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Carcinogenesis is a multistage process driven by carcinogen-induced genetic or
epigenetic damage in cells that gain a selective growth advantage and undergo clonal
expansion as a result of the activation of proto-oncogenes and/or inactivation of tumor
suppressor genes. Animal model studies reveal that the process of carcinogenesis has
three distinct stages, namely, initiation, promotion and progression. Initiation involves
the exposure of normal cells to chemical, physical or microbial carcinogens that cause a
genetic change (s) producing an irreversibly altered cell with both an altered
responsiveness to the microenvironment and a selective clonal expansion advantage
when compared to the surrounding normal cells. During promotion, the initiated cell
undergoes selective clonal expansion leading to the appearance of a benign lesion or
preneoplastic focus. The probability of conversion of an initiated cell to malignancy is
substantially increased by further exposure to DNA-damaging agents which may
activate protooncogenes and/or inactivate. tumor suppressor genes leading to the
progression of benign lesions to malignant cancers. Thus, the transition between the
different stages of carcinogenesis is driven by environmental and endogenous factors

and involves different biochemical mechanisms and genetic elements.

Studies indicate that the effect of a carcinogen or a mutagen may be transmitted
transgenerationally either when exposure occurs irn wufero or when parents (most
frequently fathers) are exposed prior to mating, leading to an increased risk of cancer in
the progeny. Experimental evidence suggest that following the exposure of germ cells to
a mutagen/ carcinogen, an initiating event could be inherited by subsequent generations
and revealed after postnatal exposure to a mutagen/ carcinogen or non-genotoxic agent.
Thus, the postnatal environment is crucial, as exposure to various environmental factors

which may enhance the progression to cancer.

Tumor suppressor genes are genes whose loss-of-function releases the constraint on cell
growth and is therefore tumorigenic. They normally function as physiologic barriers
against clonal expansion or genomic mutability and are able to hinder the growth and
metastasis of cells driven to uncontrolled proliferation, and are thus vulnerable sites for
DNA damage. Tumor suppressor genes have been classified into two main types-
‘gatekeepers” and “caretakers”. Gatekeepers are genes that directly regulate the growth

of tumors by inhibiting growth or promoting death through regulation of the cell-cycle.
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The most widely studied gatekeeper tumor suppressor gene is the p53 gene, which is
mutated in over fifty percent of human cancers. Caretakers are genes that maintain
genomic integrity through their role in maintaining error-free DNA repair. Inactivation of
a caretaker gene therefore does not promote tumor initiation directly. Instead it leads to
genetic instability which results in increased mutation in all genes, including
gatekeepers. Examples of caretaker genes are the breast cancer and ovarian cancer
associated BRCAI and BRCA2 genes.

Betel nut (BN), Areca catechu L. is a commonly used masticatory which is consumed by
over 600 million individuals world-wide. The habit of BN chewing is believed to be
strongly associated with cancers of the mouth, oropharyngeal cavity, and upper parts of
the digestive tract in humans. The genotoxic and cytotoxic effects of BN powder,
aqueous extract of betel nut (AEBN), its primary alkaloid, arecoline, and/or their nitroso
derivatives, have been reported. AEBN was previously found to induce strand breaks in
DNA of mouse kidney cells, unscheduled DNA synthesis (UDS) in Hep-2 cells in vitro
and enhanced rate of cell proliferation. Teratogenic effects of chronic BN and arecoline
exposures have also been reported in mice and rats. Arecoline was reported to cause
general developmental retardation of zebrafish embryos predominantly due to a general
cytotoxic effect induced by depletion of intracellular thiols. Furthermore, arecoline was
reported to induce abnormality in the shape of sperm heads and unscheduled DNA
synthesis (UDS) in the early spermatid stages of Swiss albino mice, and, to induce
micronuclei formation in fetal mouse blood after transplacental exposure. Previous
studies in Swiss Albino mice have shown that AEBN or arecoline induced DNA damage,
affected cell cycle characteristics and induced qualitative changes in mice liver high
mobility group (HMG) proteins similar to that induced by a hepatocarcinogen,
diethylnitrosamine (DEN), leading to the development of preneoplastic nodules in the

liver.

In the light of the above information, Swiss Albino mice chronically exposed to AEBN
were selected as a model to study the combined response of the p53, Brcal and Brca2
tumor suppressor genes in BN induced carcinogenesis. Further, the study also aimed to
determine if BN has a transgenerational carcinogenic effect. For this purpose, the study
was designed taking the significance of postnatal carcinogen exposure into consideration.

Male and female 6 week old Swiss Albino mice were exposed to aqueous extract of
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betel nut (AEBN) in drinking water at a dose of 2 mg ml™ for 24 weeks. These mice are
referred to as the previously unexposed P generation mice. The transgenerationally
exposed mice received AEBN before and during mating. The F1 generation was raised
by allowing P generation mice exposed to AEBN for 6 weeks to breed. Similarly, the F2

and F3 generations were raised from AEBN-exposed F1 and F2 mice, respectively.

It was observed that exposure to AEBN severely impaired the ultrastructure of the
nucleus, endoplasmic reticolum and mitochondria, with a significant reduction in
mitochondrial index from the P through F3 generations, indicating a progressive loss of
apoptosis. It was observed that the different stages of AEBN- induced carcinogenesis in
P generation Swiss Albino mice involved alterations in the levels of the p53, Brcal and
Brca2 tumor suppressor proteins in comparison to control level. Exposure to AEBN
resulted in immediate upregulation of p53 protein to 2-2.5 fold that of age-matched
control after 6-8 weeks of exposure, and upregulation of Brcal and Brea2 proteins to 1.4
fold the age-matched control after 2 weeks of exposure. Subsequently, the p53 protein
declined to control level, and the Brcal and Brca2 proteins to 70 % that of the control
after 16 weeks of exposure, concomitant with the appearance of preneoplastic nodules in
the liver. In contrast, in the transgenerationally exposed mice, the level of pS3 protein
remained largely invariant in comparison to control, and the levels of Brcal and Brca2
proteins declined rapidly below control level, without recording an initial increase. The
appearance of preneoplastic nodules of the liver was significantly advanced, developing
in F1 mice after 8 weeks, in F2 mice after 6 weeks and in F3 mice after 4 weeks of
exposure, exhibiting progressively increasing genomic instability. DNA sequence
analyses revealed no mutations in exons 5 and 7 the p53 gene, and the amplified segment
(nucleotides 1-257) of the Brca2 gene in P, F1, F2 and F3 mice. A missense mutation
(G—C) was observed in exon 11 of the Brcal gene in F1, F2 and F3 mice, but not in P
mice. It can, therefore, be concluded that the p53, Brcal and Brca2 tumor suppressor
genes are intrinsically involved in the process of BN-induced carcinogenesis in mice, as
well as in the transgenerational transmission of carcinogenic risk following AEBN
exposure. The p53, Brcal and Brca2 responses were abrogated in the mice exposed

transgenerationally to AEBN.

Biomarkers are anatomic, physiologic, biochemical, or molecular parameters associated

with the presence and severity of specific disease states. They are detectable and
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measureable by a variety of methods including physical examination, laboratory assays
and medical imaging. As an important biological indicator of cancer status and
progression for the physiological state of the cell at a specific time, biomarkers represent
powerful tools for monitoring the course of cancer and gauging the efficacy and safety of
novel therapeutic agents. Malignant transformation involves alterations in protein
expression with subsequent clonal proliferation of the altered cells. These alterations can
be monitored at the protein level, both qualitatively and quantitatively. Protein signatures
in cancer thus provide valuable information that may be an aid to more effective
diagnosis, prognosis, and response to therapy. As part of the present study, we have
investigated the levels of p53, BRCA1 and BRCA?2 proteins in the peripheral blood
lymphocytes (PBL) of patients suffering form breast cancer, cervix cancer and head and
neck cancers, in comparison to levels in PBL of healthy volunteers, by slot-blot analysis,
with the objective of determining whether their levels in PBL can be used as a biomarker

of cancer.

The study of the p53, BRCA1l and BRCA2 tumor suppressor proteins is especially
relevant because they are intricately involved not only in the process of carcinogenesis,
but also in the response to various modes of cancer therapy. The presence of a p53
missense mutation indicated by an overabundance of p53 protein is considered as an
unfavorable prognostic factor for various cancers, such as cancer of the breast, lung and
gastric cancer. It has been reported that p53 can regulate the sensitivity to cancer
therapies by affecting the expression of drug targets, the access of drugs to intracellular
targets, and the response to DNA damage. The two major types of microtubule-
interfering agents are the vinca alkaloids and the taxanes, and, mutations in the p53 gene
were reported to simultaneously increase the sensitivity to taxanes and decrease the
sensitivity to vinca alkaloids. Mutation of p53 has also been reported to cause resistance
to cisplatin. DNA-damaging drugs cause DNA double strand breaks either directly or
indirectly, and it is widely accepted that the absence of BRCAI expression leads to
hypersensitivity of cells to DNA-damage based chemotherapy using cisplatin and
etoposide. The presence of BRCAI has also been reported to promote an increase in

sensitivity to antimicrotubule agents.

In comparison to controls, the level of p53 protein was found to be upregulated in all

cases of breast cancer (170 %) and cervix cancer (290 %). On an average, p53 protein
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was also found to be upregulated in head and neck cancers.(170.% However the level
of p53 varied with the site of cancer amon’éafﬁe%ad and neck ¢dficer cases. Cancers of
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the tongue and base of tongue, lower llpa buccal mucosa, pre eplglottls and epiglottis,

pyriform sinus and external mouth cav1tyr{ﬁh§shL)1qxh_1_bg.t.é:_;:level close to that of
controls, while cancers of the oesophagus, larynx, vocal chord, throat and nasopharynx,
and secondary cancer of neck nodes (class II) exhibited elevated levels. The levels of
both BRCA1 and BRCA?2 proteins were downregulated in PBL of breast cancer patients.
The level of BRCA1 was 82 %, and the level of BRCA2 87 % that in PBL of respective
controls. In contrast, an upregulation of BRCA1 to 184 % in cervical cancer, and 140 %
in head and neck cancer was observed in comparison to control levels. BRCA2 was also
upregulated to 180 % in cervical cancer, and 150 % in head and neck cancer in

comparison to controls.

In light of the available information, the cancer of cervix and class I of head and neck
cancer cases studied are likely to show resistance to cisplatin, doxorubicin and
vinblastine as they had elevated level of p53 protein. The same cancers also had elevated
BRCALI1 leading to resistance to DNA-damage based chemotherapy using agents like
cisplatin. Thus, these cancers are likely to respond better to taxanes. Class II cancers of
the head and neck region displayed control level of p53, which would indicate increased
sensitivity to cisplatin, doxorubicin and vinblastine. These cancers, however, also had an
elevated level of BRCA1 suggesting resistance to DNA-damaging agents. Thus, if the
p53 protein level or BRCA1 protein level are taken individually as a biomarker, they
give rise to a conflict with regards to the mode of therapy which is likely to be effective.
Similarly, the breast cancer cases studied displayed elevated level of p53 indicating
resistance to cisplatin, doxorubicin and vinblastine, while their BRCA1 levels were
downregulated, suggesting increased sensitivity to cisplatin and other DNA-damage-
inducing cheomotherapeutic agents. Thus, in these cases too, the p53 level or the
BRCALI level taken individually, cannot serve as a biomarker to assess an effective mode
of therapy. It, therefore, follows that while the level of a tumor suppressor protein in
PBL can serve as a good biomarker, a combination of more than one tumor suppressor
would permit a more comprehensive understanding of the potential response of a cancer

to different therapeutic agents, rather than the use of a single tumor suppressor.
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ABBREVIATIONS

| % C | Percent crosslinker

| % T | Percent total monomer
| °C | Degree Celsius
| ng | Microgram
| pg ut | Microgram per microlitre
| ul | Microlitre
| pm | Micron
A | Angstrom
| AAEBN | Acetic acid extract of betelnut
| Abl | Abelson murine leukemia viral oncogene homolog 1
| AEBN | Aqueous extract of betelnut
| AGE | Agarose Gel Electrophoresis
| AIP1 | Actin interacting protein 1
| ALLI | Acute lymphoblastic leukemia 1
| AR i Aromatase
| Asp | Aspartate
| ATM | Ataxia telangiectasia mutated
| ATR | Ataxia-telangiectasia mutated and rad3-related
| BAPI | BRCAl-associated protein-1
| BARD1 | BRCAl-associated RING domain 1
| BAX | BCL2-associated X protein
| bel2 | B-cell lymphoma 2
| Ber | Breakpoint cluster region
[ bp | Base pair
| BQ | Betel quid
| BRCAI | Breast cancer 1, early onset
| Breal | Murine breast cancer 1, early onset
| BRCA2 | Breast cancer 2, early onset
| Brea2 | Murine breast cancer 2, early onset
| BRCT | BRCA1 C-terminal
| BSNA | Betel nut specific nitrosamines .
BUBR1 [ BUBI (budding uninhibited by benzimidazoles 1)-related protein
kinase
| CA | Chromosomal Aberration
| Ca?* | Calcium ion
| CAF1 | Chromatin assembly factor I
| CBP | CREB (cAMP response element binding) binding protein

| Cdc | Cell division cycle




| CDKN2A

| Cyclin dependent kinase 2a

| c-erbB | Cellular erythroblastic leukemia oncogene homolog 2

CHAFI1,CHAF2 | Chromatin assembly factor 1 gene, Chromatin assembly factor 2
gene

FCHEK2 | CHK2 checkpoint homolog (S. pombe)

| Chk1l | Checkpoint kinase 1

| Chk2 | Checkpoint kinase 2

| CHO | Chinese hamster ovary

| oM | centi- Morgan

| c-myc | Cellular myelocytomatosis oncogene

| COOH- | Carboxy

| COX-2/PTGS2 | Cyclooxygenase-2/ Prostaglandin-endoperoxide synthase 2

| CpG | Cytosine-phosphate-guanine

| CSFs | Colony-stimulating factors

| c-sis | Simian sarcoma viral oncogene homolog

| CtIP | CtBp (C-terminal binding protein)-interacting protein

r CYP17 | Cytochrome P450, subfamily XVII (steroid 17-alpha-hydroxylase)

| Cys | Cysteine

| Dbl | MCF2 cell line derived transforming sequence (oncogene)

| DEN | Diethylnitrosamine

| DNA | Deoxyribonucleic acid

| E1A | Early region 1A

| E6 | Early protein 6

| E7 | Early protein 6

| EEBN | Ethanol extract of betelnut

| EGFR | Epidermal growth factor receptor

| ESCC | Esophageal squamous cell carcinoma

[ F1 | First filial generation

| F2 | Second filial generation

| F3 | Third filial generation

| FANCG | Fanconi anemia complementation group G
Fas/APO1 TNF (tumor necrosis factor) receptor superfamily, member 6/ Apo-

1 antigen

| FGF | Fibroblast growth factor

| Fig. | Figure

| FIHT | Fragile histidine triad

| Fos | v-fos FBJ murine osteosarcoma viral oncogene homolog

| g | Centrifugal force

lg | Gram

| Gl | Gap 1
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| GI/S | Gap 1/Synthesis
| G2 | Gap 2
| G2’M | Gap 2/ mitosis
| GADD45 | Growth arrest and DNA damage-inducible gene
| GCR | Gross chromosomal arrangement
| GDF15/MIC-I | Growth differentiation factor 15/ Macrophage inhibitory cytokine 1
I GEF [ GTPase exchange factors
| GK | Gingival keratinocyes
| GSH | Glutathione
|H&E | Hematoxylin and eosin
| H4 | Histone 4
| HADC | Histone deacetylase
| LBUBRI | Human BUBR1
| HEBN | Hydrochloric acid extract of betelnut
| Hep2 | Cell line established from human laryngeal carcinoma
| HGF | Human gingival fibroblasts
| HMG | High mobility group
| hMLH | Himan Mut L homolog
| HNSCC | Head and neck squamous cell carcinoma
| HPV | Human papillomavirus
| HR | Homologous recombination
| H-ras | Harvey-retrovirus associated DNA sequence
| hsp 70 | Heat shock protein 70
human KB cell line derived from a human carcinoma of the nasopharynx
epithelial cell
| ICR mice | Imprinting Control Region mice
| IGF-1 | Insulin-like growth factor 1
| IGF-2 | Insulin-like growth factor 2
| IGF-BP [ Insulin-like Growth Factor Binding Protein
| IGF-BP3 [ Insutin-like Growth Factor Binding Protein 3
| 1eG | Immunoglobulin G
| int-I | Integrase
| kDa | Kilo Dalton
KILLER/DRS Tumor necrosis factor receptor superfamily, member 10b /Death
receptor 5
| Ki-ras/ K-ras | Kirsten-retrovirus associated DNA sequence
| KRAB | Kruppel-associated box
| KS3/faf4 | Fibroblast growth factor 4
[ LINE [ Long interspersed nuclear element
| LOH | Loss of heterozygosity
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| M | Molar

| MAP4 | Microtubule-associated protein

| mdm2 | Murine double minute 2

| MER | Medium reiteration frequency repeats

| mg | Milligram

| mg ml™” | Milligram per millilitre

| min | Minute

[ mi | Millilitre

| MLL | Mixed lineage leukemia

| mm | Millimetre

| mM | Millimolar

| MNPA | Methylnitrosaminopropionaldehyde

| MNPN | 3-methylnitrosaminopropionitrile

| Mos | v-mos Moloney murine sarcoma viral oncogene homolog

| MRE11 | Meiotic recombination 11 homolog

| MW | Molecular weight

| N | Normal

| NBS-1 rNijmegen breakage syndrome 1 (nibrin)

