmdppz) (16) (Scheme 11.4),
have been isolated and characterized (Jaividhya et
al. 2012). All the complexes, except 12, caused
double-strand DNA cleavage of plasmid DNA
and 15 cleaved plasmid DNA in the absence of
a reductant at a concentration (40 pM) lower
than 14. It is remarkable that all the complexes
displayed cytotoxicity against human breast can-
cer cell (MCF-7) and human cervical epidermoid
carcinoma cell (ME 180) with potency higher
than the currently used chemotherapeutic agent
cisplatin and that 15 exhibited cytotoxicity higher
than the other complexes.

b) Copper(ll) Complexes of a Tetradentate
Phenolate Ligand

The copper(Il) complex [Cu(tdp)(ClO4)] 0.5H,O
(17), where H(tdp) is the tetradentate ligand
2-[(2-(2-hydroxyethylamino)-ethylimino)methyl]
phenol, and the mixed-ligand complexes [Cu(tdp)
(diimine)]* (18-21), where diimine is 2,2’-
bipyridine (bpy) (18); 1,10-phenanthroline (phen)
19); 3,4,7,8-tetramethyl-1, 10-phenanthroline
(3.4,7,8-tmp) (20); and dipyrido[3,2-d: 2',3’-
flquinoxaline (dpq) (21) (Scheme 11.5), have
been isolated and characterized (Rajendiran et al.
2007).
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All the complexes hydrolytically cleaved su-
percoiled DNA in the absence of an activating
agent, and the cleavage efficiency was in the
order 21 >19 > 18 > 20 > 17. The anticancer ac-
tivity of the complexes on human cervical epi-
dermoid carcinoma cell line (ME180) was ex-
amined. Interestingly, the observed ICsy values
reveal that complex 20, which caused confor-
mational change on DNA and bound to bovine
serum albumin (BSA) more strongly, exhibited
cytotoxicity higher than other complexes. It also
exhibited approximately 100 and 6 times more
potency than cisplatin and mitomycin C for 24
and 48 h incubation times, respectively, suggest-
ing that complex 20 can be explored further as a
potential anticancer drug. Complexes 20 and 21
mediated the arrest of cells at S and G2/M phases
in the cell cycle progression at 24 h harvesting
time, where the cells progressed into apoptosis.

c) Copper(ll) Complexes of L-tyrosine

The mononuclear mixed-ligand copper(Il) com-
plexes of the type [Cu(L-tyr)(diimine)](ClOy),
where L-tyr is L-tyrosine and diimine is
2,2’-bipyridine (bpy) (22); 1,10-phenanthroline
(phen) (23); 5,6-dimethyl-1,10-phenanthroline
(5,6-dmp) (24); and dipyrido[3,2-d:2",3'-f]
quinoxaline (dpq) (25) (Scheme 11.6), have been
isolated and characterized (Ramakrishnan et al.
2009).
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Scheme 11.6 Structures
of copper(Il) complexes of
L-tyrosinate ligand

26, 28, 29 27
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Scheme 11.7 Structures of copper(Il) complexes of tridentate 3N donor ligand

All the complexes produced effective DNA
(pUC19 DNA) cleavage at 100 uM concentra-
tion, and the order of DNA cleavage ability varied
as 24 > 23 > 25> 22. Interestingly, complex 25
exhibited a DNA cleavage rate constant which
was higher than that of the other complexes. Also,
cytotoxicity studies on the non-small cell lung
cancer (H-460) cell line showed that the ICsg
values of 23-25 are more or less equal to cisplatin
for the same cell line, indicating that they have
the potential to act as very effective anticancer
drugs in a time-dependent manner. The study of
cytological changes revealed the higher induc-
tion of apoptosis and mitotic catastrophe for 25
and 24, respectively. The alkaline single-cell gel
electrophoresis (comet assay), DNA laddering,
and AO/EB and Hoechst 33258 staining assays
indicate that the DNA damage occurs to differ-
ent extents. Flow cytometry analysis shows an
increase in the percentage of cells with apoptotic
morphological features in the sub-GO/G1 phase
for 25, while 24 shows mitotic catastrophe.

d) Copper(ll) Complexes of
N,N-Bis(Benzimidazol-2-YImethyl)Amine
Metal complexes containing benzimidazole
(bzim) ligand moieties form an important class of
biologically active compounds that can efficiently
hydrolyze phosphodiester bond and cleave super-
coiled pBR322 DNA (Tanious et al. 2004). Also,

ligands incorporating bzim moieties selectively
interact with a specific nucleotide sequence and
bind to the minor groove of A-T tract duplex
DNA (Teng et al. 1988; Pjura et al. 1987; Aymami
et al. 1999; Parkinson et al. 1990), and a bzim
unit provides a conformationally stable and ap-
propriate platform on which to build further DNA
sequence recognition (Wahnon et al. 1994). The
design of a molecule, which can effect double-
strand DNA cleavage, must include a reactivat-
able metal center like copper and also recognition
elements that bind to duplex DNA and at nicked
sites as well.

A series of mononuclear mixed-ligand cop-
per(Il) complexes [Cu(bba)(diimine)](ClOq),
26-29, where bba is N,N-bis(benzimidazol-2-
ylmethyl)amine and diimine is 2,2’-bipyridine
(bpy) (26); 1,10-phenanthroline (phen) (27); 5,6-
dimethyl-1,10-phenanthroline (5,6-dmp) (28);
or dipyrido[3,2-d:2’,3'-f]-quinoxaline (dpq) (29)
(Scheme 11.7), have been isolated by us and
characterized (Loganathan et al. 2012).

Absorption spectral titrations with calf thymus
(CT) DNA reveal that the intrinsic DNA-binding
affinity of the complexes depends upon the di-
imine co-ligand, dpq (29) > 5,6-dmp (28) > phen
(27) > bpy (26). All the complexes exhibited
oxidative DNA cleavage ability, which var-
ied as 29 >28>27>26 (ascorbic acid) and
28 > 27 >29> 26 (H,0,). Also, the complexes
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Scheme 11.8 Structures
of dinuclear copper(Il)
complexes of benzamide
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cleaved bovine serum albumin in the presence
of H,O, as an activator with the cleavage abil-
ity varying in the order 28 > 29 > 27 > 26. The
highest efficiency of 28 to cleave both DNA and
protein in the presence of H,O, is consistent
with its strong hydrophobic interaction with the
biopolymers. The ICs, values of complexes 26—
29 against cervical cancer cell (SiHa) were al-
most equal to that of cisplatin, indicating that
they have the potential to act as effective anti-
cancer drugs in a time-dependent manner. The
morphological assessment data obtained by using
acridine orange/ethidium bromide (AO/EB) and
Hoechst 33258 staining revealed that complex 28
induces apoptosis much more effectively than the
other complexes. Also, the alkaline single-cell gel
electrophoresis study (comet assay) suggests that
the same complex induced DNA fragmentation
more efficiently than others.