| NER | Nucleotide excision repair

| ng [ Nanogram

| NGC | N-nitosoguvacine

| NGCO | N-nitrosoguvacoline

fNHEJ l Nonhomologous end joining

| NLS | Nuclear localization signal

| nm | Nanometre

N-myc v-myc myelocytomatosis viral related oncogene, neuroblastoma
derived
N-ras Neuroblastoma retrovirus associated DNA sequence viral (v-ras)

oncogene

| NT | Nucleotide

| ON | Overnight

| -OH | Hydroxyl group

| 0sCC | Oral squamous cell carcinoma

| OSF | Oral submucous fibrosis

TP | Previously unexposed generation

| pl4ARF/p16™** | Cyclin-dependent kinase inhibitor 2A

| p21 | Cyclin-dependent kinase inhibitor 1A

| p300 | E1A binding protein p300

| p53 | Tumor suppressor protein p53

| PBL | Peripheral blood lymphocytes




| Proliferating cell nuclear antigen

| PCNA
| PCR | Polymerase Chain Reaction
| PDGF | Platelet derived growth factor
| Pidd | p53-induced protein with a death domain
| PIG3 | Tumor protein p53 inducible protein 3
| pim-I | Pesticin immunity protein-I
| pmol | Picomole
| PTEN | Phosphatase and tensin homolog
| raf-l | v-raf-1 murine leukemia viral oncogene homolog 1
| RB | Retinoblastoma
| RER | Rough endoplasmic reticulum
| RHA | RNA helicase A
| RNase [ Ribonuclease
| ROS | Reactive oxygen species
| RPA | Replication protein A
| RT | Room temperature
| SC | Spleen cells
| scc | Squamous cell carcinoma
| SCE | Sister chromatid exchange
| SD | Standard Deviation
| SDS-PAGE | Sodium Docecyl Sulphate-Poly Acrylamide Gel Electrophoresis
| Sec | Second
| Ser | Serine
| —SH IT‘hiol group
| SRC | v-src sarcoma (Schmidt-Ruppin A-2) viral oncogene homolog
| SSA | Single-strand annealing
| STKI1/LKBI | Serine/threonine kinase 11
| SW1/SNF { Switch/ Sucrose non fermentable (chromatin remodeling complex)
| TEM | Transmission Electron Microscope
| TFIIH | Transcription Factor Il H
| TGF-o. | Transforming growth factor, alpha
| U | Unit
B [ Unit per microlitre
| UDS | Unscheduled DNA synthesis
| UV | Ultraviolet
|V | Volts

vIiv Volume/volume

vav vav 1 guanine nucleotide exchange factor




VEGFR1,
VEGFR2 and Vascular endothelial growth factor receptor 1, 2, 3
VEGFR3

| wiv | Weight/volume

| Wee-1 | WEE 1 homolog 1 (S. pombe)

| WH | Whole homogenate

| X | Times

| XRCC9 | X-ray Repair Cross Complementing

| ZBRK1 | Zinc finger protein 350

% | Chi-square

vi
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1.1. AN OVERVIEW OF CANCER

Cancer is an umbrella term covering a plethora of conditions characterized by
unscheduled and uncontrolled cellular proliferation. It can develop in almost any
mammalian organ giving rise to a wide array of clinical outcomes (Ponder, 2001).
Cancer cells differ from normal cells in various aspects. Some of the earliest
differences to be discovered were in their patterns of enzymatic activity. In the 1920’s,
Otto Warburg found that there was a general trend towards an increased rate of
glycolysis in tumor cells. The conversion of glucose to lactic acid in the presence of
oxygen is called the “Warburg effect” or aerobic glycolysis (Gatenby and Gillies,
2004; Kim and Dang, 2006). Experimental evidence for the enhanced glycolysis in
cancer cells was further affirmed by the widespread clinical success of positron
electron microscopy using fluorodeoxyglucose (Czernin and Phelps, 2002). The
enzymatic cascades for oxidative metabolism are present in the mitochondria, and it
has therefore been suggested that the disruptions of oxidative metabolism seen in
malignant tumors may be the result of damage to mitochondria (Ruddon, 2007). The
mitochondria also play a key role in apoptosis and alterations in these mitochondria-

mediated events have been reported in cancer cells.

The “deletion hypothesis™ of cancer proposed in 1947 by Miller and Miller suggested
that caréinogenesis resulted from a permanent alteration or loss of protein essential for
~control of growth (Ruddon, 2003). In 1958, Potter proposed the “feedback deletion
hypothesis” which suggested that the proteins lost during carcinogenesis may be
involved in the feedback control of enzyme systems required for cell division. In this
hypothesis, Potter postulated that “repressors” crucial to the regulation of gehes
involved in cell proliferation are lost or inactivated by the action of oncogenic agents
on the cell, either by interacting with DNA to block repressor-gene transcription, or by
reacting directly with repressor proteins and inactivating them. This prediction
anticipated the discovery of tumor-suppressor proteins, such as p53 and RB, by about
25 years (Ruddon, 2003). In 1977, Weber formulated the “molecular concept of
cancer” which states that “the biochemical strategy of the genome in neoplasia could
be identified by elucidation of the pattern of gene expression as revealed in the
activity, concentration, and isozyme aépects of key enzymes and their linking with

neoplastic transformation and progression.” A number of enzyme activities that Weber
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and others have found to be altered in malignant cells are those involved in nucleic
acid synthesis and catabolism. In general, the key enzymes in the de novo and salvage
pathways of purine and pyrimidine biosynthesis are increased and the opposing
catabolic enzymes are decreased during malignant transformation and tumor
progression (Ruddon, 2003). Hanahan and Weinberg have suggested that cancer is the
result of six essential alterations in cell physiology namely self-sufficiency in growth
signals, insensitivity to growth-inhibitory (antigrowth) signals, evasion of apoptosis,
limitless replicative potential, sustained angiogenesis, and tissue invasion and
metastasis. These capabilities are acquired by and common to most human tumors, and
have been referred to as the “Hallmarks of Cancer” (Hanahan and Weinberg, 2000).

Various distinguishing phenotypic alterations of cells transformed in vitro and cancer
cells growing in vivo have been identified (Ruddon, 2003). These characteristics are
not exclusive, and some may be seen both in transformed cells in culture, as well as in
tumors growing in vivo in experimental animals or patients. The important properties

of cancer cells in vivo are as follows: -

a. Activation of proto-oncogenes or increased expression of oncogene protein
products.

b. Loss of tumor suppressor gene function.

¢. Alterations in DNA methylation patterns.

d. Genetic imprinting errors that lead to overproduction of growth-processing
substances (eg, IGF-2).

e. Increased or unregulated production of growth factors (eg TGF-a), tumor
angiogenesis factors, and hematopoietic growth factors (eg, CSFs, interleukins).

f. Genetic instability leading to progressive loss of regulated cell proliferation,
increased invasiveness, and increased metastatic potential.

g. Alteration in enzyme patterns- Malignant cells have increased levels of enzymes
involved in nucleic acid synthesis and produce higher levels of lytic enzymes
(eg, proteases, collagenases, glycosidases).

h. Production of onco-developmental gene products- Many cancers produce
increased amounts of oncofetal antigens (eg, carcinoembryonic antigen),
placental hormones (eg, human chorionic gonadotropin), or placental-fetal type

isoenzymes (eg, placental alkaline phosphatase).



i. Ability to avoid the antitumor immune response of the host.

According to a statistical estimate of the global cancer burden, there were 10.9 million
new cases of cancer, 6.7 million cancer-related deaths, and 24.6 million persons living
with cancer in the year 2002. The most prevalent cancer in the world was breast cancer
with 4.4 million survivors within a period of five years after diagnosis, while the other
commonly diagnosed cancers were lung cancer (1.35 million) and colorectal cancer (1
million), and the most common causes of cancer death were lung cancer (1.18 million
deaths), stomach cancer (700,000 deaths), and liver cancer (598,000 deaths). Striking
variations were observed in the risk of different cancers by geographic area, most of
which were due to exposure to known or suspected risk factors related to lifestyle or

environment (Parkin et al., 2005).

1.2.CARCINOGENESIS

Carcinogenesis is a multistage process driven by carcinogen-induced genetic or
epigenetic damage in cells that gain a selective growth advantage and undergo clonal
expansion as a result of the activation of proto-oncogenes and/or inactivation of tumor
suppressor genes (Harris, 1991). Animal model studies reveal that the process of
carcinogenesis has three distinct stages, namely, initiation, promotion and progression
(Pitot et al,, 1991) (Fig. 1.1)

initiation Promotion Conversion Progression
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Figure 1.1. Carcinogenesis is a multistage process involving multiple genetic and epigenetic
changes in proto-oncogenes, tumor suppressor genes, and anti-metastasis genes (Harris, 1991).



Initiation involves the exposure of normal cells to chemical, physical or microbial
carcinogens that cause a genetic change (s) producing an irreversibly altered cell with
both an altered responsiveness to the microenvironment and a selective clonal
expansion advantage when compared to the surrounding normal cells (Harris, 1991).
During promotion, the initiated cell undergoes selective clonal expansion leading to the
appearance of a benign lesion or preneoplastic focus. Promotion involves at least some
epigenetic factors that selectively influence the proliferation of the initiated cell and
enhances the probability of accumulation of additional genetic damage including
endogenous mutations in the expanding population of neoplastic cells. The probability
of conversion of an initiated cell to malignancy is substantially increased by further
exposure to DNA-damaging agents which may activate protooncogenes and/or
inactivate tumor suppressor genes leading to the progression of benign lesions to
malignant cancers. The necessity for a malignant cell to acquire multiple, heritable
alterations at independent genetic loci may account for the long latency period of
cancer (Barrett, 1993). Malignant cells continue to exhibit phenotypic alterations such
as abnormal structure and number of chromosomes, gene amplification and gene
expression (Harris, 1991; Barrett, 1993). Thus, the transition between the different
stages of carcinogenesis is driven by environmental and endogenous factors and

involves different biochemical mechanisms and genetic elements (Weinstein, 1988).

Genomic stability ensures cellular homeostasis and genetic continuity in multicellular
organisms. However, cellular genomes are continuously exposed to endogenous and
environmentally induced damage that can alter the informational integrity of cellular
DNA. Neoplastic cells typically possess numerous genetic alterations, namely, point
mutation, gene amplification, chromosomal rearrangement and aneuploidy. It has
therefore been suggested that the acquisition of genomic instability is an early step in
the process of carcinogenesis, and neoplasia may, in fact, represent a delayed
phenotypic manifestation of genomic instability. Since genomic instability can
predispose a cell to accumulate stable DNA mutations at a greater rate than normal, the
efficacy of the DNA repair mechanisms in a cell is of paramount importance, and
studies suggest that genetic predisposition to cancer generally involves dysregulation of
cellular processes that directly or indirectly affect the cell’s ability to repair damaged
DNA as observed in patients suffering from Xeroderma pigmentosum, ataxia

telangiectasia, Fanconi anemia and Bloom Syndrome (Coleman and Tsongalis, 1995).
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Most, if not all, types of cancers may arise spontaneously due to the low level of
spontaneous errors during DNA replication and normal cell division (Barrett, 1993). It
has therefore been hypothesized that cell proliferation may itself be carcinogenic, and
some carcinogens which fail to produce a detectable mutagenic activity may operate
exclusively by increasing cell proliferation. Cell proliferation may influence

carcinogenesis by a number of mechanisms, as detailed in Table 1 (Barrett, 1993).

Table 1: Mechanisms by which chemicals affecting cell proliferation might influence

carcinogenesis
| Serial No. | Mechanism
| 1 l Increase fixation and expression of premutagenic DNA lesions
I 2 [ Increase the number of initiated cells occurring spontaneously during cell replication
[3 rIncrease the number of spontaneous initiated cells by blocking cell death/ elimination
Increase the number of initiated cells by perturbing checkpoints in the cell cycle leading

to mutagenic events

| 5 [ Increase the rate of neoplastic progression by previous four mechanisms

| 6 | Promote clonal expansion of initiated cells

Today, it is widely accepted that epigenetic patterns are profoundly altered in neoplasia,
and major disruption of DNA methylation, histone modification and chromatin
organization play a crucial role in human cancer (Jones and Baylin, 2002; Esteller,
2006). Two apparently contrasting phenomena of DNA methylation coexist in the
cancer cell: hypermethylation of CpG islands located in the promoters of tumor
suppressor genes such as pl 6™K%  BRCA1 and hAMLH (Esteller, 2006); and,
hypomethylation predominantly in repetitive and endoparasitic sequences of DNA
which has been linked to the generation of chromosomal instability (Esteller, 2006).
Histones are another key player in epigenetics. Generally, the acetylation of histones
marks active, transcriptionally competent regions, whereas hypoacetylated histones are
found in transcriptionally inactive euchromatic or heterochromatic regions (Egger et
al., 2004). Histone methylation can be a marker for both active and inactive regions of
chromatin. Human tumors commonly undergo an overall loss of monoacetylation of

lysine 16 and trimethylation of lysine 20 in the tail of histone H4 (Fraga et al., 2005).




1.3. TRANSGENERATIONAL CARCINOGENESIS

Studies pertaining to the exposure of germ cells to radiation and chemical mutagens and
the consequent adverse effects such as cancer, malformation and abortion etc in the
offspring derived from these exposed germ cells, are referred to as “Transgenerational
Carcinogenesis and Teratogenesis”, “Paternal Toxicology” or “Male-mediated
Developmental Toxicology”. The preconceptional exposure of females has also been
reported to induce such effects in the offspring (Nomura, 2008). The suggestion that
prezygotic exposure to a carcinogen or mutagen may lead to an increased risk of cancer
in the progeny is derived from experimental and epidemiological observations
(Tomatis, 1994). Such transgenerational transmission of the effect of a carcinogen may
occur either when exposure occurs in utero or when parents (most frequently fathers)
are exposed prior to mating (Yamasaki et al, 1992). The experimental evidence for
transgenerational transmission of an increased risk of cancer was obtained using

various approaches as listed in Table 2.

Table 2. Transgeneration effect of carcinogens: experimental evidence (adapted from Tomatis,
1994)

| 1. Treatment during pregnancy and follow-up for several generations

I Agent I Species (straim) ) Tumors observed in descendants
| DMBA | Mouse (Swiss, MA) | Various sites in F1-F2
| NMUt | Rat (WKA) | Various sites in F1-F3
| NMU ] Rat (BD) | Tumors of nervous tissue in F1-F2
| ENU | Rat (BD) | Tumors of kidney, CNS, mammary gland in F1-F3
| DES [ Mouse (CD-1) | Uterine and adenocarcinomas in F2 females
| DEN | Hamster | Respiratory tract tumors in FI. No effect in F2-F3
| BaP [ Mouse (A) | Increased multiplicity in lung tumors in F1-F5
| DES | Mouse (CBA) [ Uterine sarcomas, ovarian tumors in F2 females
] 2. Treatment of males prior to mating with untreated females
f Agent l Species (strain) l Tumors observed in descendants
X-rays, l Mouse (ICR) ' Lung tumors in F1-F3 ( ovarian tumors, leukemia)
urethane
| ENU [ Rat (BD) | Tumors of nervous tissue in F1
| ENU | Mouse (AKR/B6) [ Multiple intestinal neoplasia
Neutron Mouse (C3H) ’ Liver tumors in F1
irradiation

| 3. Iitiation and promotion

[ Agent [ Species (strain) | Treatment [ Tumors observed in descendants

X-rays Mouse (ICR) Malie parent prior to mating + | Multiplicity of lung tumors
urethane in F1-F2




DMBA | Mouse (SHR) DMBA to pregnant mothers + | Skin tumors
TPA in F1-F2
[ X-rays Mouse (SHR) Total body irradiation of males | Multiplicity of fung tumors
before mating + urethane to F1
DMBA | Mouse (SHR) DMBA in pregnant mothers + | Skin tumors
TPA in F1 and F2

BaP-benzfa]pyrene, = DEN-N-nitrosodiethylamine, = DES-diethylstilbestrol, = DMBA-7, 12-
dimethylbenz[a]anthracene, ENU-cthylnitrosourea, NMU-methylnitrosourea, NMUt-
nitrosomethylurethane, TPA-12-O-tetradecanoylphorbol-13-acetate

The first attempt to amplify the effect of in ufero or transplacental exposure to a
carcinogen by postnatal exposure to another carcinogen was made by Goerttler et al. in
1980. After exposure in utero to DMBA (Table 2), exposed offspring were painted with
a tumor promoting agent TPA, when an increased number of skin tumors were found to
be induced (Goerttler ef al,, 1980). The transplacental initiation-postnatal promotion
protocol was subsequently used in various experimental models which verified that in
utero exposure to a carcinogen resulted in the initiation of carcinogenesis, leading to an
increased incidence of cancer in the offspring following postnatal exposure to a
promoting agent (Napalkov ef al., 1987; Yamasaki et al., 1987; Diwan et al., 1989,
1992 and 1995; Rice ef al., 1989, Loktionov et al., 1992; Waalkes et al., 2004).
Similarly, Nomura (Nomura, 1983) and Vorobtsova and Kitaev (Vorobtsova and
Kitaev, 1988) reported that large clusters of lung tumor nodules developed when the
offspring of X-irradiated mice were postnatally exposed to urethane (Table 2). These
results suggest that following the exposure of germ cells to a mutagen/ carcinogen, an
initiating event could be inherited by subsequent generations and revealed after
postnatal exposure to a mutagen/ carcinogen or non-genotoxic agent (Tomatis et al.,
1992). Extrapolation of this information to humans may have some important
implications as it suggests that while in utero exposure may lead to initiation of
carcinogenesis in some cells, tumor formation will result only if there is exposure to a
tumor promoter later in life (Autrup, 1993). Thus, the postnatal environment is crucial,
as we are exposed throughout our lifetime to various environmental factors which may

enhance the progression to cancer (Tomatis ef al., 1992).