11.1.4.2 Dinuclear Mixed-Ligand
Copper(ll) Complexes

The copper centers in some multinuclear com-
plexes act synergistically to cleave DNA with
higher efficiency or selectivity (Humphreys et al.
2002; Alvarez et al. 2003; Li et al. 2005). Karlin
and co-workers (Humpreys et al. 2002; Li et al.
2005) have shown that nuclearity is a crucial pa-
rameter in oxidative DNA cleavage, with the syn-
ergy between the metal ions contributing to the
high nucleolytic efficiency of polynuclear cop-
per(I) compounds. Therefore, designing suitable
multinuclear copper complexes for DNA binding
and cleavage under both oxidative and hydrolytic
conditions, depending upon the recognition ele-
ments in the ligand, is of remarkable importance

30-33

in considering the advantages of processes that
produce fragments similar to those formed by
restriction enzymes (Humphreys et al. 2002; Li et
al. 2005). So, we synthesized four new copper(Il)
complexes (Scheme 11.8) and examined their
cytotoxicity.

The dinuclear copper(IT) complexes [Cu, (LH);
(diimine),(Cl104),](Cl0y), (30-33), where LH =
2-hydroxy-N-[2-(methylamino) ethyl] benza-
mide and diimine = 2,2’-bipyridine (bpy, 30);
1,10-phenanthroline (phen, 31); 5,6-dimethyl-
1,10-phenanthroline (5,6-dmp, 32); and dipyrido
[3,2-d:2’,3’-f]quinoxaline (dpgq, 33) (Scheme
11.8), have been isolated and characterized
(Ramakrishnan et al. 2010).

Complex 33 interacts with calf thymus DNA
more strongly than all other complexes through
strong partial intercalation of the extended planar
ring (dpq) with a DNA base stack. Interestingly,
32 exhibited a DNA-binding affinity higher than
31, suggesting the involvement in hydrophobic
interaction of coordinated 5,6-dmp with the DNA
surface. All the four complexes exhibited promi-
nent DNA cleavage even at very low concen-
trations (nM) in the presence of H,O, as an
activator, with the order of cleavage efficiency be-
ing 32 > 31 > 33 > 30. Studies on the anticancer
activity toward HEp-2 human larynx cell line
revealed that the ability of the complexes to
kill the cancer cells varied as 32 > 33 > 31 > 30.
Also, interestingly, the ICsy value of 32 was
lower than that of cisplatin, suggesting that the
hydrophobicity of methyl groups on 5 and 6
positions of the complex enhances the anticancer
activity. The mode of cell death brought about
by the complex was explored by using various
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biochemical techniques like comet assay, mito-
chondrial membrane potency, and Western blot-
ting. The 5,6-dmp complex was found to induce
nuclear condensation and fragmentation in the
cancer cell. Also, it triggered the activation of
caspases by releasing cytochrome ¢ from mito-
chondria to cytosol, suggesting that it induces
apoptosis in cells via the mitochondrial pathway.

11.2 Conclusions

From a physiological point of view, biologically
active metals can be divided into two groups:
(1) essential metals, which are crucial for nu-
merous biochemical processes, and (2) toxic met-
als, which are harmful to the body (Zitka et al.
2012). All the four essential metals we dealt
with, namely, iron, cobalt, nickel, and copper,
are expected to produce no or little side ef-
fect. The most efficacious complexes we studied,
tris(diimine)metal(IT), where metal = Fe, Ni, Co,
Cu, can be considered as potential leads for
further study to find the mechanism of entry
into the cell, since study of metal ion trans-
port in humans is the most intense one in the
area of effects of metallodrugs on an organism,
and the mechanism of action in bringing about
the medicinal effect. The anticancer activity of
the mixed-ligand complexes depends on both
the primary and diimine co-ligands. This review
brings out a very important finding that ligand
hydrophobicity plays a vital role in the induction
of cell death. Interestingly, among tris(diimine)
metal(I) complexes and the mixed-ligand cop-
per(Il) complexes of the primary ligands tdp, L-
tyr, bba, amide, and phenolate ligand, those with
5,6-dmp co-ligand show apoptotic activity higher
than those with other co-ligands, irrespective of
the cancer cell line used due to the enhanced
permeability of the 5,6-dmp complex across the
cell membrane. Also, it emerges from our present
study that DNA cleavage activity is not a requisite
for a drug to act as an anticancer agent, as
the tris(diimine)Ni(II) complexes (8-10) exhibit
more prominent cytotoxicity than their cobalt(Il)
analogues (5-7), but it does not show DNA cleav-
age activity.
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in the Gangetic Belt?
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Abstract