Epidemiological evidence of a transgenerational effect of carcinogens is mainly
derived from studies on childhood cancer, in relation to parental occupational

exposures to chemicals, or occupational and non-occupational exposure to radiation
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(Tomatis, 1994). These studies mostly consider paternal exposure because it is often
impossible to distinguish between pre- and post-conception maternal exposure
(Tomatis, 1994). Data supporting an association between occupational exposure and

childhood cancer is listed in Table 3.

Table 3. Transgeneration effect of carcinogens: epidemiological evidence (adapted from Tomatis, 1994)

1. Studies on total cancers

Paternal occupation

Agent (s) involved

l'umor types

Odds ratio

Motor vehicle mechanics,  Hydrocarbons, lead Leukemia 1.2-2.5

machinists

Metal workers. farmers ? Kidney tumors 2.5-5.0

Paper and pulp industry z Brain tumors 2.8-4.6

2. Case control studies

Paternal pccupation Azent (s) imvolved Yumor types Odds ratio

Motor vehicle mechanics ?

Involving exposure to exhaust ?

fumes 2 All leukemias 2.0-2.4

Service station attendants Chlorinated  solvents,

Manufactures of machines. aircraft cutting oils

Mechanics Lead, hydrocarbons

Service station attendants Aromatic hydrocarbons Wilms® tumor 4.0-7.5

Welders. machinists Metals

Aircraft industry

Electricians Solvents, paints, low  Brain tumors 2.0-8.0

Involving exposure to frequency fields

electromagnetic fields

Welders. machinists Metals Retinoblastoma 1.6

Aircraft production, service station  Chlorinated  solvents,

attendants cutting oils, aromatic = Seminomas 2.0-53
hydrocarbons

Involving exposure to metals Metals Hepatoblastoma 3.0

3. Exposure to radiations

Preconception paternal exposure Fotal dose Fumors in progen) Odds ratio

X-rays 1- >21 diagnostic films Leukemia 1.31 (RR)

Radiation-related occupations Unknown Bone tumors 5.35

Wilms® tumors 2.48

Industrial exposure radiation Unknown Tumors of CNS 1.7-2.1

Nuclear plant 100 mSv Childhood leukemia 84

Various occupations Exposure to  All cancers 2.70
radionuclides Leukemia 2.75

Occupational exposure of fathers to  0.1-10 mSv No association found -

radiation

Occupational exposure of fathers to  >0.1mSv No association found -

radiation

Preconception maternal exposure 1->21 diagnostic films Leukemia 1.7 (RR)

to X-rays

Preconception maternal exposure ~ Unknown Childhood cancers 2.6

to

X-rays

Preconception  exposure of both  0.37-3.8 Sy No increase in the incidence -

parents (atomic bomb)

of cancer in the first

decades of life

RR- Relative Risk or Risk Ratio, Sy- Sievert, mSv-millisievert



The sensitivity of germ cells to mutagens varies, depending on the stage of
development, and studies reveal that male germ cells are more sensitive to X-rays and
chemical mutagens in the post-spermatogonial stages, than spermatogonial germ cells
(Tomatis et al, 1992). This varying sensitivity of germ cells at different stages of
maturation to carcinogens may depend upon the expression of specific target genes.
The protooncogenes raf-I, Ki-ras and fos are found to be predominantly expressed in
the spermatogonia stage, whereas mos, abl, int-I, pim-I and N-ras are expressed in the
post-meiotic haploid spermatids (Tomatis et al., 1992). Studies suggest that induced
germ cell changes causing tumors in the offspring of irradiated and urethane-exposed
ICR and NS5 mice do not correlate with translocations and gross chromosomal changes,
but the possibility that smaller genetic changes may be involved has not been excluded
(Nomura, 2006). The ras, mos and/or abl oncogenes were found to be amplified in
undifferentiated multiple tumors and lymphocytic leukemia in the offspring of X-
irradiated N5 mice. Some tumors were also found to contain the mos and cot
oncogenes, and, p53 mutations were detected in a glioma of X-irradiated N5 progeny.
Known and new oncogenes were therefore found to be activated in the tumors of the
descendants of X-irradiated N5 parents (Nomura, 2006). The possibility that mutant
tumor suppressor genes can be transmitted through germ cells has been shown in
humans in case of the Li-Fraumeni syndrome which- is a syndrome involving
predisposition to cancer that is caused-by germinal mutation of the p53 gene, and the
hereditary form of retinoblastoma W;liCh is due to a point mutation in the RB gene
(Tomatis et al., 1992). Thus, while experimental evidence is still limited, the
inactivation of tumor suppressor genes appears to play a vital role in the

transgenerational transmission of cancer risk.

1.4.GENES INVOLVED IN CARCINOGENESIS

The importance of genetic alterations in somatic cells in the development of cancer was
predicted by Bauer in 1928 (Sugimura et al., 1992). The first evidence that cancer arises
from somatic genetic alterations subsequently came from studies of Burkitt’s
lymphoma. Transfection experiments have shown that mouse fibroblasts undergo
transformation when transfected in vitro with human DNA. It has also been found that

transgenic mice which carry an activated oncogene from a human tumor develop -



cancers that resemble the human tumor. These cancers, however, appear only after a
latent period of time suggesting that alterations in other genes must occur before
progression to neoplasia may occur, and that activation of the oncogene is necessary,
but insufficient for the development of overt cancer (Croce, 2008). A current paradigm
is that the multistage process through which a cancer develops reflects the progressive
acquisition of mutations in at least two classes of genes-dominant activating mutations
in growth enhancing genes (oncogenes) and inactivating recessive mutations in growth
inhibitory genes (tumor suppressor genes) (Weinstein, 2000). These multiple genetic
alterations in carcinomas are presumably caused by DNA damage due to exposure to
endogenous factors and multiple kinds of environmental agents and xenobiotics, and,
the alterations show some specificity depending on the organ of origin, histology, and
clinical stage of the cancer (Sugimura ef al., 1992). Increased emphasis on the role of
genetic predisposition in cancer began in the 1980s, and population-based
epidemiological studies showed that genetic effects might account for a substantial
fraction of cancer incidence (Balmain, 2003).

1.4.1. ONCOGENES

Oncogenes result from the inappropriate activation of proto-oncogenes, and their
products can lead to the transformation of a normal cell. Proto-oncogenes were initially
identified as the transduced genes of acute transforming retroviruses (viral oncogenes,
v-onc), and a number of them have cellular counterparts (cellular oncogenes, c-onc)
(Anderson, 1992). The proteins encoded by proto-oncogenes play a crucial role in
cellular growth and differentiation, and in apoptosis of a normal cell. They are
expressed during processes of regulated growth such as embryogenesis, wound healing,
regeneration of damaged liver, and stimulation of cell mitosis by growth factors. The
generatibn of an oncogene may involve gain-of-function mutation, gross DNA
rearrangements such as translocation and gene amplification leading to constitutive
activation or overexpression of a proto-oncogene, or a failure to turn off expression of
the proto-oncogene at the appropriate time. The oncogenes subsequently produce
proteins which function as transcription factors, chromatin remodelers, growth factors,

growth factor receptors, signal transducers and apoptosis regulators (Croce, 2008).
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a. Transcription factors

Chromosomal rearrangements frequently lead to the activation of transcription-factor
genes in lymphoid cancers, such as the development of Burkitt’s lymphoma due to the
three variant translocations of the c-myc gene from 8q24 to 14q32, 22ql1 and 2pl2
leading to its juxtaposition with immunoglobulin loci (Croce, 2008). Oncogene
activation of the c-myc gene may also occur through retroviral insertion and gene

amplification.

b. Chromatin remodelers

Modifications in the degree of compaction of chromatin play a critical role in the
control of gene expression, replication and repair, and chromosome segregation (Croce,
2008). In acute lymphocytic leukemia and acute myelogenous leukemia, the ALLI
(MLL for mixed lineage leukemia) gene is found to be interrupted in the vast majority
of translocations and inversions involving the chromosome band 1123, and is involved
in at least the following variant translocations: t(4;11), t(9;11), t(6;11), t(11;19), t(1;11),
t(10;11), t(11;16), t(11;17), 1(11;23) and t(X;11) with different partner genes (Cimino et
al., 1998). These fusions result in chromatin remodeling by altering the recruitment of
proteins such as the SW1/SNF complex by ALL1 which alter chromatin structure in an
ATP-dependent fashion, and by fusion with genes such as CBP and p300 which encode
histone acetylase activity (Redner et al., 1999).

¢. Growth factors

The constitutive activation of a growth factor can lead to malignant transformation. The
oncogene c-sis codes for the p chain of the platelet derived growth factor (PDGF),
which can induce proliferation of various cell types. Overexpression of PDGF leads to
transformation of fibroblasts containing PDGF receptors. Similarly, the KS3 gene
which is a member of the fibroblast growth factor (FGF) family is constitutively

expressed in Kaposi’s sarcoma (Croce, 2008).

d. Growth factor receptors

Aberrant growth stimulation by growth factors due to alterations in the growth factor
receptors is observed in various cancers. In squamous cell carcinomas, a deletion of the
ligand-binding domain of the epidermal growth factor receptor (EGFR), a

transmembrane protein with tyrosine kinase activity, causes constitutive activation of
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the receptor in the absence of ligand bmdmg The activlated receptor subsequently
phosphorylates tyrosine residues in the intracellular domain of the receptor, providing
interaction sites for cytoplasmic proteins having the SRC homology domain, which
leads to altered signaling in many pathways. Gene amplification and activating
mutations in the EGFR gene, c-erbB, also occur in lung and breast cancer and
gastrointestinal stromal tumors. Similarly, constitutive activation of the vascular

epidermal growth factor receptors VEGFR1, VEGFR2 and VEGFR3 stimulates

angiogenesis in a variety of cancers (Croce, 2008).

e. Signal transducers

Many oncogenes encode members of signal transduction pathways. They fall into two
main categories: non-receptor protein kinases and guanosine-triphosphate-binding
proteins. Non-receptor protein kinases are of further two types- tyrosine kinases such as
src, Ick and abl and serine/ threonine kinases such as mos, raf and piml. The
guanosine-triphosphate-binding proteins may be membrane-associated G proteins such
as ras and braf and GTPase exchange factors (GEF) such as vav and dbl. The src gene
is constitutively activated in colon carcinoma, while chromosomal translocation of the
abl gene t (9; 22) leads to its fusion with the bcr gene to produce an abl-ber fusion gene
which encodes constitutively activated tyrosine kinase activity, leading to chronic
myeologenic leukemia (CML). The mos and raf genes are constitutively activated in
sarcoma, and the piml gene in T-cell lymphoma, respectively. The H-ras, K-ras and N-
ras genes code for membrane-bound G-proteins which are involved in mediating the
transfer of extracellular information necessary for cell growth and regulation to the
nucleus. Point mutations inhibit the GTPase function, thereby leading to constitutively
active H-ras protein in colon, lung and pancreas carcinomas, K-ras protein in acute
myeloid leukemia (AML), thyroid carcinoma, melanoma, colon and lung carcinoma,

and N-ras protein in carcinoma and melanoma (Croce, 2008).

J- Apoptosis regulators

The l;c-li;oteﬁ localizes to mitochondria and increases cell survival by inhibiting
apoptosis. In follicular lymphomas, the translocation of the bc/2 gene from
chromosome 14 to chromosome 18 juxtaposes it to the enhancer element of
immunoglobulin genes, leading to deregulation of expression and inhibition of

apoptosis. The mdm2 oncogene has also been found to be amplified in sarcomas, and it
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leads to inhibition of apoptosis by formation of a complex between the MDM?2 protein
and p53 tumor suppressor protein, thereby targeting the p53 protein for degradation
(Croce, 2008).

1.4.2. TUMOR SUPPRESSOR GENES

Tumor suppressor genes are genes whose loss-of-function releases the constraint on
cell growth and is therefore tumorigenic. They thus have an effect opposite to
oncogenes. Tumor suppressor genes are vulnerable sites for critical DNA damage
because they normally function as physiologic barriers against clonal expansion or
genomic mutability and are able to hinder the growth and metastasis of cells driven to
uncontrolled proliferation by oncogenes (_Harris and Hollstein, 1993). Loss of tumor-
suppressor function can occur through damage to the genome by mutation,
chromosomal rearrangement and nondisjunction, gene conversion, imprinting or
mitotic recombination. Tumor suppressor activity can also be neutralized by interaction
with other cellular proteins or viral oncoproteins (Harris and Hollstein, 1993). Several
familial cancers have been shown to be associated with a loss of function of a tumor

suppressor gene, as listed in Table 4.

Table 4. Tumor suppressor genes implicated in various familial cancers in humans (adapted from King, 2008)

Serial | Tumor Familial cancer | Function Chromosomal | Tumor (types
No. suppressor gene | syndrome location observed
1 p53 Li-Fraumeni Cell cycle | 17p13.1 Brain tumors,
syndrome regulation, sarcomas,
apoptosis leukemia, breast
cancer
2 RB Familial Cell cycle | 13ql4.1-q14.2 Retinoblastoma,
retinoblastoma regulation osteogenic
sarcoma
3 wWTI1 Wilms tumor Transcriptional 11p13 Pediatric kidney
regulation cancer
4 NF1 Neurofibromatosis | Catalysis of Ras | 17ql11.2 Neurofibromas,
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(protein- merlin or | type2 membrane to tumors,
neurofibromin 2) actin cytoskeleton astrocytomas,
meningiomas,
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According to Knudson’s “two-hit” hypothesis based on studies of retinoblastoma, the
inactivation of a tumor suppressor gene by mutation requires two inactivating “hits” or
mutations. In the dominantly inherited form of familial cancers, one mutation is
inherited by the germinal cells while the second occurs in somatic cells. In non-
hereditary forms, both mutations are somatic (Knudson, 1971). In addition, a tumor
suppressor gene may be inactivated by loss of heterozygosity (LOH) as reported for
example in case of PTCH (Lu et al., 2000), BRCAI and BRCA2 (Silva et al., 1999),
p33, RB and PTEN (Bettendorf er al.,, 2008) tumor suppressor genes; or, by epigenetic
silencing through hypermethylation of promoters in case of RB, APC, MLHI, VHL,
CDNK2A4, CDKN2B (Jones and Laird, 1999), BRCAI and STKI1 (Jones and Baylin,
2002). Thus, accordingly, Knudson’s “two-hit” hypothesis may be reyiged to
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accommodate the inactivation of the first active allele of a tumor suppressor gene by
localized mutation or transcriptional repression through DNA methylation, and the
second hit, that is, inactivation of the second allele by LOH or transcriptional silencing,

in addition to mutation (Fig. 1.2).
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Figure 1.2. Revised form of Knudson’s “two hit” hypothesis explaining the inactivation of
tumor suppressor genes (adapted from Jones and Laird, 1999).

1.5.CLASSES OF TUMOR SUPPRESSOR GENES

Since tumor suppressor genes function in the prevention of tumorigenesis, it is evident
that they are required not only to control cellular proliferation, but also to main the
stability of the genome. Kinzler and Vogelstein (Kinzler and Vogelstein, 1997) have

accordingly classified tumor suppressor genes into “gatekeepers™ and “caretakers”.

Gatekeepers are genes that directly regulate the growth of tumors by inhibiting growth
or promoting death through regulation of the cell-cycle. Inactivation of these genes is
rate-limiting for the initiation of a tumor, and both maternal and paternal copies must
be altered for tumor development. Predisposed individuals inherit one mutant copy of a
gatekeeper gene so they require an additional somatic mutation to initiate neoplasia.
Tumors develop sporadically in individuals who do not have a germline mutation when
both copies of the gatekeeper gene become mutated somatically. Because the
probability of acquiring a single somatic mutation is exponentially greater than the
probability of acquiring two such mutations, people with a hereditary mutation of a

gatekeeper gene are at a much greater risk (greater than 1000 fold) of developing
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tumors than the general population (Kinzler and Vogelstein, 1997). The most widely

studied gatekeeper tumor suppressor gene is the p53 gene. Other examples are the RB,
VHL, NF1 and APC genes.

Caretakers are genes that maintain genomic integrity through their role in maintaining
error-free DNA repair. Inactivation of a caretaker gene therefore does not promote
tumor initiation directly. Instead it leads to genetic instability which results in increased
mutation in all genes, including gatekeepers. In dominantly inherited cancer-
predisposition syndromes of the caretaker type, patients inherit a single mutant
caretaker gene from the affected parent. Thus, three subsequent mutations usually
required to initiate cancer: mutation of the normal caretaker allele inherited from the
unaffected parent, followed by mutation of both copies of a gatekeeper gene. Because
three mutations are required, the risk of cancer in affected families is only 5-50 folds
higher than the general population. Moreover, the frequency of occurrence of sporadic
cancers due to mutations in caretaker genes would be low because four mutations- two
in the caretaker alleles, and, two in gatekeeper alleles would be required. Some
examples of caretaker genes are the genes involved in nucleotide-excision repair which
are mutated in xeroderma pigmentosum, the ATM gene which is mutated in ataxia
telangiectasia, and the breast cancer and ovarian cancer associated BRCAI and BRCA?2
genes (Kinzler and Vogelstein, 1997).