Carcinoma of the gallbladder (CaGB) is the commonest malignancy of the
biliary tract. There is wide variation in the incidence of carcinoma of the
gallbladder in India ranging from 1.2 per 100,000 for males and 0.9 per
100,000 for females in southern India to 4.5 per 100,000 males and 10.6
per 100,000 females in northern India. The incidence is highest in eastern
Uttar Pradesh and western Bihar regions of India. This wide geographical
variation in the incidence of carcinoma of the gallbladder suggests that
environmental factors might be playing an important role in its causation.
Both these regions lie downstream of the river Ganges which is the main
source of water for all uses such as drinking water and for irrigation. The
river Ganges receives an extremely high load of pollutants in the form of
untreated domestic sewage, industrial and agricultural effluents containing
aromatic hydrocarbons, nitrosamines and chemicals such as nitrates and
nitrites which are by-products from domestic sewage. Pesticides which
are frequently used in agricultural industry can also play a role in CaGB.
Typhoid infection is prevalent in this region which may also be associated
with the gallbladder carcinogenesis. Lifestyle and smoking have also been
correlated with the CaGB. Adulteration in our cooking oil (mustard) by
sanguinarine and diethylnitrosamine has also been found to be linked with
CaGB. It is possible that carcinoma of the gallbladder is the disease of
multifactorial etiology.
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A survey by the Indian Council of Medical
Research (ICMR) described that the incidence of
GBC in women in northern India is one of the
highest in the world (National Cancer Registry
Programme 2002). We can find a wide geograph-
ical variation in the incidence of GBC in India.
It actually varies from 1.2 per 10,000 for males
and 0.9 per 10,000 for females in northern India.
Its occurrence is higher in the eastern UP and
western Bihar regions of India. These regions
are situated near the river Ganges. This river
water might be an important factor for the GBC
incidence in such areas only. River Ganges is the
prime source of water in these areas for drinking
water and irrigation. The river Ganges is highly
polluted with industrial waste, domestic sewage
and agriculture effluents. Such environmental
factors also play a role in the gallbladder carcino-
genesis in these regions. The Ganges water usu-
ally consists of pollutants like pesticides; heavy
metals such as cadmium, chromium and lead; and
industrial wastes having aromatic hydrocarbon
and nitrosamines and chemicals (nitrates and
nitrites) which are by-products from domestic
sewage (Gupta et al. 2005a, b). Various factors
play a role in GBC as it is mentioned in a
study that there is no single agent for gallbladder
carcinogenesis, but it is known to be a disease of
multifactorial aetiology (Kowalewski and Todd
1971). Following are the factors which might be
playing a role in gallbladder carcinogenesis.

12.1.1 Metallothionein

Metallothionein (MT) is the low molecular
weight metal-binding protein mostly present in
the liver, kidneys, heart, testes and brain. MT
usually binds to heavy metals by making clusters
of thiolate bonds. They store these MT ions in
the liver and play a protective role against heavy
metal toxicity (Kégi and Kojima 1987; Freedman
and Peisach 1989; Frazier and Din 1987; Liu
et al. 1990). It has been reported in experimental
model that normal tissues which are deficient of
MT are more prone to cadmium (Cd) carcinogens
(Frazier and Din 1987; Liu et al. 1990). There-
fore, we look for the expression of MT in GBC in
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comparison to cholelithiasis and normal gallblad-
der. The results of this study showed an increased
expression of MT in GBC. It’s overexpression
has also been reported in breast, gastric and oe-
sophageal cancers (Schmid et al. 1993; Monden
et al. 1997; Hishikawa et al. 1997). Heavy metals
like cadmium are excreted and concentrated by
the hepatobiliary system. Those tissues which
show low or no expression of MT were more
susceptible to Cd carcinogenesis as MT prevents
such tissues from heavy metal toxicity. Thus, we
concluded from this study that high-level expres-
sion of MT in GBC cases may indirectly reflect
the exposure to Cd and other heavy metal toxicity
and their higher concentration in the gallbladder.
Content of heavy metals like Cd found to be at
a higher concentration in the potable water sam-
ples studied in Varanasi region (Krishnamurti and
Vishwanathan 1990) has been reported, where
GBC is so common, and, therefore, this may also
be an aetiological factor of GBC in this part of
India (Shukla et al. 1998a, b).

12.1.2 Heavy Metals and Gallbladder
Cancer

Ganges receives domestic sewage and industrial
agriculture effluent. High concentrations of cer-
tain heavy metals are found in sewage, irrigation
and potable water. It has been reported that high
concentration of cadmium and other heavy metals
is found to be present in water from such region.
These heavy metals have also been found to be
implicated in cancer progression (Leonard 1983).
We also tried to see the association of GBC with
exposure to heavy metals. Cadmium, chromium
and lead concentrations were estimated in GBC,
cholelithiasis and healthy control. Their concen-
trations were significantly higher in carcinoma
of the gallbladder in comparison to gallstones.
These metals were also found in drinking water
of such region which confirms the hypothesis.
They are known as the chemical carcinogens;
therefore, we reported that their high biliary
concentration in GBC patients might be a caus-
ing factor of gallbladder cancer (Shukla et al.
1998a, b).
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12.1.3 Micronutrients

Micronutrients can also be a factor modifying
the multistage process of carcinogenesis. Various
studies have shown that deficiency of micronu-
trients is found to be associated with cancer.
Cases of gallbladder cancer (I), cholelithiasis
(II) and healthy controls (III) were included
in a study. Selenium (Se), zinc (Zn), copper
(Cu), manganese (Mn), ascorbic acid (vitamin C)
and alpha-tocopherol (vitamin E) concentrations
were estimated in serum, bile and gallbladder
tissue in groups I and II and only serum in group
III. We have found low serum, biliary and tissue
concentrations of Se, Zn and vitamin E in patients
having GBC in comparison to cholelithiasis. Ear-
lier study on heavy metals from one group has
shown higher biliary concentrations of cadmium
(Cd), chromium (Cr) and lead (Pb) in carcinoma
of the gallbladder. They are known chemical car-
cinogen. This, when associated with the reduced
levels of protective micronutrients like Se, Zn and
vitamin E, is involved in preventing damage to
membrane lipids, protein and nucleic acids by
acting as free radical scavenger; this could further
promote the multistage process of carcinogenesis
(Shukla et al. 2003).

Other than micronutrients, there exist some
other trace elements such as copper (Cu) and
zinc (Zn) which can play a role in carcinogen-
esis. An elevated serum copper and low zinc
levels have been found in various cancers like
in breast cancer (Garofalo et al. 1980; Gupta
et al. 1991), gastrointestinal tract cancer (Inut-
suka and Araki 1978; Gupta et al. 1993) and
lymphomas (Margerison and Mann 1985). In
a similar way, zinc serum levels have been
found to be decreased in different malignancies
(Garofalo et al. 1980; Gupta et al. 1991, 1993,
2005a, b; Inutsuka and Araki 1978; Margerison
and Mann 1985; Gray et al. 1982). Therefore,
we have demonstrated alteration in the serum,
biliary and tissue levels of Cu and Zn in pa-
tients with GBC and cholelithiasis. We con-
cluded that patients with GBC show alterations
in the Cu and Zn levels of serum and tissue.
Thus, Cu/Zn ratio could also be a factor for the

147

prevalence of this gallbladder disease in northern
part of India.

12.1.4 Nitrate and Nitrite

India is an agriculture-based country. In recent
years, use of nitrate-based fertilizers has been
increased. Thus, it leads to high intake of nitrate
through drinking water and vegetables. We found
a higher biliary concentration of nitrate in GBC
patients in comparison to cholelithiasis in our
study. Similar results have also been shown in
gastric cancer, brain tumours and hepatocellular
carcinoma (Fraser et al. 1980). The high nitrate
content in bile may be converted to nitrite and in
turn nitrosamine which is known to be carcino-
genic and could initiate gallbladder carcinogene-
sis (Shukla et al. 2004).

12.1.5 Pesticides

Pesticides in crop protection are used in excessive
quantity, and it all ultimately mixes with the
Ganges water, and water is frequently used in the
daily requirements like for drinking and irriga-
tion. It has already been demonstrated by vari-
ous studies that pesticides play a crucial role in
carcinogenesis (Nayak et al. 1995; Rehana et al.
1996); it can even cause liver cell carcinogenesis
in experimental model (Ito et al. 1995; Kolaja
et al. 1996). Another research was conducted by
our earlier work was done to look at the pesticides
presence in the causation of gallbladder cancer.
A total of sixty patients of gallbladder diseases
have been collected, of which 30 have GBC and
30 have cholelithiasis. Bile and blood samples
were collected to estimate the pesticides’ concen-
tration. Organochlorine pesticides have shown
earlier an association with the oesophageal and
stomach cancers (Ditraglia et al. 1981). We also
evaluated the concentration of some pesticides in
gallbladder cancer patients. The estimated results
have shown significantly higher concentration of
BHC and DDT in gallbladder cancer patients
when compared with cholelithiasis. Thus, it can
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also be an important factor in gallbladder carcino-
genesis in our region (Shukla et al. 2001).

12.1.6 Bile and Bacteria

Bacterial presence can also be a causative factor
for the gallbladder carcinogenesis. Primary bile
acids change to secondary bile acids, due to the
chronic bacterial infection which leads to the
development of tumour (Hill 1986). In our earlier
study in 2007, we tried to see the association of
gallbladder cancer with chronic bacterial infec-
tion. We observed higher bile culture positivity in
GBC in comparison to cholelithiasis and control
(Sharma et al. 2007). Another study concluded
that concentration of biliary deoxycholate was
higher in GBC as compared to cholelithiasis
(Shukla et al. 1993). In a previous study, we
demonstrated the role of bacterial degradation of
primary bile acids in GBC, and the study reported
that the bacterial degradation of primary bile
acids could also be a factor for gallbladder cancer
(Pandey et al. 1995). Typhoid and paratyphoid
can also correlate with the incidence of GBC in
North India as these two are very common in such
parts (Shukla et al. 1985). It is also concluded
that approximately 2.5 % of total number of
enteric fever cases is known to associate with the
biliary system which leads to a chronic carrier
state (Old 1990). Gallbladder diseases, including
carcinoma, are common in the northern part of
India and so are Salmonella typhi infection and
typhoid carrier state. The typhoid carrier state
may be one of the possible mechanisms of gall-
bladder carcinogenesis. There is 8.47 times more
risk of developing carcinoma of the gallbladder in
culture-positive typhoid carriers than the noncar-
riers (Welton et al. 1979; Nath et al. 1997, 2008;
Shukla et al. 2000).

12.1.7 Dietary Factors

Other factors which may also correlate with the
gallbladder carcinogenesis are dietary factors.
Various studies concluded from their observation
that intake of animal proteins, fats and oily food
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increases the risk of GBC, whereas intake of
vegetables and fruits decreases the risk in patients
for developing GBC (Kato et al. 1989). Another
work also stated that ingestion of vegetables,
fibre, vitamin C and vitamin E showed a lower
risk of GBC but a higher risk is associated with
the addition of sugar in desserts with the cau-
sation of biliary tract cancer (Moerman et al.
1995). We also (2002) evaluated the role of diet
in gallbladder carcinogenesis. Significant odds
ratios were seen with the consumption of radish
(OR 0.4, 95 % CI 0.17-0.94), green chilies (OR
0.45, 95 % CI 0.21-0.94) and sweet potato (OR
0.33, 95 % CI 0.13-0.83) among vegetables and
mango (OR 0.4, 95 % CI 0.16-0.93), melon (OR
0.3, 95 % CI 0.14-0.64) and papaya (OR 0.44,
95 % CI 0.2-0.64) among fruits. We concluded
that vegetables and fruits showed a protective
effect on gallbladder carcinogenesis but red meat
(beef and muffin) was found to be associated with
increased risk of gallbladder cancer (Pandey and
Shukla 2002).

12.1.8 Mustard Oil

Mustard oil is frequently used as cooking
medium in this part of country. It is already
reported that mustard oil has an inflammatory
response (Shukla and Arora 2003; Shukla et al.
2003). They were reported to have a tumori-
genic response on consumption of mustard oil.
Edible mustard oil is usually adulterated with
argemone oil because argemone seeds closely
resemble with the mustard seeds and colour of
both the oils are the same (Ghosh et al. 2005).
Sanguinarine and diethylnitrosamine are found to
be present in the adulterated and fried mustard
oil. Sanguinarine is an alkaloid of argemone
oil. Recent studies have shown that argemone
oil and isolated sanguinarine possess genotoxic
and carcinogenic potential which is implicated
in DNA damage in the blood of dropsy patients
(Das et al. 2005). Similarly, diethylnitrosamine
has also been reported to induce hepatocarcino-
genesis (Bhosale et al. 2002). We also inves-
tigated the association of mustard oil as cook-
ing medium with gallbladder cancer in northern
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India. Concentration of sanguinarine and diethyl-
nitrosamine were estimated in gallbladder cancer
and cholelithiasis patients, and it was reported
that sanguinarine and diethylnitrosamine concen-
trations in the gallbladder tissue increased in
patients with gallbladder cancer compared to pa-
tients with cholelithiasis. We reported that there
is an association between mustard oil and GBC
(Dixit et al. 2013).