1.6.p53 AS A TUMOR SUPPRESSOR GENE

The p53 gene was discovered in 1979 as a gene coding for a 53 kDa nuclear
phosphoprotein bound to the large T antigen of the simian virus 40 (SV40) DNA virus
(Lane and Crawford, 1979; Linzer and Levine, 1979). Since it was known that the T
antigen is essential for both the initiation and maintenance of the transformed state in
SV40-infected cells, p5S3 was thought to be a transforming oncogene. This view was
further corroborated by the finding that p53 is overexpressed in methylcholanthrene-
induced sarcoma, leukemias, virus-transformed cell lines and spontaneously
transformed fibroblasts (DeLeo et al,, 1979). Studies also demonstrated that cloned
murine p53 cDNA could immortalize cells thereby leading to their susceptibility to
transformation by the ras oncogene (Jenkins e al,, 1984), and that p53 co-operated '

with the activated Ha-ras oncogene to transform normal embryonic cells (Eliyahu ez
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al., 1984). However, in 1984 itself Maltzman and Czyzyk demonstrated that p53
production is stimulated and p53 protein undergoes post-translational stabilization in
non-transformed cells upon ultraviolet irradiation. It was observed that only mutant p353
could co-operate with ras during cellular transformation, and wild-type p53 could in
fact inhibit transformation induced by the combined effect mutant p53 with E1A
antigen or ras. It was also demonstrated that colorectal carcinomas in which one allele
of the p53 gene is lost, also harbored mutations in the remaining allele, a characteristic
hallmark of loss of tumor suppressor function according to Knudson’s hypothesis. This
pattern was found to be true for other cancers, and it was observed that introduction of
wild-type p53 resulted in suppression of growth of human colorectal cell lines
(reviewed by Velculescu and El-Deiry, 1996). Thus, by 1989 there was substantial
evidence to support the role of wild-type p53 as a tumor suppressor gene rather than an

oncogene.

Mutations in the p53 gene have been shown to occur in 50-55 percent of human cancers
(Hollstein et al., 1991). The p53 mutation spectrum differs among cancers of the colon,
lung, esophagus, breast, liver, brain, reticuloendothelial tissues and hemopoietic tissues.
There is a clear link between the exposure to aflatoxin B1 leading to typical GC to TA
transversion at the third base of codon 249 of the p53 gene, and liver cancer (Staib et
al., 2003). Both qualitative and quantitative data link G to T mutations at CpG sites in
the p53 gene to lung cancer (Vihidkangas, 2003). In breast cancer, a slight excess in
deletions and mutations affecting AT base pairs have been observed, while in
esophageal cancer, insertions and AT to TA transversion mutations predominate. In
stomach and colorectal cancers GC to AT transition mutations in the p53 gene are

reported to be dominant (Cetin-Atalay and Ozturk, 2000).

1.6.1. p53 structure

The p53 gene is located in humans on chromosome 17 at location 17p13.1, and in mice
on chromosome 11 at location 11 B2-C; 11 39.0 cM (available at

www.ncbi.nlm.nih.gov/sites/entrez). The gene is composed of 11 exons, the first of

which is non-coding. Exons 5 through 9 of the p53 gene contain conserved sequence
blocks. The wild-type p53 gene codes for a protein of 393 amino acids which is
composed of three distinct structural and functional domains: (i) a N-terminus containing
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an amino-terminal transactivation domain (residues 1-42) which is required for
transactivation activity and interacts with various transcription factors including
acetyltransferases and MDM2 (murine double minute 2); and, a proline-rich region with
multiple copies of the PXXP sequence (residues 61-94, where X is any amino acid). The
proline-rich region plays a role in pS53 stability regulated by MDM2, wherein p53
becomes more susceptible to degradation mediated by MDM?2 if this region is deleted (ii)
a central core domain (residues 102-292) constitutes the DNA-binding domain which is
required for sequence-specific DNA binding. The consensus sequence contains two
copies of the 10-bp motif 5’-PuPuPuC (A/T)-(T/A) GPyPyPy-3’, separated by 0-13 bp
(iii)) a C-terminal region (residues 301-393) containing an oligomerization domain
(residues 324-355), a strongly basic carboxyl terminal regulatory domain (residues 363-
393), a nuclear localization signal sequence (NLS) and nuclear export signal sequences
(NES). The basic C-terminus of p53 functions as a negative regulatory domain and has
also been implicated in induction of cell death. The central domain of p53 is its most
highly conserved region, not only when p53 is compared with its homologs from
Drosophila and Caenorhabditis elegans, but also as comparéd with its mammalian family
members, p63 and p73. In fact, structural studies of p53 have revealed that majority of
p53 mutations found in various cancers are missense mutations that are mostly located in

this central DNA-binding domain (Fig. 1.3) (reviewed in Bai and Zhu, 2006).
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Figure 1.3. Schematic representation of the structure of p53 protein (adapted from Bai and Zhu, 2006)

1.6.2. p53 functions

In normal unstressed cells, p53 is an unstable protein with a half-life ranging from 5 to
30 mins, and is present at very low cellular levels (Levine, 1997). Following various

intracellular and extracellular stimuli, such as DNA damage (induced by various factors
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including ionizing radiation, UV radiation, exposure to cytotoxic or chemotherapeutic
agents and viruses), heat shock, hypoxia, and oncogene overexpression, wild-type p53
is activated and emerges as a pivotal regulatory protein which triggers diverse
biological responses, both at the level of a single cell as well as in the whole organism.
p53 activation involves an increase in overall p53 protein level by inhibition of MDM2-
mediated degradation, as well as qualitative changes in the protein through extensive
post-translational modifications including phosphorylation and acetylation, thus
resulting in activation of p53-targeted genes (reviewed in Bai and Zhu, 2006) (Fig. 1.4).
DNA damage
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Figure 1.4. Tumor-suppressive functions of p53 (adapted from Wikipedia-p53 pathways)

a. Role of p53 as a transcription factor

The p53 protein exerts its tumor suppressive effect essentially by binding to DNA in a
sequence-specific manner and regulating the transcription of gene products involved in
growth arrest, DNA repair, apoptosis, and the inhibition of angiogenesis. p53-mediated
growth arrest results from the pS3-dependent transactivation of p21 and GADD45 p53
regulates DNA repair pathways by the transcriptional upregulation of p21, GADD45,
and the p48 xeroderma pigmentosum protein. p53-induced apoptosis is proposed to be
mediated by the transactivation of BAX, Fas/APO1, KILLER/DRS, IGF-BP3, AIP1,
Pidd, and the p53-inducible genes. In addition, the p53-dependent transcriptional
upregulation of thrombospondin-1, glioblastoma-derived angiogenesis inhibiting factor
and hypoxia-inducible factor-1 has been implicated in pS3-mediated regulation of
angiogenesis. Another key target of pS53 transcriptional upregulation is MDM2. The

MDM?2 protein promotes the rapid degradation of the p53 protein, thus forming an
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autoregulatory feedback loop that tightly regulates p53 protein levels. pS3 also
mediates transcriptional repression of proteins implicated in diverse signaling
pathways. These proteins include BRCAI1, Bcl-2, Wee-1, c-fos, interleukin-6,
topoisomerase I, MAP4, presenilin, hsp 70, stathmin, cyclin B1, Cdc2, and the insulin-
like growth factor-1 receptor. pS3-dependent transcriptional repression may result from
p53 binding to the basal transcriptional machinery, thus prohibiting its interaction with
other promoters. p53 transcriptional repression may also be mediated by its association
in vivo with histone deacetylases and the transcriptional corepressor mSin3a (reviewed

in Stewart and Pietenpol, 2001).

b. Role of p53 in regulation of cell cycle checkpoints

pS3 plays a critical role during the DNA damage-induced G1/S cell cycle checkpoint.
After exposure of cells containing wild-type p53 to genotoxic agents, pS3 is activated
and transcriptionally upregulates the Cdk inhibitor, p21. p21 then binds to, and
inactivates cyclin-Cdk complexes that mediate G1 phase progression, resulting in pRB
hypophosphorylation, E2F sequestration, and cell cycle arrest at the G1/S transition
(Fig. 1.5). p53-dependent induction of p21 also results in an S phase checkpoint
response, as p21 binds to the proliferating cell nuclear antigen (PCNA) and prevents
PCNA from mediating recognition of the DNA primer template complex, thus
inhibiting the elongation step in DNA replication (reviewed in Stewart and Pietenpol,
2001).
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Figure 1.5. Role of p53 in G1/S checkpoint. (adapted from Stewart and Pietenpol, 2001).
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During S and G2 phases, cells accumulate the cyclin B1-Cdc2 complex in an inactive
form due to inhibitory phosphorylations by Weel and Myt1 kinases. The conversion of
Cdc2 from an inactive to active form is mediated by the Cdc25C phosphatase. Mitotic
events are stimulated by active cyclin B1-Cdc2 complexes. In response to genotoxic
stress, the Chkl and Chk2 kinases are activated and phosphorylate Cdc25C. This
phosphorylation promotes the interaction of Cdc25C with 14-3-3 adaptor proteins and
inhibits the ability of Cdc25C to activate the cyclin B1-Cdc2 complex, resulting in cell
cycle arrest at the G2/M transition. After DNA damage, activated Chk1 and Chk2 also
phosphorylate p53, resulting in stabilization and activation of the protein. p53-
dependent signaling contributes to maintenance of the G2 cell cycle arrest by
upregulating the 14-3-36 protein that binds to Cdc2 and sequesters the kinase in the
cytoplasm. p53-dependent transcription also elevates the Cdk inhibitor p21, which
binds to cyclin-Cdk complexes to reduce the level of phosphorylation of pRB.
Hypophosphorylated pRB remains bound to E2F, preventing E2F from mediating the
biosynthesis of cyclin B1 and Cdc2 (Fig. 1.6). The p53-induced increase in level of
expression of GADDA45 also results in G2 arrest since GADD45 directly inhibits the
cyclin B1-Cdc2 complex (reviewed in Stewart and Pietenpol, 2001).
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Figure 1.6. Role of p53 in G2 checkpoint. (adapted from Stewart and Pietenpol, 2001).
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c. Role of p53 in DNA repair

After genotoxic stress, p53 modulates DNA repair through multiple mechanisms,
including sequence specific transactivation and direct interaction with components of
the repair machinery. p53 sequence-specific transactivation-dependent DNA repair
occurs in part by transactivation of p21. p21 specifically inhibits PCNA-mediated DNA
replication while allowing PCNA-regulated DNA repair. p53 also induces expression
of GADD45 which not only binds to PCNA but also stimulates DNA excision repair in
vitro and inhibits the entry of cells into the S phase. p53 sequence-specific
transactivation of the xeroderma pigmentosum p48 gene results in expression of the
p48 protein which functions in global genomic repair of UV-induced cyclobutane
pyrimidine dimers. p53 also directly interacts with proteins that function in DNA repair
pathways. Most of these proteins are members of the TFIIH complex that initiates basal
transcription of RNA polymerase II and couples transcription with nucleotide excision
repair (NER). p53 binds to the Cockayne syndrome B repair helicase and replication
protein A (RPA), a trimeric protein complex that functions in DNA replication,
homologous recombination, and NER. Besides, p53 may also be involved in DNA
repair through direct interaction with DNA. Association of the carboxy terminus of p53
with single-stranded DNA ends facilitates the binding of the p53 core domain to DNA
and helps in recruiting different repair factors. p53 also possesses intrinsic 3° — 5’
exonuclease activity that is associated with the core domain of the protein. This
exonuclease activity may play an important role in p53-mediated repair, as tumor-
derived p53 mutants are exonuclease-deficient and cells expressing such mutant p53
are defective in global NER (reviewed in Stewart and Pietenpol, 2001). It has been
reported that endogenous p53, phosphorylated at Serl5 (p53Serl5), accumulates as
discrete, dose-dependent and chromatin-bound foci within 30 minutes following
induction of DNA breaks or DNA base damage, constituting a biologically distinct
subpool of p53Ser15 phosphoform which colocalizes and coimmunoprecipitates with -
H2AX at sites of DNA-double strand breaks as part of the initial genome surveillance
complex (Al Rashid et al., 2005).

d. Role of p53 in apoptosis
The p53 apoptotic target genes can be divided into two groups; the first group encodes
proteins that act through receptor-mediated signaling, and the second group encodes

proteins that regulate apoptotic effector proteins. p53-dependent transactivation of IGF-
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BP3 induces apoptosis by blocking IGF-1 survival signaling to the IGF-1 receptor
(IGF-1R). When combined with p53-dependent repression of the IGF-1R, p53
signaling results in a highly efficient block of this survival pathway. p53 also mediates
apoptosis through activation of the Fas/APO1/CD95 (Fas) and KILLER/DRS5 death
receptors. Early cell changes that occur during apoptosis are associated with
mitochondrial changes mediated by members of the Bcl-2 family of proteins, including
antiapoptotic Bel-2 and pro-apoptotic BAX proteins. BAX facilitates the release of the
apoptosis-inducing factor (AIF) and cytochrome ¢ from the mitochondria, thus
activating the caspase cascade. p53 inhibits expression of the anti-apoptotic Bcl-2
protein, which normally blocks apoptosis by preventing the release of AIF and
cytochrome ¢ from the mitochondria. p53 may also mediate mitochondrial apoptotic
signaling through the elevation of the level of reactive oxygen species through PIG3
and PIG8 induction. p53 may also mediate apoptosis by sequence-specific

transactivation-independent mechanisms (Fig. 1.7).
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Figure 1.7. pS3-mediated apoptotic signaling. (adapted from Stewart and Pietenpol, 2001).

It can thus be concluded that wild-type p53 functions essentially as a “gatekeeper”
tumor suppressor (Levine, 1997). As a result of missense mutations occurring in the
central DNA-binding domain, the mutated p53 gene encodes a full-length protein

incapable of transactivating its target genes. In addition to this loss of function, mutant
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p53 can have a dominant negative effect over wild-type p53 and/or gain-of-function
activity independently of the wild-type protein. In fact, it has been shown that p53
missense mutants markedly reduce the binding of wild-type p53 to the p53 responsive
element in the target genes of p21, MDM2, and PIG3 thereby abrogating the growth
suppression activity of wild-type p53 (Willis et al., 2004).

1.7. BRCAI AND BRCA2 AS TUMOR SUPPRESSOR GENES

The breast cancer-associated BRCAI and BRCA2 genes are located in humans on
chromosome 17 at position 1721 and chromosome 13 at position 13q12.3
respectively. The murine homologs of these genes, that is, Brcal and Brca2, are located
on chromosome 11 at 11 D; 11 60.5 cM, and on chromosome 5 at 5 G3; 5 84.0 cM
(available at www.ncbi.nlm.nih.gov/sites/entrez). The BRCAI gene was identified by

positional cloning methods as the gene responsible for increasing susceptibility to
breast and ovarian cancer by (Miki er al., 1994). The gene encompasses 24 exons in
approximately 81 kb of genomic DNA and codes for a protein of 1863 amino acid
residues (Oesterrich and Fuqua, 1999). BRCAI mutations are thought to account for
about 45 % of families with high breast cancer risk, and greater than 80 % of families
with high risk of early onset breast and ovarian cancers (Nadeau ef al., 2000). A second
gene associated with susceptibility to breast cancer, the BRCA?2 gene, was subsequently
identified by linkage analysis (Wooster ef al., 1995). The gene consists of 27 exons

spanning 70 kb of genomic DNA and encodes a protein of 3418 amino acid residues.

1.7.1. BRCAI and BRCA2 structure

Although the breast and ovarian cancer phenotypes associated with mutation in BRCA/
and BRCA?2 are similar, the genes are not detectably related by sequence. However, the
two genes share striking genomic parallels, one common feature being both have
extremely large central exons, that is, exon 11 which encodes more than 50 percent of
the respective proteins. Comparison of the amino acid sequence of human BRCA1 and
BRCA2 proteins with their respective murine homologs indicates that the proteins
share approximately 60 percent identity (Welsch ef al., 2000). The genomic regions of
both BRCA1 and BRCA2 contain very high densities of repetitive DNA elements that
may contribute to genetic instability. The BRCAI gene contains 42 % Alu sequences
and 5 % non-4lu repeats. The BRCA2 gene contains 47 % repetitive DNA, consisting
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of 20 % Alu sequences and 27 % LINE and MER repetitive DNA. The presence of such
repeats may be responsible for the large deletions in and around the BRCA1 and BRCA2
genes observed in both inherited and sporadic breast and ovarian cancers, due to

homologous recombination between the repeat sequences (Welsch and King, 2001).

The BRCA1 and BRCA2 polypeptides have distinct domains which are involved in
their myriad functions. The N-terminal RING finger of BRCA1 interacts with BRCA1-
associated RING domain 1 (BARDI) protein, which recruits BRCAI to the nucleus,
and with the deubiquitinating enzyme, BRCA1-associated protein-1 (BAP1). BRCAI
also has two nuclear localization signals (NLS) and nearby regions which interact with
p53, c-myc, pRb, RAD50, MRE11 and NBS-1. A domain within BRCA1 (amino acids
758-1064) interacts with RADS51. The BRCAI C-terminal (BRCT) repeats interact
with BRCA2, histone deacetylase (HADC) 1 and 2, RNA helicase A (RHA),
p300/CBP and the CtBp-interacting protein (CtIP). The N-terminus of BRCA2
interacts with p300/CBP-associated factor (P/CAF) which has histone acetylase
activity. Four of the eight BRC repeats of BRCA2 interact with RADS51. Besides,
BRCA2 also has a second RADS]1 interaction dohain and a NLS at the C-terminus
(Welsch et al., 2000) and Fig. 1.8 (Scully and Livingston, 2000).
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Figure 1.8. Structure of the BRCA1 and BRCA?2 polypeptides. (adapted from Scully and Livingston, 2000)

1.7.2. BRCAI and BRCA2 functions

Initial evidence linking BRCAI and BRCA?2 functions to cancer predisposition came
from the observation that cells deficient in the murine BRCA2 homolog sustain

spontaneous aberrations in chromosome structure. Chromosome painting also revealed
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gross chromosomal arrangements (GCRs) such as translocations or deletions as well as
fusions that encompass multiple, non homologous chromosomes. Similar structural
aberrations were also observed in BRCAI-deficient mouse cells, as well as BRCAI- and
BRCA2- deficient human cells. Collectively, these findings established that BRCA
genes are essential for preserving chromosome structure, suggesting that in their role as
tumor suppressors, they behave as “caretakers” by suppressing genomic instability

(reviewed in Venkitaraman, 2002).

Biochemical, genetic and cytological studies have revealed multiple functions for
BRCA1 and BRCA2. The BRCA proteins have been found to be involved in control of
homologous recombination (HR) and double-strand break (DSB) repair in response to
DNA damage (Welsch and King, 2001). In mammalian cells, DSBs can be repaired by
nonhomologous end joining (NHEJ), potentially an error-prone process in which
nucleotide alterations are tolerated at the sites of rejoining, or by recombination
between homologous DNA sequences (HR) which is error-free when the exchange is
between identical sister chromatids (or homologous chromosomes). A third
mechanism, single-strand annealing (SSA), is also initiated by homologous pairing,
except that unlike in HR the homology is between short stretches of stranded DNA
(ssDNA) at staggered DSBs, and pairing precedes religation, not strand exchange. SSA
is error-prone because sequence information can be lost or rearranged when ends
overlapping by as little as approximately 30 bp are unsuitably joined (Fig. 1.9)
(Venkitaraman, 2002).
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Figure 1.9. Different routes of DSB repair (adapted from Venkitaraman, 2002).

Substantial evidence indicates a role for both BRCA1 and BRCA2 in HR. Both BRCA1
and BRCA2 can interact directly or indirectly with RADS51, the eukaryotic homolog of

Rec A, which catalyses strand exchange during homology directed repair of DNA
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DSBs by gene conversion. BRCA1 binds to numerous cellular proteins in vivo and

appears to have multiple functions depending on the cellular context (Fig. 1. 10).
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Figure 1. 10. Protein-protein interactions of BRCA1 (adapted from Venkitaraman, 2002)

a. Role of BRCAI in DSB repair

Sites of DNA damage are marked within minutes by phosphorylation of a histone
species, H2A-X, which spreads over a region spanning thousands of bases around the
lesion, allowing chromatin remodeling to occur to facilitate access of the repair
machinery. BRCA1 is an early migrant to sites of H2A-X phosphorylation. BRCA1 is
involved in various protein-protein interactions relevant to DNA repair. It interacts with
the MRE11/RAD50/Nbs1 complex, known to participate in DSB repair with MRE11
encoding a nuclease activity which resects flush DSB ends to generate ssDNA tracts,
which are substrates for HR. BRCA1 may also have local activities at DSB sites
through its interaction with enzymes that alter chromatin structure. It interacts with
SWI/SNF proteins that remodel chromatin, with regulators of histone acetylation/
deacetylation such as HDAC and DNA helicases including BLM and BACHI, in order
to alter DNA topology at the site of a lesion. BRCAI also functions by regulating the
expression of GADD45, a tumor suppressor gene that is also a downstream target of the
p53 pathway. GADD45 transcription is normally suppressed by a corepressor complex
in which BRCA1 associates with the KRAB domain transcription factor ZBRK1. After
ionizing irradiation, phosphorylation of BRCA1 by ATM relieves GADD45 repression.
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In this way, BRCA1l processes signals through ATM to achieve transcriptional
regulation of GADD45 in response to DSB (Venkitaraman, 2002).

b. Role of BRCAI in cell cycle checkpoint

BRCAL is rapidly phosophorylated after DNA damage in dividing cells by the ATM,
ATR and CHK2 kinases. Phosphorylation of BRCA1 by each of these kinases is
activated by distinct stimuli and targeted to distinct clusters of serine residues- ATM
and CHK2 phosphorylate BRCA1 after ionizing radiation, whereas ATR is more
specifically activated after UV-irradiation or replication arrest (Venkitaraman, 2002).
BRCA1l then induces p53-independent G1/S- arrest by interacting with
hypophosphorylated pRb or by p21-induction (Deng, 2006). BRCA1 may also induce
p53-dependent G1/S arrest, and a study demonstrated that the BRCA1-BARD1
complex is required for ATM/ATR-mediated phosphorylation of p53 at Ser-15
following IR or UV radiation-induced DNA damage (Deng, 2006). Further, it was
observed that phosphorylated BRCAL is involved in the S-phase cell cycle checkpoint,
and, BRCA1 mediates G2/M arrest via its interaction with CHK1 and CHK2 (Deng,
2006).

¢. Role of BRCALI in transcription-coupled repair

BRCALI is also reported to show a role in transcription-coupled repair presumably via
base-excision repair. In fact, BRCA1 associates with the mismatch repair proteins
MSH2 and MSH6 which have been implicated in transcription-coupled repair (Wang et
al., 2000). BARDI, a protein which interacts with BRCA1 through the N-terminal
RING domain (Fig. 1.8), has been implicated in the control of RNA processing
following DNA damage. Normally messenger RNAs must be endonucleolytically
cleaved at their 3’ end prior to polyadenylation. This reaction is found to be strongly but
inhibited following DNA damage. Inhibition is dependent upon BARD1 and possibly
upon complex formation with BRCA1 and the polyadenylation factor CstF50. The
ubiquitin ligase activity of the BARD1-BRCA1 complex may be involved in inhibition,
targeting the proteins that carry out RNA processing for degradation (Venkitaraman,
2002).
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d. Role of BRCAI in apoptosis

Wild-type BRCA1 can promote ionizing radiation-induced apoptosis in breast and
ovarian cancer cell lines. This function of BRCA1 is dependent on the H-Ras, MEKK4,
INK, Fas ligand/Fas interactions, and caspase-9 activation and is independent of p53
status (Thangaraju et al., 2000). Another study has identified BARDI as a regulator of
BRCAI1-induced apoptosis. It was demonstrated that BARD1

reduced BRCA1-dependent apoptosis by a mechanism involving nuclear sequestration,
and regulation of apoptosis by BARD1 was reduced by BRCA1 cancer mutations that
disrupt ubiquitin ligase function (Fabbro et al., 2004).

e. Role of BRCA2 in DSB repair

BRCAZ2 binds directly with RADS1 primarily through the approximately 40 amino acid
BRC motifs in BRCA2, eight repeats of which are well conserved in sequence and
spacing from mammals to birds. The interaction involves a substantial proportion of the
total cellular pool of each protein. RADS1 has a catalytic activity central to HR. It coats
ssDNA to form a nucleoprotein filament that invades and pairs with a homologous
DNA duplex, initiating strand exchange between the paired DNA molecules. Evidence
suggests that BRCA2 works directly to regulate the availability and activity of RADS1
in this key reaction, consistent with the high stoichiometry of their binding. According
to the proposed model (Fig. 1.11), DSBs activate signaling mechanisms (1) and are then
resected (2) by exonuclease activity to generate sSDNA tracts. RADS51 is loaded onto
the ssDNA (3) to form a nucleoprotein filament that mediates homologous pairing (4)
followed by strand extension (5), exchange, and repair (6). In this model,
phosphorylation by DNA damage signaling kinases such as ATM or ATR triggers
transition of an inactive BRCA2- RADS51 (purple-green) complex to an active complex
at the site of damage. At later stages in HR, dephosphorylation may permit the removal
of RADS51 from nucleoprotein filaments by BRCA2 binding. Thus, there may be
cycling between active and inactive states at the sites of repair (Venkitaraman, 2002).

30



T

-

1

( Checkpoint actwatcon !

_— = Phosph l n? O Inactive
2 sphoryiatio BRCA2-RAD51
compiex
DSB resection
- Active
complex
Y s oo —

3
' RAD51 loading ‘
x = -’/.__ -

RAD51 removal?

Homologous pairing - Dephosphorylation?
& 80
5 _/"'

' Polymerase extension

Repair

Figure 1.11. Hypothetical model for BRCA2 function in HR (adapted from Venkitaraman, 2002)

Although RADS1 co-localizes with both BRCA1 and BRCA2 in S-phase nuclei and in
cells treated with DNA damaging agents, the majority of BRCA1 does not physically
associate with BRCA2 and RAD51. Moreover, most of the proteins that have been
shown to interact with BRCA1 fail to associate with BRCA2, and vice versa. Such
exclusivity supports the argument that these two tumor suppressors form distinct
complexes in vivo, although it is also likely that these complexes may interact in terms

of their repair functions (Liu and West, 2002).

One report suggests a potential role for BRCA2 in mitotic checkpoint through its
phosphorylation by human BUBR1, hBUBRI (Futamura et al., 2001).

1.8. ROLE OF BETEL NUT AND ITS CONSTITUENTS IN
CARCINOGENESIS

Areca nut is the seed of fruit of a tropical palm, Areca catechu L. It forms the most
basic ingredient of a variety of widely used social and habitual masticatory products,
which are often wrapped in the leaf of another tropical creeper, Piper betle L.,

commonly known as the betel leaf. Hence, the Areca nut is more commonly known as
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betel nut (BN) (Warnakulasuriya, 2002). The use of BN is deeply ingrained in various
socio-cultural and religious practices across the globe. BN is believed to be used by
both men and women across all age groups and social classes though in some societies
the latter predominate (Warnakulasuriya, 2002). Areca nut is normally harvested as
unripe (green) or ripe (orange/red) fruit from the Areca palm. The Areca fruits may be
sun dried for several weeks, fibrous shells removed and the hard, dry nuts are ready for
use. Alternatively, the ripe Areca fruits are boiled for several hours in an aqueous
solution containing the bark of the plant Eugenia jambolana, jaggery or brown sugar,
and various edible oils, to ‘cure’ it. The cured fruits are sun dried for several weeks,
fibrous shell removed and very hard, brown nuts are ready to use. In contrast, unripe or
partly ripe Areca fruits are freshly picked, fibrous shells removed and the relatively soft
nuts are masticated. Occasionally, the fruits can be cured by burying them into moist
pits for one to two weeks for fermentation (maturation) before deshelling and use. Such
raw and wet variety of BN of the north-eastern part of India is locally called ‘kwai’or
‘tambul’. The BN is either consumed alone or with a wide variety of region and socio-
culture specific additives, as betel quid (BQ). In latter case, dry variety of BN is usually
wrapped along with slaked lime (calcium oxide and calcium hydroxide or slacked lime)
and catechu (Acacia catechu) without or with a host of additives, which may also
include a variety of tobacco products, perfumes, stimulants, etc., in a piece of betel leaf.
The wet variety of BN is usually masticated with slaked lime wrapped in a betel leaf
and occasionally supplemented with chewing tobacco (IARC, 1985; Sharan, 1996;
Warnakulasuriya, 2002). In India, most habitual chewers of BQ add tobacco, while in
some countries, such as Papua New Guinea and China, tobacco is not added. Betel leaf
is perishable and the preparation of BQ is somewhat complex. Hence, over the past
three decades, commercial BQ substitutes - flavored and sweetened dry mixture of
Areca nut, catechu and slaked lime with tobacco (gutkha) or without tobacco (pan
masala), have become increasingly popular (Nair et al., 2004; Asotra and Sharan,
2008).

The constituents of BN include carbohydrates, crude fiber, fats, polyphenols, alkaloids,
tannins, proteins, ash and water. Trace amounts of fluorine, sapogenein, and free amino
acids have also been reported in some forms. The relative amounts of these constituents
are highly variable in raw/wet or dry variety of BN. Geographical and climatic

conditions of growth of the Areca palm tree and the methods of curing BN also
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contribute to the observed variation in the constituents (Sharan, 1996). The primary
constituents of BN which have been implicated in its role as a carcinogen are as

follows:-

(@)  Alkaloids: Alkaloids are reduced pyridines. BN primarily contains four
alkaloids that are biologically relevant, of which arecoline (1, 2, 4, 5, - tetrahydro-1-
methyl-pyridinecarboxylic acid; molecular weight 155. 19 Da) is the most abundant.
Other alkaloids such as arecaidine (1, 2, 5, 6, - tetrahydro-1-methyl-3-
pyridinecarboxylic acid; molecular weight 141. i7 Da), guvacine (methyl ester of
arecaidine), guvacoline (methyl ester of guvacine) and arecolinidine are also present in

small to very small amounts especially in the raw/wet variety of BN (Sharan, 1996).

(b)  Polyphenols and tannins: The main polyphenols of betel nut are catechin,
flavanoids, flavan-3:4-diols, leucocyanidins and hexahydroxyflavans. When oxidized in
the presence of lime, these give the characteristic red color to the saliva, teeth and lips
of BQ masticator. The predominant tannin of BN is gallotannic acid. In addition, minor
amounts of gallic acid, D-catechol, and phiobatannin are also present (Sharan, 1996).

(© Betel nut specific nitrosamines (BSNA): Nitrosamine derivatives are produced
from each of the four major BN alkaloids, that is, arecoline, arecaidine, guvacine and
guvacoline by nitrosation of the alkaloids in dried stored nuts, in the mouth and
especially in the acidic milieu of the stomach in the presence of nifric oxide generated
by bacterial action (Wary and Sharan, 1991; Boucher and Mannan, 2002). The major
biologically relevant nitrosamines of BN, also called betel nut specific nitrosamines
(BSNA), are 3-methylnitrosaminopropionaldehyde (MNPA), 3-
methylnitrosaminopropionitrile =~ (MNPN), N-nitosoguvacine (NGC) and N-
nitrosoguvacoline (NGCO), and have been found in the saliva of betel-quid users
(IARC, 1985; Nair et al., 1985). Of these, MNPA was reported to be the most potent on
a molar basis, decreasing both survival and thiol content of cultured human buccal
epithelial cells and causing significant formation of DNA single strand breaks
(Sundqvist et al., 1989).

(d)  Reactive oxygen species (ROS): Aqueous extracts of Areca nut and catechu

were found to be capable of generating superoxide anion and hydrogen peroxide at pH
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greater than 9 (Nair et al., 1987). While saliva was found to inhibit both O, and H,0,
formation from BQ ingredients, ROS are formed in the alkaline chewing mixture
within the saliva of a chewer due to the addition of slaked lime (Stich and Anders,
1989).

Today, there is sufficient evidence that Areca nut or BN as well as BQ without or with
tobacco is carcinogenic to humans (Sharan, 1996; IARC, 2004). BQ without tobacco
causes oral cancer, while BQ with tobacco causes cancers of the oral cavity, pharynx
and oesophagus (IARC, 2004). A causal association between tobacco and BQ chewing
habits and oral mucosal diseases such as leukoplakia, oral submucous fibrosis (OSF)
and oral cancer has been established, and heavy users have a significantly increased
mortality rate. An increased incidence of local tumors was observed in mice after
subcutaneous injection of aqueous extracts of BQ without tobacco. Local tumors we}e
produced in mice and local mesenchymal tumors in rats following subcutaneous
injection of aqueous extracts of betel nut (AEBN). In hamsters, administration of Areca
nut and application of its aqueous or dimethyl sulphoxide extracts to the cheek-pouch
mucosa resulted in squamous cell carcinomas (SCC) of the cheek pouch and
carcinomas of the forestomach (JARC 1985). While BQ has various components
(JARC, 1985; Sharan, 1996; Warnakulasuriya, 2002), a study on Syrian hamsters
revealed that BN fibre and cold aqueous extract are the major components of BQ that
may promote carcinogenesis in the hamster buccal pouch, leading to tumor formation.
AEBN has been shown to induce conformational changes in mouse liver high mobility
group (HMG) proteins similar to that induced by a hepatocarcinogen,
diethylnitrosamine (DEN), leading to the development of preneoplastic nodules in the
liver (Pariat and Sharan, 1998 a & b).

Different extracts of BN such as, AEBN, acetic acid extract (AAEBN), HCI extract
(HEBN) and ethanol extract (EEBN) as well as arecoline showed different extents of
cytostatic and cytotoxic effects on Hep2 cells in vitro, with arecoline, HEBN and
EEBN being the most potent (Sharan and Wary, 1992). AEBN was also found to
reduce GSH levels, induce chromosomal aberrations (CA} and delay cell kinetics in
mouse bone marrow cells with the induction of sister chromatid exchange (SCE)
probably involving p53-dependant changes in cell proliferation (Kumpawat et al.,

2003). Frequency of SCE was elevated in mouse bone marrow cells, when mice were
34



exposed to the AEBN and its tannin (Panigrahi and Rao, 1989). AEBN also induced
DNA strand breaks and enhanced cell proliferation in mouse kidney cells in vitro
(Wary and Sharan, 1988a). Aqueous extracts of BQ without tobacco were reported to
induce mutations in Salmonella typhimurium but not in Chinese hamster V79 cells, and
do not induce micronuclei in Swiss mice (IARC, 1985). AEBN was reported to induce
mutations in Salmonella typhimurium and in Chinese hamster V79 cells besides
inducing gene conversion in Saccharomyces cerevisiae as well as CA in CHO cells.
AEBN also induced micronuclei in bone marrow cells of Swiss mice while BN tannin
fraction induced gene conversion in Saccharomyces cerevisiae (IARC, 1985).
Arecoline, AEBN, AAEBN, HEBN and EEBN induced variable levels of dose-
dependent unscheduled DNA synthesis (UDS) in Hep2 cells in vitro (Sharan, 1996).
Ames test using Salmonella typhimurium strain TA 1535 revealed that arecoline was
nonmutagenic, AEBN and HEBN were weak mutagens, and AAEBN and EEBN were
strong mutagens suggesting that the mutagenic potential of alkaloids (arecoline) is
significantly enhanced by other constituents of BN (Sharan, 1994; Balachandran and
Sharan, 1995; Sharan, 1996). Aqueous extracts of processed and unprocessed varieties -
of BN were reported to be fetotoxic in Swiss albino mice leading to death, enhanced
resorption and reduced weight of fetuses. Other abnormalities such as hematomas,
curved tails, abnormal ribs and delay in skeletal maturity were also reported (Sinha and
Rao, 1985a).