12.2 Lifestyle, Reproduction
Factors and Risk of GBC

We also evaluated the risk of gallbladder cancer
association with the lifestyle, parity, menstrual
and reproductive factors. Sixty-four newly di-
agnosed GBC cases were included in the study
and the detailed information regarding smoking,
chewing habits, alcohol drinking and parity, men-
strual and reproductive factors were collected
in a pro forma. We stated that tobacco and
chewing were associated with increased odds of
gallbladder cancer. Similarly early menarche, late
menopause, multiple pregnancies and childbirth
increased the risk of gallbladder cancer (Pandey
and Shukla 2003). A recent study also described a
higher risk of developing gallbladder diseases in
older, multiparous women and men with diabetes.
They also showed an increased risk of gallbladder
diseases by the intake of chickpeas and unsafe
water and in villages having heavy water pollu-
tion (Unisa et al. 2011). Cigarette smoking is an
important health hazard and nicotine is one of the
main carcinogens known. Nicotine is found to
be involved in DNA damage, genetic instability
and inhibition of apoptosis (Campain et al. 2004).
Our recent study was aimed to assess the role of
nicotine in gallbladder carcinoma. A significant
higher value of tissue nicotine concentration was
observed in the gallbladder carcinoma group.
These elevated nicotine concentration in tissue
samples from gallbladder cancer is indicative of
its strong association with the disease (Basu et al.
2012).

From the above discussion, we can con-
clude that multiple factors are playing a role in
gallbladder carcinogenesis. So, it might be possi-
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ble that such environmental factors are associated
with the development of gallbladder cancer in the
Gangetic plane.
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Stress and Cancer Risk: The Possible 1 3
Role of Work Stress

Marcus James Fila

Abstract

Despite widespread public belief that stress may lead to cancer, research
on this relationship remains inconclusive. However, recent work points to
the possibility that hostile naturalistic settings may contribute to cancer
risk. Within organizational research, work stress is thought to be one
of the greatest sources of psychological stress in people’s lives and is
increasingly becoming a modern-day pandemic. Thus, this paper outlines
the nature of stress, including how excessive and chronic stress negatively
affects human health and may possibly lead to cancer; argues that a
causal link between stress and cancer may exist, despite being frequently
overlooked due to ethical and practical research difficulties; and presents
an industrial/organizational psychologist’s viewpoint of workplace stress
by outlining two prominent models used in the social sciences. Finally,
the author suggests that future collaboration between experimental cancer
researchers and workplace psychologists may help further address the
possible link between work stress and cancer.
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13.1 Stress and Cancer Risk: The
Possible Role of Work Stress

It is widely acknowledged in organizational
research within the social sciences that work

M.J. Fila, PeDip, MBA, MS (5)) stress is becoming a modern-world pandemic
Department of Economics, Management, and and may be many people’s biggest stressor (Sul-
Accounting, Hope College, 141 E 12th St. Holland, sky and Smith 2005). Moreover, excessive and

MI 49423, USA

; chronic stress has been implicated in a number of
e-mail: fila@hope.edu

PR. Sudhakaran (ed.), Perspectives in Cancer Prevention — Translational 153
Cancer Research, DOI 10.1007/978-81-322-1533-2_13, © Springer India 2014


mailto:fila@hope.edu

154

serious conditions, including depression (Ham-
men 2005; Monroe and Simons 1991), progres-
sion of HIV (Capitanio et al. 1998; Leserman et
al. 2002), and cardiovascular disease (Krantz and
McCeney 2002; Rozanski et al. 1995). As such,
all sectors of society have become increasingly
aware of work stress over the past generation,
and decreasing work stress has become an inter-
national priority at personal, organizational, and
societal levels (Griffin and Clarke 2011).

Given its established link to other serious
forms of disease, there exists a widespread public
belief that stress may be linked to cancer, through
both direct effects (e.g., the body’s physiological
response to psychological stressors) and indi-
rect pathways (e.g., unhealthy response behav-
iors, such as smoking and over eating) (Cohen
et al. 2007; Sulsky and Smith 2005). However,
research findings to date have been mixed (Duijts
et al. 2003; Heffner et al. 2003; Lutgendorf et al.
1994; Turner-Cobb et al. 2001), with some con-
cluding that stress is more likely to be attributable
to cancer progression than to initiation (Cole et
al. 2001). Additionally, stress can be difficult to
prove beyond all reasonable doubt (Sulsky and
Smith 2005), and to further complicate matters,
the field of cancer research is fraught with ethical
and practical issues that hinder much experi-
mental research in field settings (Cohen et al.
2007). Because of these inherent difficulties, a
possible link between pervasive levels of stress
and development of cancers in naturalistic set-
tings may be being overlooked. Recently, how-
ever, Abeysinghe and Gu (2010) recorded cancer
data from a Shanghai-based population analyzed
through an age period cohort technique, finding
strong evidence that those whose mental health
had suffered due to the stress of the Chinese
social revolution were more likely to have been
diagnosed with cancer than others.

Similarly, given the paramount economic,
familial, social, and societal importance of
work and the physical number of hours typi-
cally spent in work-related activities, efforts of
organizational practitioners and scientists to iden-
tify and reduce stress have been motivated by a
desire for improvements in employee quality of
life and, ultimately, work performance (Griffin
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and Clarke 2011; Kahn and Byosiere 1992). For
example, one survey illustrated that 48 % of
workers react to their work-related stress by cut-
ting corners, lying about sick days, and covering
up incidents that should be reported (Boyd 1997).
A more insidious reason to identify and reduce
stress is the increasing number of lawsuits filed
by workers claiming for stress-related injuries
(Earnshaw and Cooper 1994). However, evidence
of strong relationships between chronic stress
and a host of life-threatening diseases, possibly
including cancer (see Cohen et al. 2007), is per-
haps the most pervasive reason to understand and
mitigate workplace stress wherever possible. As
such, the four aims of this paper are to outline
the nature of stress, including how excessive and
chronic stress negatively affects human health; to
argue that a causal link between stress and cancer
may exist, despite being frequently overlooked
due to ethical and practical research difficulties;
to present an industrial/organizational psycholo-
gist’s viewpoint of workplace stress by outlining
two prominent models used in the social sciences;
and to suggest that future collaboration between
experimental cancer researchers and workplace
psychologists may help further address the pos-
sible link between work stress and cancer.