Global gene expression profiling in human gingival fibroblasts (HGF) exposed to
arecoline revealed that four genes related to maintenance of genome stability and DNA
repair were repressed by arecoline, namely FANCG also known as XRCC9 that encodes
a tumor suppressor capable of correcting CA, CHAFI and CHAF?2 that encode for
chromatin assembly factor I (CAF1), and BRCAI which is implicated in DNA damage
response and DNA repair, with BRCAI being repressed in a dose-dependant manner.
COX-2/ PTGS2 which is involved in cancer initiation and progression was
overexpressed in HGF cells. HSP441 and DNAAJAI which belong to the HSP70
family of stress-induced proteins are also upregulated by arecoline in a dose-dependent
manner. GDF15/ MIC-1 were also induced following arecoline exposure (Chiang ef al.,
2007). Arecoline was found to inhibit growth of human KB epithelial cells in a dose-
and time-dependent manner, and caused cell cycle arrest in late-S and G2/M phases by

inducing cyclin Bl, Wee 1, and phosphorylated cdc2 protein levels whereas it declined
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p21 protein expression in KB cancer cells. At the same time, arecoline also induced
p21, but decreased cdc2 and cyclin Bl protein levels in primary human gingival
keratinocyes (GK), thus suggesting that differential regulation of S and/or G2/M cell
cycle-related proteins in the GK and KB cells play a crucial role in different stages of
BQ-mediated carcinogenesis (Lee et al, 2006). Arecoline was reported to induce
abnormality in the shape of sperm heads and unscheduled DNA synthesis (UDS) in the
early spermatid stages of Swiss albino mice (Sinha and Rao, 1985 b), and, to induce
micronuclei formation in fetal mouse blood after transplacental exposure (Sinha and
Rao, 1985c). Arecoline was reported to cause general developmental retardation of
zebrafish embryos predominantly due to a general cytotoxic effect induced by depletion
of intracellular thiols (Chang et al., 2001).

The p53 gene is known to be mutated in a variety of human cancers, and an
accumulation of p53 protein acts as an important indicator of the presence of mutant
p53 protein (Harris and Hollstein 1993). However, reports pertaining to p53 mutation
status of cancers associated with BN chewing have been widely contradicting. A study
of Sri Lankan subjects with histologically confirmed oral squamous cell carcinoma
(OSCC) and the habit of BN chewing with tobacco revealed low expression of p53
protein (Ranasinghe et al, 1993). However, a similar study in BN and tobacco
associated OSCC from Southern India showed nuclear p53 staining and p53 expression,
indicating that carcinogens derived from tobacco and BN chewing may induce p53
mutations (Kuttan et al., 1995). BQ chewers in Taiwan exhibited significantly higher
incidence of p53 gene mutations than non-chewers in esophageal squamous cell
carcinoma (ESCC). The A: T to G: C transition and G: C to T: A transversion were the
prevalent spectrum of p53 gene mutations and alcohol consumption could enhance this
peculiar spectrum of p33 mutation in ESCC, suggesting that p53 might be an important
molecular target of BQ carcinogens in the development of ESCC in Taiwanese (Goan
et al., 2005). Another study on patients of OSCC in Taiwan revealed that G: C to A: T
transitions were the predominant mutations in the p53 gene associated with BQ and
tobacco use (Hsieh et al., 2001). Mutations in the p53 gene were also frequent in OSCC
specimens from Sri Lanka obtained from BQ chewers, the mutations being clustered
significantly in exon 5 of the p53 gene, and including small deletions and inclusions
besides point mutations. These results indicate that exon 5 of the p53 gene could be one

of the specific targets for some BQ ingredients, and betel-quid chewing may be a
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critical environmental factor in the development of OSCC (Chiba et al.,, 1998). A study
of potentially malignant oral lesions (leukoplakia) and OSCCs associated with BQ
consumption in Northern India revealed a good correlation between p53 missense
mutations, p53 antibodies and p53 protein accumulation in matched potentially
malignant and malignant oral lesions (Ralhan et al., 2001). Alternatively, the incidence
of p53 mutations was reported to be infrequent or absent in oral premalignant lesions
and OSCC in subjects chewing betel quid with tobacco (Kannan et al, 1999) and
without tobacco (Thomas et al., 1994; IARC 2004).

1.9.HEAD AND NECK CANCER

Head and neck cancer is the term given to a variety of malignant tumors that develop in

the oral cavity, pharynx, paranasal sinuses, nasal cavity, larynx and salivary glands etc

(www.oncologychannel.com/headneck/index.shtml). Squamous-cell carcinoma of the
head and neck is a heterogeneous disease with distinct patterns of presentation and
behavior. More than 50 percent of these cancers arising in the oropharynx, particularly
in the palatine tonsils and the base of the tongue, contain oncogenic human
papillomavirus (HPV) DNA. Head and neck squamous cell carcinoma (HNSCC) is
strongly associated with alcohol and tobacco consumption. Molecular data provide
evidence that the carcinogens found in these substances have a causal role in that the
prevalence of p53 mutations are significantly greater in cancers in patients who smoke
and drink alcohol than in those in patients who abstain from these substances.
Laryngeal, hypopharyngeal, and floor-of-mouth cancers rarely develop in patients who
do not smoke, whereas the lateral border of the tongue is a common site for head and
neck cancer in the nonsmoking group. Patients with primary cancers who often smoke
and drink heavily may present with multiple precancerous and cancerous lesions, so-
called field cancerization, throughout the upper aerodigestive tract. Secondary cancers
develop in nonsmokers and smokers with similar frequency, but patients with second
primary HNSCCs are much more likely to have abused tobacco and alcohol (Forastiere
et al, 2001). Occupational risk factors include nickel refining, woodworking, and
exposure to textile fibers. Dietary factors may also play a part, and epidemiologic data
suggest a protective role of dietary carotenoids, and an inverse association between the
consumption of fruits and vegetables and the incidence of head and neck cancer (Vokes

et al.,, 1993). Betel quid and “bidi” smoking is also a major risk factor in Southeast
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Asia. HNSCC remains a significant cause of morbidity and mortality, with
approximately 540,000 new cases annually worldwide and 271,000 deaths accounting
for a mortality of 50 percent (Perez-Ordofiez et al., 2006).

It is generally accepted that HNSCC arises from a common premalignant progenitor
followed by outgrowth of clonal populations associated with cumulative genetic
alterations and phenotypic progression to invasive malignancy. These genetic
alterations result in inactivation of tumor suppressor genes and activation of proto-

oncogenes by deletions, point mutations, promoter methylation, and gene amplification.

Loss of chromosomal region 9p21 is found in 70-80 % of cases, thus representing the
most common genetic alteration seen in squamous dysplasia and HNSCC. Loss of
heterozygosity (LOH) of 9p21 appears to be an early event in squamous neoplasia of
the head and neck and has been found in preneoplastic lesions, including 30 percent of
cases of squamous hyperplasia. The CDKN2A gene locus found in chromosome 9p21
encodes two different transcripts, pl6 and pl4ARF, which are responsible for G1 cell
cycle regulation and MDM?2 mediated degradation of p53. p16 is often inactivated in
HNSCC through homozygous deletion, by promoter methylation, and less commonly
by point mutations. Loss of chromosome region 3p is another common early genetic
event in squamous dysplasias and invasive HNSCC. Investigators have identified at
least four distinct regions of allelic loss, that is, 3p14, 3p21, 3p22, 3p24, and 3p26.
3pl4 contains the fragile histidine triad gene or FIHT, a putative tumor suppressor
gene, which has been found to be inactivated by exonic deletions in a.small percentage
of HNSCC. LOH of 17p and point mutations of the p53 gene are seen in approximately
50 percent of HNSCC cases. Most of these mutations appear to occur late in the
progression from epithelial dysplasia to invasive carcinoma. Amplification of 11q13
and overexpression of cyclin D1 is seen in 30-60 percent of HNSCC cases and has
been associated with an increased rate of lymph node metastases and overall poor

prognosis.

In HNSCC, microsatellite instability has been identified in only a small subset of
preinvasive lesions of the head and neck. Gene expression microarrays suggest that
most of transcriptional alterations in head and neck carcinogenesis occur during the

transition from normal mucosa to premalignant lesions rather than in the transformation
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from premalignant lesion to invasive carcinoma (Perez-Ordofiez et al., 2006). While
amplification of oncogenes is not normally observed in head and neck carcinomas in
the Western world, one study found amplification of H-ras (17 %), N-ras (30 %), N-
myc (39 %) and c-myc (17 %) oncogenes in Indian patients with oral cancer, these
results being explained by the specific smoking habits and betel nut chewing in India
(Field, 1995).

Evaluation of DNA ploidy in oral leukoplakia allows the identification of gross
genomic alterations and has been shown to be a useful tool in identifying lesions with a
high risk of malignant transformation. A study revealed that patients with aneuploid
leukoplakia have a 98 percent rate of developing primary oral carcinoma, an 81 percent
rate of recurrent or second primary tumors, and a 76 percent risk of death from disease

despite negative histology of the surgical margins (Perez-Ordoiiez et al., 2006).

1.10. BREAST CANCER

Breast cancer is the most frequently diagnosed cancer in women. In the United States
alone an estimated 182,460 new cases of invasive breast cancer and 67,770 new cases
of in situ breast cancer were expected to occur among women in 2008, and about 1,990
new cases were expected in men. Gender is a crucial risk factor for breast cancer. Risk
is also increased by inherited genetic mutations in the BRCA1 and BRCA2 genes, a
personal or family history of breast cancer, high breast tissue density, biopsy-confirmed
hyperplasia, and high-dose radiation to the chest, typically related to a medical
procedure. Reproductive factors that increase risk include a long menstrual history,
never having children, recent use of oral contraceptives, and having the first child after
the age of 30. Some potentially modifiable factors that increase risk include being
overweight or obese after menopause, use of postmenopausal hormone therapy
(especially combined estrogen and progestin therapy), physical inactivity, and
consumption of alcohol (American Cancer Society, 2008). Breast cancer in men is a
rare disease, accounting for 1% of all breast cancer cases. Major genetic factors
associated with an increased risk of breast cancer for men include BRCA2 mutations,
which are believed to account for the majority of inherited breast cancer in men,
Klinefelter syndrome, and a positive family history. Suspected genetic factors include

AR gene mutations, CYP17 polymorphism, Cowden syndrome, and CHEK2.
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Epidemiologic risk factors for male breast cancer include disorders relating to
hormonal imbalances such as obesity, testicular disorders and radiation exposure.
Suspected epidemiologic risk factors include prostate cancer, prostate cancer treatment,
gynecomastia, occupational exposures such as exposure to electromagnetic fields,
polycyclic aromatic hydrocarbons, and high temperatures and dietary factors such as
meat and alcohol intake (Weiss et al., 2005).

At least 5 percent of all breast cancer cases are thought to result from a hereditary
predisposition to the disease. Women who inherit loss-of-function mutations in one
allele of either the BRCAI or BRCA2 gene have an up to 85 percent risk of breast
cancer by the age of 70. Carriers of mutations in these genes are also at elevated risk of
cancer in the ovary, pancreas and prostrate (Kerr and Ashworth, 2001). Susceptibility
alleles in other genes, such as p53, PTEN, and STKI11/LKBI, are even less common

causes of breast and ovarian cancer.

An association between the risk of breast cancer and persistently elevated blood levels
of estrogen has been found consistently in many studies. These support the hypothesis
that cumulative, excessive exposure to endogenous estrogen across a woman’s life span
contributes to and may be a causal factor in breast cancer. Several endocrine-associated
risk factors are regularly associated with an increased relative risk of breast cancer in
postmenopausal women. One of these factors is obesity, which is probably related to an
increased production of estrogen by aromatase activity in breast adipose tissue. Another
factor is an elevated blood level of endogenous estrogen. An increased relative risk is
also associated with higher-than-normal blood levels of androstenedione and
testosterone, androgens that can be directly converted by aromatase to the estrogens
estrone and estradiol, respectively. Elevated urinary levels of estrogens and androgens
are also associated with an increased risk of breast cancer in postmenopausal women.
The éstrogen 3, 4-quinone formed as a result of metabolism of estrogen by cytochrome
P450 enzymes can form unstable adducts with adenine and guanine in DNA, leading to

depurination and mutation in vitro and in vivo (Yager and Davidson, 2006).

Because BRCAI and BRCA?2 are expressed in a broad spectrum of tissues and cell types
it is not clear how loss of their functions can lead to tissue and gender-specific cancers.

The breast and ovary are estrogen-responsive tissues with estrogen metabolites thus
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acting as tissue-specific carcinogens. Moreover the breast and ovarian epithelia
proliferate rapidly under the influence of estrogens, the progeny of this proliferative
burst being retained in the breast lobules and ovarian inclusion cysts. A cancer-
predisposing mutation, such as in p53 in a lobular precursor cell, accompanied by loss
of BRCA mutations, could thus increase the risk of breast and ovarian cancer (Scully
and Livingston, 2000; Sowter and Ashworth, 2005). Ghosh et al. have proposed that
BRCAL1 inhibits a breast-cancer associated promoter of the aromatase gene in human
adipose stromal cells (ASCs). Thus a role of BRCAl in modulating estrogen
biosynthesis may also contribute to its tissue-specific tumor suppressor function (Ghosh
etal., 2007).

1.11. CERVIX CANCER

Cancer of the uterine cervix is the second-most common cancer in the world, but is the
most prevalent cancer in Indian women, posing a major public health problem. In India,
about 100,000 women develop this cancer annually (Das et al., 2000). In 2003, there
was an estimated annual global incidence of 500,000 cases of cervical cancer, of which
India contributed 100,000, that is, one-fifth of the world burden. The number of
cervical cancer deaths in women in India is projected to increase to 79,000 by the year
2010 (Bobba and Khan, 2003). The cancers that develop from uterine cervix are of two
types: (i) squamous cell carcinomas, which develop from squamous epithelium, cover
mostly visible part of cervix; and (ii) adenocarcinomas, which arise from glandular
lining of endocervical canal. About 85 to 90 percent of cervical cancers are squamous
cell carcinomas and the rest 10 to 15 percent are adenocarcinomas. Over 90 percent of
these cancers are diagnosed at advanced stages, the majority of which are presented at
35-64 years of age. Squamous cell carcinoma (SCC) is preceded by well-recognized
epithelial changes, the precancerous lesions which may progress to malignancy, or
persist, or regress to normalcy. The distinct premalignant or dysplastic changes are
generally detected by a simple exfoliated cytological screening, the ‘Pap-test’30. The
precancerous lesions may take a few months to several years (10-15 years) to progress
to the stage of invasive cervical cancer. Therefore, early diagnosis of premalignant
cervical lesions plays a pivotal role in controlling cervical cancer. Several
epidemiological studies the world over have concluded that infection of human

papillomavirus (HPV), particularly of high-risk HPV types 16 and 18, is the primary
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risk factor for cervical cancer (Das et al, 2000). IARC studies also reported the
contribution of additional factors to the risk of cervical cancer in HPV carriers. Among
HPV-positive women, any use of oral contraceptives was associated with a significant
increase in risk- use for less than 5 years was not related to cervical cancer but the risk
increased significantly for 5 to 9 years of use and for 10 or more years. HPV-positive
women who reported 7 or more full- term pregnancies had a 4-fold increased risk of
cervical cancer as compared to similar HPV-positive women that were nulliparous.
Smoking was associated with a 2-fold statistically significant increased risk of cervical

cancer with a significant dose response (Monsonego et al., 2004).