13.1.1 What s Stress?

Most people are in agreement that stress is both
an important and pervasive part of modern life
(Kahn and Byosiere 1992). Moreover, excessive
levels of stress may negatively affect physical
and emotional health and detrimentally effect
performance at work (Sulsky and Smith 2005).
These concerns appear substantiated, with 60—
90 % of visits to healthcare professionals being
for potentially stress-related disorders, such as
headaches, back pain, and cardiovascular disease
(Cummings and VandenBos 1981). Moreover,
14 % of all insurance compensation claims are for
stress-related illnesses and injuries (Pelletier and
Lutz 1991), and it is estimated that the USA loses
approximately 550 million work days annually
to stress-related absenteeism (Danna and Griffin
1999).
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Stress is not a single event, but a dynamic
process involving appraisal, response, and at-
tempts to cope with and manage stressors in
order to meet goals (Sulsky and Smith 2005).
Potential stressors initiate this process based on
personal, group, and situational characteristics,
how the individual appraises a potential stressor
(i.e., whether or not it is viewed as a stres-
sor) and how he/she responds to the stressor
(e.g., physiological and/or psychological strains)
(Kahn and Byosiere 1992; Lazarus and Folkman
1984). For most stressors, the perception of threat
and severity of stress is based on a psychologi-
cal appraisal which occurs prior to the physical
stress response. Conditions appraised as stressful
may then lead to acute reactions. Moreover, if
persistent these short-term responses may lead to
chronic longer-term strains, as well as behavioral
coping mechanisms, which in some cases may
contribute further to strain (Sulsky and Smith
2005).

13.1.2 Stress and Health

Studies of work stress in the health and social
sciences generally focus on either the occurrence
of environmental events that tax one’s ability
to cope; individual responses to events that are
indicative of this overload, such as perceived
stress and event-elicited negative affect; or both
(Kahn and Byosiere 1992; Sulsky and Smith
2005). Stress is generally thought to influence
the pathogenesis of physiological disease by in-
ducing negative affective states (e.g., feelings
of anxiety and depression), which exert direct
effects on biological processes and/or behavioral
patterns that influence disease risk (Cohen et al.
1995). Chronic stressors are generally considered
to be the most toxic because they are more likely
than most acute stressors to result in long-term
or permanent changes in the emotional, physio-
logical, and behavioral responses that influence
susceptibility to and course of disease (Cohen
et al. 1995; McEwen 1988).

The most direct pathway from stress to seri-
ous disease is through stressor-elicited endocrine
responses. According to Cohen et al. (1995) and
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McEwen (1988), two endocrine response systems
are particularly reactive to psychological stress:
the hypothalamic-pituitary-adrenocortical axis
(HPA) and the sympathetic-adrenal-medullary
(SAM) system. Cortisol, the primary effector
of HPA activation in humans, regulates a broad
range of physiological processes, including anti-
inflammatory responses; metabolism of carbo-
hydrates, fats, and proteins; and gluconeogen-
esis. Similarly, catecholamines, which are re-
leased in response to SAM activation, work in
concert with the autonomic nervous system to
exert regulatory effects on the cardiovascular,
pulmonary, hepatic, skeletal muscle, and immune
systems. Prolonged or repeated activation of the
HPA and SAM systems can interfere with their
control of other physiological systems, resulting
in increased risk for physical and psychiatric
disorders (Cohen et al. 1995; McEwen 1988).
The mediating effects of HPA and SAM sys-
tems on stress and disease are evidenced in
animal and human studies demonstrating how
a wide variety of stressful stimuli provoke ac-
tivation of these systems. For example, stress
has been linked to depression (Monroe and Si-
mons 1991; Van Praag et al. 2004), the progres-
sion of HIV (Capitanio et al. 1998; Leserman
et al. 2002), and cardiovascular disease (Kivi-
maki et al. 2006; Krantz and McCeney 2002;
Rozanski et al. 1995).

13.1.3 Stress and Cancer Risk

In addition to the aforementioned diseases, exper-
imental research in animals and some creatures
has found that stress contributes to the initiation,
growth, and metastasis of select tumors (Cohen
et al. 2007; Wu et al. 2010). Moreover, mecha-
nistic experiments in humans indicate that stress
affects key pathogenic processes in cancer, such
as antiviral defenses, DNA repair, and cellular
aging (Antoni et al. 2006). The focus of many
of these studies is basic biology, e.g., whether
the experience of stress and changes in gene
expression may be associated with tumor pro-
gression (Ross 2008). However, studies looked
for associations between chronic psychological
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stress and the incidence or course of cancer in
humans have yielded mixed and moderately con-
troversial results (Duijts et al. 2003; Heffner et
al. 2003; Lutgendorf et al. 1994; Turner-Cobb et
al. 2001). For example, contrary to community
beliefs, there has been no evident association
between stress and breast cancer risk in large
prospective cohort studies (see Kricker et al.
2009). Overall, despite some promising findings
stress is presently thought to be more influential
in the progression and recurrence of cancer than
its initial onset (Cole et al. 2001). This extant
literature on the relationship between stress and
cancer in humans is summarized by Antoni et al.
(2006), who outline possible multiple effects of
stress on human tumor biology, including through
impairment and enhancement of estrogen synthe-
sis (Kricker et al. 2009).

13.1.4 Are We Overlooking a Causal
Link?

The inconclusive evidence of direct effects of
stress on cancer may be causing us to overlook
its possible effects for several reasons. First,
as already mentioned stress may contribute to
cancer risk through indirect pathways, such as
behavioral changes occurring as adaptations or
coping responses to stressors including smok-
ing, decreased exercise and sleep, and poorer
adherence to medical regimens (Lutgendorf et
al. 1994). Second, many cancers are diagnosed
only after years of growth, making an associ-
ation between stress and disease onset difficult
to demonstrate (Cohen et al. 2007). Third, the
field is fraught by ethical and practical difficulties
in designing and implementing adequate studies.
For example, studies frequently collapse groups
of patients across various types of cancer to max-
imize power. However, cancer is a heterogeneous
group of diseases with multiple etiologies, and
the contribution of stress-related perturbations
(e.g., HPA and SAM activation, diminished an-
tiviral defenses) are likely to vary across sites
and stages. Furthermore, effects of psychological
stress are likely to be more pronounced in cancers
facilitated by impairments in antiviral immunity
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and sustained activation of hormonal response
(e.g., cervical cancer, hepatocarcinoma, and HIV-
related tumors), than more common cancers,
such as breast cancer (Cohen et al. 2007). Thus,
smaller effect sizes could be overlooked even if
causally validated.