The high-oncogenic-risk HPV types associated with invasive cervical cancer produce
two oncoproteins, designated E6 and E7, which interact with endogenous cell cycle
regulatory proteins, including p53 and Rb. The E6 protein is able to bind to host p53
causing inactivation of its function through the mechanism of ubiquitin-dependent
degradation. The interaction of virally derived and endogenous cellular proteins
converges in deregulation of cell cycle progression and appears to be critical for the
development of cervical cancers. However, the development of cervical cancer is a
multistep process that cannot be explained simply by infection with specific types of
HPV. One additional event that appears to play a role in tumor progression is
integration of HPV DNA into the host genome. One study reported that the extent of
p53 dysfunction caused by HPV depends on the status of a proline (Pro) or arginine
(Arg) polymorphism at codon 72 of p53. It was demonstrated that an individual
homozygous for the Arg allele had about a seven times higher risk of developing
cervical cancer than a patient homozygous for Pro (Storey et al.,, 1998). Homozygosity
for p53 Arg was also reported as a potential risk factor for cervical cancer in South
African (Pegoraro et al., 2002) and Chinese populations (Min-min et al, 2006).
However, other studies have reported that the polymorphism does not contribute to an
increased risk of cervical cancer in Japanese (Yamashita et al., 1999), and South Indian
populations (Pillai et al., 2002). Thus, the association of p53 polymorphism at codon 72

and HPV- induced cervical cancer remains unclear.
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1.12. BIOMARKERS OF CANCER
Biomarkers are anatomic, physiologic, biochemical, or molecular parameters associated
with the presence and severity of specific disease states. They are detectable and

measureable by a variety of methods including physical examination, laboratory assays

and medical imaging (www.biomarkers.org). As an important biological indicator of
cancer status and progression for the physiological state of the cell at a specific time,
biomarkers represent powerful tools for monitoring the course of cancer and gauging
the efficacy and safety of novel therapeutic agents. They can have tremendous
therapeutic impact in clinical oncology, especially if the biomarker is detected before
clinical symptoms or enable real-time monitoring of drug response. Malignant
transformation involves alterations in protein expression with subsequent clonal
proliferation of the altered cells. These alterations can be monitored at the protein level,
both qualitatively and quantitatively. Protein signatures in cancer thus provide valuable
information that may be an aid to more effective diagnosis, prognosis, and response to
therapy (Cho, 2007). Alterations in p53 expression and level of the p53 protein are
commonly observed in various cancers. Thus studies have focused on the use of p53 as
a biomarker of cancer. Immunocytochemical staining of cytologic specimens,
exfoliated cells, needle-biopsy specimens and fixed tissues with anti-p53 antibody
showing nuclear accumulation is used as a biomarker of cancer. The overabundance of
p53 protein indicates p53 mutation and is an unfavorable prognostic factor of lung
cancer and bladder cancer etc. In fact, the determination of serum levels of p53 protein
has been proposed as a convenient and useful non-invasive screening test for early
detection of hepatocellular carcinoma (HCC) (Pich, 1998). Use of BRCA1l as a
biomarker of cancer has also been reported. Immunohistochemical staining with anti-
BRCALI antibodies showing reduced or undetectable expression of BRCA1 in sporadic
breast cancer is considered as a biomarker of breast cancer (Wilson et al, 1999;
Yoshikawa er al., 1999). BRCAI protein is also downregulated in ovarian cancer

(Zheng et al., 2000) and in sporadic pancreatic adenocarcinoma (Beger ef al., 2004).

1.13. AIMS AND OBJECTIVES

While the role of BN and its various constituents in carcinogenesis have been well
documented, there is no report on the response of the p53, BRCAI and BRCA2 tumor

suppressor genes in the same model of BN exposure and/or the same cases of betel-
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induced cancer in humans. There is also no report on the effect of transgenerational
exposure to BN. Since the p33, BRCAI and BRCA2 genes play a critical role in the
prevention of transformation of a normal cell to a cancer cell (§ 1.6. and § 1.7.),
alterations in the levels of these tumor suppressor proteins are likely to be intrinsically
involved in the process of BN-induced carcinogenesis. Moreover, considering the
prevalence of the habit of BN chewing in various populations (§ 1.8.), it is relevant to
examine the result of transgenerational exposure to BN. Thus, in the present study the
effect of chronic and transgenerational exposure to BN with respect to response/s of the
P53, BRCAI and BRCA2 genes were determined. The specific aims and objectives of

this study were as follows:-

1.13.1. To understand the combined roles of the p53, Brcal and Brca2 tumor
suppressor genes in carcinogenesis upon chronic exposure of Swiss Albino mice to
aqueous extract of betel nut (AEBN), by determining the effect on

a. liver, spleen and peripheral blood lymphocytes (PBL) of mice;

b. alterations in ultrastructure of cell organelles in liver;

¢. alterations in levels of p53, Brcal and Brca2 proteins in liver, spleen and
PBL;

d. occurrence of mutations in relevant regions of p53, Brcal and Brca2
genes. Exons 5 and 7 of the p53 gene were selected for the study because
these regions are constituents of the region of the p53 gene which code for
it DNA binding domain which contains the hotspots of mutation in p53 (§
1.6.). Exon 11 of the Brcal gene was selected because it codes for the
RADS5]1 interaction domain of the Brcal protein which is vital for its role
in DNA repair. Similarly, exon 27 of the Brca2 gene was selected because
it also codes for the second RADS51 interaction domain, as well as the

nuclear localization signal of the Brca2 protein (§ 1.7.).

1.13.2. To determine whether transgenerational exposure to betel nut may alter
the susceptibility to cancer, and, to understanding the combined roles of the p53, Brcal
and Brca2 tumor suppressor genes in mice exposed transgenerationally to AEBN by
determining the effect on all parameters employed for the chronic exposure study (§
1.13.1 [a] through [d]).
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Previous studies on the role of the p53 and BRCAI genes as biomarkers of cancer have
been limited to the use these genes individually, using samples obtained through
invasive techniques such as biopsies. Given the intrinsic role played by these genes in
carcinogenesis, the current study also sought to determine the usefulness of alterations
in the levels of p53, BRCA1 and BRCA2 tumor suppressor proteins as biomarkers of

cancer using a blood-based assay by:

1.13.3. Determining the alterations in levels of p53, BRCA1 and BRCA2
proteins in PBL of patients suffering from head and neck, cervix and breast cancer in

comparison to normal controls. The above mentioned cancers were selected for the
study because of their high incidence in India (Bobba and Khan, 2003).
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MATERIALS & METHODS




2.1. CHEMICALS
2.1.1. General chemicals

All chemicals used were of analytical grade and were used without further
purification. Histopaque 1077 & 1083, ethylenediamine tetraacetic acid (EDTA), 2-
mercaptoethanol, phenylmethanesulfonyl fluoride (PMSF), sodium azide (NaNj),
triton X-100, sodium dodecyl sulfate (SDS), hexadecyltrimethyl- ammonium
bromide (CTAB), N-lauroyl sarcosine, ammonium persulfate (APS), proteinase K,
ribonuclease (RNase), acrylamide, N,N’-methylene bisacrylamide, N,N,N’N’-
tetramethylenediamine (TEMED) and bovine albumin fraction V (BSA) were from
Sigma Chemical Company, St. Louis, USA. India ink was procured from Rotring
Zeichentusche Drawing Ink, Hamburg, Germany. RPMI-1640 was from HyClone,
Logan, Utah. 5-bromo-4-chloro-3-indolyl phosphate/ nitroblue tetrazolium
(BCIP/NBT), Tween-20, Protein A CL-agarose beads and agarose were from
Bangalore Genei Pvt. Ltd., Bangalore, India. Isoamyl alcohol, methanol, tris base
(hydroxymethyl) methylamine, glycine, potassium chloride, sucrose, acetic acid
glacial, isopropyl alcohol and D-glucose were from Qualigens Fine Chemicals,
Mumbai, India. Coomassie brilliant blue G250, phenol saturated, chloroform and
heparin were from Sisco Research Laboratories (SRL) Pvt. Ltd, Mumbai, India.
Ortho-phosphoric acid, sodium acetate, D-sorbitol and calcium chloride were from
s.d fine-chem limited, Mumbai, India. Sodium hydroxide, di-sodium hydrogen
phosphate and sodium dihydrogen phosphate were from Merck, Mumbai, India.
Dehydrated alcohol was from Bengal Chemicals and Pharmaceuticals Ltd, Kolkata,
India. Ethidium Bromide was from Merck, Germany. BIOTAQ Red DNA
Polymerase was from Bioline, Randoiph, USA.

2.1.2. Water
Water was deionized using Elix 10 water purification system, Millipore. All
solutions were prepared with this water. However, the solutions for transmission

electron microscope (TEM) studies were prepared using double distilled water.

2.1.3. Protein molecular weight markers and DNA markers
Protein molecular weight markers and 100 bp DNA ladder were procured from

Bangalore Genei Pvt. Ltd., Bangalore, India.
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2.1.4. Kits and primers
DNA Amplification Reagent Kit and Gel Extraction Kit were purchased from
Bangalore Genei Pvt. Ltd., Bangalore, India. Primers were synthesized by Hysel
India Pvt. Ltd., New Delhi, India.

2.1.5. Membrane and antibodies
Nitrocellulose membrane (NCM) was from Sigma Chemical Company, St. Louis,
USA.
Primary antibodies: Anti-p53 and anti-actin were obtained from Sigma Chemical
Company, St. Louis, USA. Anti-BRCA1l and anti-BRCA2 were procured from
Santacruz Biotechnologies, USA.
Secondary antibodies: Alkaline- phosphatase labeled donkey anti-sheep IgG was
from Sigma Chemical Company, St. Louis, USA. Alkaline phosphatase labeled
goat anti-rabbit IgG was from Bangalore Genei Pvt. Ltd., Bangalore, India.

13

2.2. INSTRUMENTS

The following instruments were routinely used:

Lyolab 3000 (Heto-Holten A/S, Allered, Denmark); Laboratory Centrifuges 3K3
(Sigma Chemical Company, St. Louis, USA) R8C Laboratory Centrifuge and tissue
homogenizer (Remi Motors, Bombay, India); UV-Vis Spectrophotometer 119
(Systronics, India); Bio-Dot SF Microfiltration Apparatus, Mini-Protean II
Electrophoretic Cell, Mini Trans-Blot Electrophoretic Transfer Cell, and Mini
transilluminator (Bio-Rad, USA); Thermal Cycler (Applied Biosystems, USA); HP
Scanjet 7400C; Kodak digital camera; Olympus BX60 brightfield microscope; 100

CXI1I Transmission electron microscope (Jeol, Tokyo, Japan).

2.3. COLLECTION OF HUMAN BLOOD SAMPLES

Blood samples were collected from patients at the B. Barooah Cancer Institute,
Guwahati, as well as from healthy volunteers without a history of cancer who
served as controls, with informed consent, and data was collected in response to a
questionnaire. Patients included in the study were those suffering from breast
cancer, cervical cancer and head and neck cancers at various sites namely the

tongue and base of tongue, buccal mucosa, pre-epiglottic region and epiglottis,
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pyriform sinus, external mouth cavity, oesophagus, larynx, vocal chord, throat,
nasopharynx, and patients with secondary cancer of the neck lymph nodes.

2.4. EXPERIMENTAL ANIMALS

Six week old male and female inbred Swiss Albino mice weighing 25 + 1 g were
used. The mice were housed in polycarbonate cages with husk bedding in a well
ventilated animal room maintained at 25 °C. Five mice were housed in one cage,
and male and female mice were maintained separately, except when mice were to
be bred for the transgenerational studies. A strict coding system was employed to

maintain the different generations of mice separately.

2.5. PREPARATION OF CARCINOGEN

The carcinogen used for all experiments was aqueous extract of betel nut (AEBN),
which was prepared as follows.
2.5.1. Materials required

1. Betel nut: The betel nut was procured from the local market, and is a raw,
unprocessed form of betel nut (Kwai im) commonly used as a masticatory in
Meghalaya, and various parts of North-East India.
2. Millipore water
3. Whatman Filter Paper No. 1

2.5.2. Methodology
Aqueous extract of betel nut (AEBN) was prepared as previously described (Wary
and Sharan, 1988). Whole betel nuts were shelled, ground coarsely with the help of
a mortar and pestle, and weighed. 250 ml of Millipore water was added to every 100
g of ground betel nut, and the suspension was left overnight (O/N) at room
temperature (RT). The following day, the extract was filtered through Whatman
Filter Paper No 1. The filtrate was collected in a lyophilization flask and kept to
freeze at -80 °C. The frozen filtrate was then lyophilized. The lyophilized powder
thus obtained was AEBN. Approximately 2 g of AEBN was obtained per 100 g of
ground betel nut.
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2.6. ADMINISTRATION OF CARCINOGEN AND
EXPERIMENTAL DESIGN

Six week old male and female mice were exposed to AEBN at a dose of 2 mg ml™ in
drinking water, ad libitum, in chronic as well as transgenerational exposure regimens.
Conversely, control mice were provided drinking water without AEBN. Both exposed
and control mice were provided with pelleted laboratory mouse feed (Amrut
laboratories, Pune, India) ad libitum. The experimental designs followed for chronic
and transgenerational exposure regimens were as detailed in Fig. 2.1, and are briefly

described below.

2.6.1. Chronic exposure
Six week old male and female mice were chronically exposed to AEBN at a dose of
2 mg ml” in drinking water up to 24 weeks. These mice are referred to as the P
generation exposed mice. The exposed as well as age-matched control mice were
sacrificed at regular intervals, that is, after 2, 4, 6, 8, 10, 12, 16, 20 and 24 weeks of
exposure by cervical dislocation. However, when blood was to be drawn, mice were

sacrificed under chloroform anesthesia.

2.6.2. Transgenerational exposure
The transgenerational exposure experiment was initiated after completion of the
chronic exposure regimen. Male and female mice of the P generation, which had
been exposed to AEBN in drinking water for 6 weeks, were allowed to breed by
maintaining one male and four female mice per cage with standard food pellet and
drinking water containing AEBN ad libitum. The offspring of the exposed P
generation mice constituted the F1 generation exposed mice. Post-weaning, i.e. at 6
weeks of age, the F1 mice were separated from their parents, male and female mice
being kept separately, and were maintained on AEBN drinking water for a period to
24 weeks. The F2 and F3 generations were similarly raised from F1 and F2 mice,
respectively. Age-matched unexposed control mice of the P generation were also
bred in parallel, and their offspring served as age-matched controls for the Fi
exposed mice. Respective controls for the F2 and F3 generations were also raised
similarly. A strict coding system was followed to maintain the F1, F2 and F3

generations and their respective controls. AEBN exposed F1, F2 and F3 mice, as well
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Chronic

as their respective age-matched controls were sacrificed in groups of 5 mice at

intervals of 4, 6, 8, 12, 16 and 24 weeks for monitoring alterations in p53 protein

level; and, at intervals of 2, 6, 8, 12, 16 and 24 weeks for monitoring alterations in

Brcal and Brca2 protein levels. Mice were sacrificed by cervical dislocation.

However, when blood was to be drawn they were sacrificed under chloroform

anes

thesia.

Conirol groups Exposed groups
[ l - l l 6 week old male & female mice (P)
6 week old fermale > .
: st aora] Grnking watn sinisistend Tngul AEBN n
- ; drinking ()4 standaxd
g. and standard food pellet ad hbitum pellst o Wit
— 12 week old mice (P} allowed to Mice (P} exposed to AEBN for 6
breed weeks allowed to breed
Male & female 12 week old male and Fl mice exposed to Male & female
offspring (F1) female Fl  mice AFBN for 6 weeks offspring {F1)
administered normal | | allowed tobreed allowed to breed administered  2mgml”
g drinking water and AEBN in drinking
2 standard food pellet ad water and standard
B Libitum food pellet ad libitum
! £ 3 i ]
B Male &  fereale 12 week old male and F2 mice exposed to Male & fomale
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standard food pellet ad water and standand
&bitum food pellet ad libitum

Figure 2.1. Experimental designs of chronic and transgenerational exposure of Swiss Albino mice

exposed to AEBN in drinking water at a dose of 2 mg ml™.

2.7. HISTOLOGICAL EXAMINATION
Histological sections of liver from preneoplastic nodules of AEBN exposed P, F1, F2

and F3 mice and corresponding regions of livers of age-matched control mice were
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prepared according to the method described by Ratcliffe (1983), with some

modifications.

2.7.1. Materials required
1. Fixative: The fixative used was 10 % neutral buffered formalin. The pH of 10
% formalin was adjusted to neutral pH with normal saline (0.097 g NaCl/ litre
of Millipore water).
2. Stains: [a] Harris hematoxylin was used directly as supplied by the
manufacturer and not processed further
[b] 1 % (v/v) aqueous solution of eosin
. Graded series of alcohol: 50 %, 70 %, 90 % and absolute (95 %) ethanol
. Acetone
. Xylene
Paraffin wax
. Egg albumin
. Acid water/ ethanol mixture: Mixture of 1 % HCI in water and 70 % ethanol in
the ratio 1: 1 (v /v)
9. DPX mountant

© N O N AW

10. Microtome
11. Glass slides
12. Cover slips

2.7.2. Methodology

Sections of liver tissue were prepared through a series of steps described as follows: -
2.7.2.1. Fixing: - Liver tissue was cut into 2 mm thick pieces and fixed in 10 %
formalin O/N. The following day the tissue sections were washed in tap water.

2.7.2.2. Dehydration: - Tissue sections were dehydrated through different grades of
ethanol as follows- (a) 70 % ethanol for 12 hours (b) 90 % ethanol for 12 hours (c) 2
changes of 100 % ethanol for 2 hours each. This was followed by washing with 2
changes of acetone for 1 hour each and 2 changes of xylene for 45 min each.

2.7.2.3. Embedding: - The tissue sections were embedded in paraffin wax maintained
at 58-60°C in an oven, with 3 changes of wax for 1 hour each.

2.7.2.4. Block making: - Tissue sections were transferred to paper moulds containing

paraffin wax maintained at 60-62°C. The wax was allowed to cool at RT.
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2.7.2.5. Sectioning: - Tissue blocks were cut into 5 -7 um thick sections with the help
of a microtome, transferred to albumin coated glass slides, and left to dry at RT.
2.7.2.6. Deparaffinization: - Tissue sections were deparaftinized by pressing the glass
slides over a hot plate till the paraffin just melts. The slodes are immediately dipped in
xylene and kept immersed for 20 min.