An alternative viewpoint to the study of stress
and cancer is that naturalistic settings may offer
strong conclusions (although scientifically vali-
dating findings may be challenging). For exam-
ple, Abeysinghe and Gu (2010) recently recorded
cancer data from a Shanghai-based population
analyzed through an age period cohort technique.
The authors found strong evidence that those
whose mental health had suffered due to the stress
of the Chinese social revolution experienced sig-
nificantly more incidents of cancer than others
(Abeysinghe and Gu 2010). Moreover, they con-
cluded that human history is replete with “experi-
ments” that have caused enormous stress on some
human populations, and that data on incidents of
serious disease from such historical events, had
it been recorded, may have provided rich sources
of information to examine the link between stress
and cancer.

Although evidence such as that found by
Abeysinghe and Gu (2010) is presently rare
within cancer research, it takes the first steps
in suggesting that humans who are exposed to
psychologically stressful conditions over a sus-
tained period may be at a higher risk of cancer.
Given the established link between stress and
other diseases, perhaps the existential possibility
of a stress-cancer relationship is more important
than its falsifiability. For example, organizational
research suggests that the modern world of work
is gradually intensifying and becoming more
demanding and stressful (Burchell 2002), with
stress in the workplace now considered to be
a modern-world pandemic (Sulsky and Smith
2005). As such, the possibility exists — and should
thus be explored — that excessive and chronic
workplace stress may be connected to cancer.
Accomplishing this arguably requires marrying
an understanding of work stress from a psy-
chological standpoint with existing experimental
methods in examining cancer. Therefore, the final
section of this paper offers a brief overview
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of work stress from an industrial/organizational
perspective, and two prominent models of work
stress are outlined, with the intention of stimulat-
ing future research.

13.2 Work Stress: A View
from Industrial/Organizational
Psychology

Over the past 40 years, a considerable body
of stress-related theory and practice has de-
veloped, encompassing research from many
fields including psychology, sociology, medicine,
public health, engineering, and economics
(Griffin and Clarke 2011). Within the field of
psychology, stress research has been identi-
fied mainly in the clinical, medical, and oc-
cupational/organizational disciplines (Beehr and
Franz 1987). From a work perspective, conven-
tional wisdom suggests that workers in highly
developed countries should experience the great-
est levels of psychological well-being (including
happiness, peace, and fulfillment), because they
are among the world’s highest-paid employees.
However, beyond the very lowest income levels,
the earning-to-well-being relationship is not lin-
ear (Diener et al. 1995), and many of today’s
workers are experiencing elevated levels of stress,
leading to a variety of physical and psychological
strains which are detrimental to both their own
well-being and that of the organization (Sulsky
and Smith 2005).

Stress researchers have maintained for over
a century that not all stress is harmful, and
that a certain amount is actually beneficial to
health and performance (Selye 1956; Yerkes and
Dodson 1908). However, stress arising from un-
pleasant or aversive physiological or emotional
states resulting from adverse experiences that are
uncertain or beyond the employee’s control can
be detrimental to human health and functioning
(Beehr and Bhagat 1985; Hart and Cooper 2001).
More specifically, growing evidence in the health
and social sciences implicates work stress in the
development of a number of physical and psycho-
logical strains. Strains are adverse and potentially
harmful reactions of an individual to stressful
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work (De Croon et al. 2004) and include ad-
verse physiological changes, decrements in role
performance, and psychological reactions (such
as emotional tensions) (Karasek and Theorell
1990). For example, by directly damaging the
physical and mental health of employees, overly
stressful employment conditions may erode em-
ployee job satisfaction and commitment to the
organization and contribute to intentions to quit
the organization (Faragher et al. 2005; French
et al. 1982; Siegrist 1996). Stress may lead to
job-related worries, physical and/or emotional
exhaustion, depression, psychological distress,
psychiatric distress, affective disorder symp-
tomatology, psychotic affective disorder, mild
psychiatric morbidity, social dysfunction, ten-
sion, anxiety, irritability, state anger, trait anger,
schizophrenia/delusion/hallucinations, need to
recover after work, lack of identification, hostil-
ity, frustration, and burnout (Karasek and The-
orell 1990). Furthermore, as previously men-
tioned, stress has been consistently linked to life-
threatening health disorders such as cardiovascu-
lar disease and the progression of various cancers
(Cohen et al. 2007).

In certain circumstances, the stressor may
be identified before strains are apparent, or the
resultant strains can be treated with the indi-
vidual returning to normal (Sulsky and Smith
2005). However, treatment of strains attributed
by the employee to an overly stressful work
environment essentially put a “Band-Aid” on the
problem, because the individual may perceive
having little or no control over their presence or
recurrence (Karasek and Theorell 1990). As such,
these strains will likely persist unless the indi-
vidual’s perceptions of the environment change,
or they leave the organization for reasons of job
change or poor health (Sulsky and Smith 2005).
Therefore, in accordance with Abeysinghe and
Gu (2010), given the paramount economic, famil-
ial, social, and societal importance of work and
the physical number of hours typically spent in
work-related activities (Sulsky and Smith 2005),
some workplaces may be more conducive to
employee health-related problems than others,
when controlling for expected variability in dis-
ease susceptibility between individuals. As such,
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responsibility for stress reduction at work lies not
only with the individual but with the organiza-
tion to ensure a healthy work environment that
gives due attention to workplace characteristics
(Diefendorff and Chandler 2011), such as how
jobs are designed (Grant et al. 2011).

Mpyriad stress reduction and management pro-
grams have been outlined in the literature (e.g.,
Karasek and Theorell 1990; Sulsky and Smith
2005). However, perhaps the first step in un-
derstanding the possible role of work stress in
cancer risk is an awareness of what social scien-
tists have repeatedly evidenced to be stressors at
work.

13.3 Two Classical Models
of Work Stress: The Job
Demands-Control-Support
(JDC(S)) and Effort-Reward
Imbalance (ERI) Models

The job demands-control-support (JDC(S))
(Karasek and Theorell 1990) and the effort-
reward imbalance (ERI) models (Siegrist 1996)
aim to capture characteristics of the psychosocial
work environment by focusing on the work en-
vironment as the main locus of employee stress
and strain. Moreover, both models provide prac-
tical recommendations for reducing stress and
its deleterious outcomes by creating healthier
work environments (Sulsky and Smith 2005).
The JDC(S) model views work demands, control
over working processes, and social support from
within the workplace as integral to the stress
process. Although underutilization can result in
stress from boredom (Kahn and Byosiere 1992;
Selye 1956), the main tenet of the JDC(S) model
is that high demands can be stressful, especially
if experienced in conjunction with a low control
over how to manage them and inadequate support
from proximal workplace constituents, such as
coworkers and supervisor(s). As such, an em-
ployee’s perception of fit with the work environ-
ment centers on demands being manageable and
the availability of control and support resources
(Kain and Jex 2010). Moreover, control and
support are thought to both reduce stress directly
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and mitigate the stress of high perceived demands
(Hausser et al. 2010; Karasek and Theorell 1990).

Demands are physical, social, or organiza-
tional aspects of the job that require sustained
physical or mental effort (Demerouti et al. 2001).
Examples of demands include deadlines, number
of “widgets” made per hour, and number of
reports due per week. Job control (also termed
decision latitude) refers to control over work ac-
tivities (Van der Doef and Maes 1999) and plays
a central role in many organizational stress theo-
ries (for reviews see Frese 1989; Ganster 1989).
Hackman and Oldham (1975) defined control as
how much substantial freedom, independence,
and discretion are provided by the job to the
individual to schedule work and in determining
the procedures to be used in carrying it out. The
original demands-control model was extended by
integrating workplace social support as a third
dimension (Johnson and Hall 1988). Diverse
mechanisms now exhibit how workplace support
can affect psychological well-being, for example,
as a buffering mechanism between psychological
stressors and adverse physiological and psycho-
logical outcomes (Karasek et al. 1987); through
basic physiological processes important to both
acquisition of new knowledge and maintenance
of long-term health (Henry and Stephens 1977);
by facilitating active coping patterns and pro-
ductive behavior — thus affecting health through
second-order effects (Pearlin and Schooler 1978);
and through positive sense of identity, based
on socially confirmed values of contributions to
collective goals (Stryker and Burke 2000).

In their recent review of organizational stress
literature, Griffin and Clarke (2011) concluded
that the most effective ways for organizations to
minimize job stress are to (1) make reasonable
demands of employees, (2) afford them sufficient
control over how to meet demands, and (3) ensure
provision of adequate support within the work-
place. Moreover, because “many jobs are charac-
terized by high demands, where the nature of the
demands cannot be changed,” control and support
are particularly important to stress minimization
(Griffin and Clarke 2011, p. 382). These concepts
pervade the above and many other work stress
theories in some form. However, the JDC(S)
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High Effort J{eeesssssssss————————) Low Reward

Money Esteem /
Security / Career
opportunities

Work Demands/
Obligations

Fig. 13.1 The effort-reward imbalance model, taken
from Siegrist (1996)

model offers a direct examination of how em-
ployees perceive these workplace characteristics.
The ERI model is grounded in equity the-
ory (Adams 1965; Greenberg 1982), assuming
a distributive justice institutional perspective, in
which the labor contract is a reciprocal exchange
of the fulfillment of work demands (effort) in re-
turn for income, job security, social mobility, and
esteem (Siegrist 1996). Distributive justice refers
to the fairness of these outcome distributions or
allocations (Guillermina 1980), and in the USA,
the merit or equity norm that those who work
the hardest and/or are most productive should get
the greatest rewards is the most common founda-
tion for defining distributive justice (Greenberg
1982). The ERI model is designed to measure
the symmetry/asymmetry of this effort-reward,
equity-driven relationship (Siegrist 1996). Wal-
ster et al. (1973) summarized the key predic-
tion of equity theory as being when individuals
become distressed when they find themselves
participating in inequitable relationships, and that
distress increases with the degree of inequity.
A more recent review by Mowday and Colwell
(2003, p. 68) summarizes even more succinctly:
“Inequitable treatment causes tension or distress,
and people are motivated to do something about
it.” Thus, inequity, as represented in the ERI
model, represents a stress mechanism triggered
by a perception of distributive injustice (Green-
berg 1984). This is depicted is Fig. 13.1.
Injustice as a stressor is relatively new within
stress research, and the extent to which fairness
perceptions provide unique insights into the re-
lationship between justice and job strain is as
yet underrepresented in organizational research
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(Rodwell et al. 2009). In one study, De Boer
and colleagues (2002) explored the influence of
organizational justice variables with the original
JDC model and found that justice contributed
to the explanation of job strain more than per-
ceptions of demands or control. However, they
concluded that further justice research with the
JDC(S) model (i.e., including the social support
dimension) is necessary to determine whether a
greater prediction of strain can be achieved. Some
studies have examined the effects of perceived
demands, control, and support when augmented
with perceptions of justice and, in particular,
distributive justice as defined by the effort-reward
relationship (e.g., Fillion et al. 2007; Rodwell et
al. 2009; Rydstedt et al. 2007).

13.4 The Potential Role of Social
Science Work Stress Models
in Cancer Research

Psychological models of work stress such as the
JDC(S) and ERI models may help predict risk
of cancer by evidencing the circumstances under
which employees are most likely to be stressed
(direct path) and to perform response-driven cop-
ing behaviors to stress (indirect paths). For exam-
ple, studies show that those employees experienc-
ing high demands and low control in the work-
place are more likely to smoke cigarettes than
other employees (Lindstrom 2004). Similarly,
Kouvonen et al. (2005) evidenced a relationship
between effort-reward imbalance and smoking
behaviors. Although some other studies to date
have failed to find a more direct relationship
between work stress and cancer (e.g., Schern-
hammer et al. 2004), there is arguably a role for
social scientists to augment the methodologies
and findings of cancer researchers. For example,
by drawing on their knowledge of work set-
tings, industrial and organizational psychologists
could help design field experiments that over-
come some of the ethical issues in exploring the
possible work stress and cancer relationship. Ad-
ditionally, awareness of established causal rela-
tionships between work conditions and employee
stress may further assist cancer researchers in
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designing laboratory experiments that, as far as
is possible, recapture the stressors experienced at
work, thus promoting both internal and external
validity.

The relationship between work stress and can-
cer remains shrouded in ambiguity. However this
is arguably as much due to ethical and practical
boundaries of experimental design as a credible
scientific reason to doubt a relationship. As the
field of cancer research continues to broaden,
it may further include the perspective of social
scientists who, with their awareness of the effects
of psychosocial aspects of life situations (such as
work) on human stressors, strains, and resultant
coping behaviors, may offer alternative ways to
address familiar questions surrounding the causes
of cancer. Firmer answers to questions regarding
the potential role of work stress on cancer may be
just around the corner.
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