2.7.2.7. Drying and rehydration: - The glass slide was blotted dry and then
transferred through serial dilutions of ethanol, i.e., 100 % ethanol for 1 min, 90 %
ethanol for 1 min, 70 % ethanol for 1 min, and 50 % ethanol for 1 min. This was
followed by immersion in tap water for 2 min.

2.7.2.8. Staining: - Staining was performed following a stepwise procedure. The
sections were first stained with Harris hematoxylin for 10 min, and dipped in acid
water/ ethanol mixture, followed immediately by washing under running tap water for
10 min. At this stage the sections were viewed under a microscope for staining of
nuclei, and staining with hematoxylin was repeated for 5 min if the nuclei were not
distinct. Sections stained with hematoxylin were dipped in acid water/ alcohol mixture
and removed immediately. The sections were then stained with 1 % aqueous solution
of eosin for 30 sec. These sections are referred to as H & E stained sections.

2.7.2.9. Dehydration: - The H & E stained sections were dehydrated through serial
grades of ethanol, i.e. 70 % ethanol for 1 min, 90 % ethanol for 1 min and absolute
alcohol for 1 min.

2.7.2.10. Mounting: - The H & E stained sections were dried in an incubator
maintained at 37° C and dipped in xylene for 5 min. A drop of DPX mountant was
then taken on a cover slip and pressed firmly over the sections, taking care to avoid
trapping air bubbles. Excess DPX was wiped off, and the slides were left to dry O/N at
RT.

2.7.2.11. Imaging: - The H & E sections were viewed and photographed with the help
of Olympus Brightfield Microscope at a magnification of 400 X.

2.8. TRANSMISSION ELECTRON MICROSCOPE (TEM) STUDIES
Regions of preneoplastic nodules in livers of P, F1, F2 and F3 mice exposed to AEBN
for 24 weeks, and the corresponding regions of the livers of age-matched controls were
examined under transmission electron microscope (TEM) at Sophisticated Analytical

Instrumentation Facility, NEHU, Shillong.
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2.8.1. Materials required
1. Cacodylate buffer (0.2 M): - This buffer had the following components:
[a] Sodium cacodylate 214 ¢
[b] 1 N HC1 3.45 ml
[c] Double distilled water

The above components were dissolved in double distilled water, and the final

volume adjusted to 500 ml.
2. Ten percent paraformaldehyde solution: - This solution had the following
components:
[a] Paraformaldehyde 100 g
[b] Double distilled water 100 ml
[c] 1 N NaOH

Paraformaldehyde was dissolved in double distilled water by heating to 60-65°
C. The solution was then cleared by adding a few drops of 1 N NaOH.
3. Twenty five percent glutaraldehyde: - This solution had the following

components:
[a] Glutaraldehyde 25¢g
[b] Double distilled water 100 ml

Glutaraldehyde was dissolved in double distilled water to prepare the solution.
4. Primary fixative: - The primary fixative used was Karnovsky’s fixative, and it

had the following components:

[a] 0.2 M cacodylate buffer 50 ml
[b] 10 % paraformaldehyde 20 ml
[c] 25 % glutaraldehyde 10 ml
[d] Double distilled water 20 ml

The above components were mixed to prepare the fixative.
5. Secondary fixative: - the secondary fixative used was 1 % OsO4in water.
6. Cacodylate buffer (0.1 M): - this buffer was prepared by mixing 0.2 M
cacodylate buffer with an equal volume of double distilled water.
7. Graded series of acetone: 30 % aetone, 50 % acetone, 70 % acetone, 80 %
acetone, 90 % acetone, 95 % acetone, 100 % acetone and dry acetone

8. Propylene oxide
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9.Embedding medium: - The embedding medium consisted of the following

components:
[a] Araldite CY2121 10 ml
[b] Dodecyl succinic anhydride (DDSA) 10 ml
[c] 2, 4, 6-tri (dimethylaminomethylphenol) 0.4 ml
(DMP-30)
{d] Dibutyl phthalate 1 ml

The above components were mixed to prepare the embedding medium.
10. BEEM embedding capsule
11. Uranyl acetate stain

2.8.2. Methodology
Samples were prepared for TEM studies following standard protocol described by

Hayat (1985) with some modifications, described as follows:-

2.8.2.1. Fixing: - Liver tissue was cut into 1 mm thick pieces and fixed in
Karnovsky’s fixative for 4 hours.

2.8.2.2. Washing: - The tissue pieces were washed by immersion in 0.1 M
cacodylate buffer for 10 min, followed by centrifugation at 10,000 x g for 1 min.
This washing step was repeated thrice.

2.8.2.3. Secondary fixation: - Post fixation of tissue pieces was performed in 1 %
OsOy4 for 1 hour.

2.8.24. Clearing: - The tissue pieces were cleared in propylene oxide with 2
changes for 30 min each at RT.

2.8.2.5. Infiltration: - Embedding of tissue pieces was performed using a mixture of
embedding medium and propylene oxide in the ratio 1:3, O/N at RT. The next day
the the tissue pieces were transferred to a mixture of embedding medium and
propylene oxide in the ratio 1:1 for 1 hour at RT, mixture of embedding medium and
propylene oxide in the ratio 3:1 for 1 hour at RT, kept for 1 hour in vacuum, and then
transferred to pure embedding medium at 50 °C. The tissue pieces are then placed in
embedding BEEM capsules, covered with pure embedding medium, and left at 50° C
for 12 hours.

2.8.2.6. Polymerization: - The tissue pieces are maintained in the BEEM

embedding capsule at 60° C for 24-48 hours.
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2.8.2.7. Sectioning: - 60-90 nm thick sections are cut with the help of an ultra-
microtome.

2.8.2.8. Staining: ; The sections are stained with uranyl acetate for 30-120 min at
RT, as described by Terzakis (1968).

2.8.2.9. Imaging: - The sections were viewed and photographed at different
magnifications ranging from 5000 X to 40, 000 X. '

2.9. SEPARATION OF PERIPHERAL BLOOD LYMPHOCYTES

2.9.1. Peripheral blood lymphocytes (PBL) were separated from whole blood samples
cbllected from human cancer patients, control volunteers, mice exposed to AEBN
and age-matched control mice by the method of Bgyum (1968a & 1968b) and as
previously described (Kma and Sharan, 2006) with some modifications.

2.9.2. Materials required
1. Balanced salt solution (BSS) pH 7.6, consisted of the following components:-

[a] anhydrous glucose 5.5mM
[b] CaCl, 5 mM

[c] MgCl, 0.098 mM
[d] KCl1 5.4 mM
[e] Tris- Cl 145 mM

The above chemicals were dissolved in Millipore water, and the pH of the
solution was adjusted with concentrated HCI before making up the necessary
volume with water.

2. Heparin solution: - 4 mg mI” solution of heparin sodium salt in Millipore
water |

3. Histopaque 1077 for recovery of viable mononuclear cells from whole human
blood.

4. Histopaque 1083 for recovery of viable mononuclear cells from whole mouse
blood.

5. RPMI-1640 medium: - RPMI-1640 obtained in powder form was dissolved in
the required volume of Millipore water as per .the manufacturer’s

recommendations, and sterilized by autoclaving before use.
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6. Siliconized glass centrifuge tubes and Pasteur pippettes: - Glass centrifuge
tubes and' Pasteur pippettes were siliconized in order to retard clotting of
blood. For this the tubes were by coated with a thin layer of Sigmacote used
as supplied by the manufacture without further dilution, and allowed to dry.

2.9.3. Methodology

The collected blood was mixed with a small volume of heparin in a siliconized
centrifuge tube. The heparinized blood was then mixed with an equal volume of
BSS. Taking the blood-BSS mixture and Histopaque in the ratio 4:3 (v/v), the
mixture was carefully layered over Histopaque 1083 or Histopaque 1077
depending upon whether the blood sample was obtained from humans or mice,
respectively. Following centrifugation (400 x g) for 40 min at RT, the lymphocyte
layer formed at the interphase was recovered using a siliconized Pasteur pipette,
and washed twice with 3 volumes of BSS (100 x g) for 10 min at room
temperature. The lymphocytes were then resuspended in 1 ml of RPMI-1640 and
stored at -80 °C till further use.

2.10. PREPARATION OF LYSATE OF PERIPHERAL BLOOD
LYMPHOCYTES .

The recovered PBL were lysed to obtain a PBL lysate using the method of
Rosenberg (1996) with some modifications, as previously described (Kma, 2003).

2.10.1. Materials required
1. Phosphate buffered saline (PBS) pH 7.4: - This buffer consisted of the

following components:

[a] NaCl 140 mM
[b] KC1 2 mM
[c] Na,HPO, 10 mM
[d] KH,PO, 1 mM

The above chemicals were dissolved in the required volume of Millipore water.
The pH recorded was approximately 7.4, and the pH was not adjusted further. The
buffer was kept refrigerated at 4 °C.

2. Cell lysis buffer: - This buffer consisted of the following components:
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[a] Tris- CL, pH 8.0 20 mM

[b] NaCl 10 mM
[c] Triton X-100 0.5%
[d] EDTA 5 mM
[e] MgCl, 3mM
[f] PMSF 10 mM

To prepare 100 ml of Tris-Cl buffer, 0.24 g of Tris base was dissolved in
Millipore water, the pH was adjusted to 8 with concentrated HC), and the final
volume was raised to 100 m! with Millipore water. The remaining chemicals
were dissolved in the appropriate volume of Tris-Cl buffer. PMSF was prepared
as a 100 mM stock solution in isopropanol by heating to 60 °C until the PMSF
flakes had dissolved completely. The required volume was added to the cell lysis
buffer, and the buffer was stored refrigerated at 4 °C.

3. Microcentrifuge tubes of 1.5 ml capacity

2.10.2. Methodology

For lysis of lymphocytes, RPMI-1640 was removed by centrifuging (250 x g) for
10 min at 4 °C, and the supernatant discarded. The pellet was washed once with 1
ml of cold PBS by centrifuging (200 x g) for 10 min at 4 °C, and the supernatant
again discarded. The pellet was resuspended in 1 ml of cold cell lysis buffer and
kept at -20 °C for 30 min, followed by centrifugation (5000 x g) for 15 min at 4 °C.
The supernatant was collected and its protein content determined by the method of
Bradford (1976) as described in § 2.13.

2.11. PREPARATION OF WHOLE HOMOGENATE OF LIVER
A 10 % (w/v) whole homogenate (WH) of liver of AEBN-exposed and age-
matched control mice was prepared using the method of Rosenberg (1996) with

some modifications.

2.11.1. Materials required
1. Cell extract buffer: - This buffer consisted of the following components:
[a] Tris-Cl, pH 7.5 100 mM
[b] Sucrose 250 mM
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[c] NaCl 100 mM

(d] EDTA 3mM
[e] 2-mercaptoethanol 10 mM
[f] PMSF 1 mM

To prepare 100 ml of Tris-Cl buffer, 1.21 g of Tris base was dissolved in
Millipore water, the pH was adjusted to 7.5 with concentrated HC], and the final
volume was raised to 100 ml with Millipore water. PMSF was prepared as
described in § 2.10.1. The above chemicals were dissolved in the required volume
of Tris-Cl, and the cell extract buffer was stored refrigerated at 4 °C.

2. Phosphate buffered saline (PBS) pH 7.4: - This buffer was prepared as

described in § 2.10.1.
3. Centrifuge tubes of 10 ml capacity

2.11.2. Methodology

For preparation of the WH of liver, 0.15 g of tissue was taken from each liver. The
tissue was cut into fine pieces and washed with an excess of cold PBS by
centrifugation (200 x g) for 10 min at 4 °C. The liver pieces were then homogenized
in 1.5 ml cold cell extract buffer by 30 strokes of a tissue homogenizer kept in ice.
The homogenate was centrifuged (800 x g) for 10 min at 4 °C. The supernatant was
collected and its protein content determined by the method of Bradford (1976) as
described in § 2.13.

2.12. PREPARATION OF WHOLE HOMOGENATE OF SPLEEN
CELLS

A WH of spleen cells (SC) of AEBN-exposed and age-matched control mice was
prepared using the method described in § 2.11.

2.12.1. Materials required

Materials required were as listed in § 2.11.1.

2.12.2. Methodology
The WH of SC was prepared by following, the methodology described in § 2.11.2

and homogenizing the spleen recovered from each mouse in 2 ml of cell extract
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buffer. The supernatant was collected and its protein content determined by the

method of Bradford (1976) as described in § 2.13.

2.13. QUANTIFICATION OF PROTEIN

The total protein content of PBL lysate, and WH of liver and SC were estimated by
the method of Bradford (1976) using bovine serum albumin (BSA) as a standard.

2.13.1. Materials required
1. Solution of BSA in water at a concentration of 1 mg ml’

2. Stock solution of Bradford reagent: - This reagent consisted of the following

components:
[a] Coomassie brilliant blue (CBB) G-250 100 mg
[b] 95 % ethanol 50 ml
[c] 85 % orthophosphoric acid 100 ml

The CBB was completely dissolved in ethanol and then mixed with
orthophosphoric acid. This solution was stored refrigerated in a dark bottle at 4
°C
3. Working solution of Bradford reagent: - The following materials were
required for preparing 100 ml of working solution:
[a] Stock solution of Bradford reagent 15ml
[b] Millipore watér 85 ml
[c] Whatmann filter paper No. 1
Working solution was prepared by mixing the stock solution with water just
before use. This solution was filtered through Whatmann filter paper No 1.

4. Millipore water

2.13.2. Methodology
For preparation of standard solutions, varying volumes of BSA solution from 10-
100 pl were taken in different test tubes, and the final volume of each made up to
100 pl with Millipore water. The amount of BSA in each tube varied from 10 pg to
100 pg i.e. the concentration varied form 0.1 pg pl™ to 1 pg pl™. 5 ml of working
solution was added to each tube. A blank solution was prepared by adding 5 ml of

working solution to 100 pl of Millipore water. Test samples were prepared in
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triplicate in the same way by taking 30 pl of PBL lysate and 5 ul each of WH of
liver and SC. The absorbance of standard as well test samples was read at 595 nm
against the blank solution, with the help of a spectrophotometer. A standard
calibration curve was plotted by plotting concentration of standard solutions versus
the corresponding absorbance at 595 nm, and, this curve was used to determine the

concentration of protein in the test samples.

2.14. SLOT BLOTTING OF PROTEIN

Slot blotting was performed to facilitate accurate densitometric analysis of
expression levels of the proteins of interest, following the method previously

described (Sharan et al., 2005) with some modifications.

2.14.1. Materials required
1. Bio-Dot SF Microfiltration Apparatus
2. NCM pore size 0.45 pm.
3. Whatman filter paper No 1.
4. Tris buffered saline (TBS) pH 7.5: - This buffer consisted of the
following components

[a] Tris-Cl, pH 7.5 10 mM

[b] NaCl 500 mM
To prepare 100 ml of Tris-Cl buffer, 0.12 g of Tris base was dissolved in
100 ml of Millipore water, the pH was adjusted to 7.5 with concentrated
HC, and the final volume was adjusted to 100 ml with Millipore water.
TBS buffer was prepared by dissolving the required amount of NaCl in
Tris-Cl buffer. The buffer was stored at RT.

2.14.2. Methodology
After estimation of total protein, samples were prepared for slot blotting by serial
dilution of PBL lysate or WH of liver and SC with Millipore water to obtain a
concentration of 400 ng total protein per 100 pl of sample. The samples were boiled
for 3-4 min to heat inactivate endogenous alkaline phosphatase activity, as the
secondary antibody used was labeled with alkaline phosphatase. NCM was cut to
the required size and soaked in TBS at RT for 20 min, taking care to avoid touching
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the membrane with bare fingers.Three sheets of Whatman filter paper, cut to
appropriate size were also soaked in TBS. The apparatus was assembled by placing
the NCM over the filter paper. Equal volumes of the samples (100 ul containing
400 ng total protein) was loaded into each slot. Each sample was applied in 4-5
replicates along successive slots in one column. Care was taken to ensure that
sample in all the slots dried simultaneously, following which the membrane was
washed once with TBS. The apparatus was then disassembled, and the membrane

removed to be used for immunoprobing or staining with India ink.

2.15. IMMUNOPRECIPITATION OF SELECTED PROTEINS
The Brcal and Brca2 proteins were not detectable by Western blotting of PBL
lysate and WH of liver and SC. The proteins were, therefore, immunoprecipitated
from lysate and WH containing 150 mg of total protein, following the method
described by Rosenberg (1996) with some modifications.

2.15.1. Materials required
1. Specific primary antibody: anti-BRCA1 and anti-BRCA2 antibodies.
2. Suspension of Protein A-CL agarose beads: this was used directly from the
bottle as supplied.
3. PMSF (100 mM): this solution was prepared as described in § 2.10.1.
4. Immunoprecipitation buffer: - This buffer consisted of the following

components:
[a] Tris-CL, pH 8 50 mM
[b] NaCl 500 mM
[c] EDTA 5 mM
[d] NaN3 0.02 %
[e] Triton X-100 0.5%
[f] SDS 0.1%

To prepare 100 ml of Tris-Cl buffer, 0.6 g of Tris base was dissolved in
Millipore water, the pH was adjusted to 8 with concentrated HCl, and the
final volume was raised to 100 ml with Millipore water. The
immunoprecipitation buffer was prepared by dissolving the remaining

chemicals in Tris-Cl, and stored refrigerated at 4°C.
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5. Micropipette tips cut 5 mm from the end
6. Laemmli buffer (5 X) : - This buffer consisted of the following components:

[a] 0.5 M Tris-Cl, pH 6.8 1 ml
[b] Glycerol 0.8 ml
[c] 10 % (w/v) glycerol 1.6 ml
[d] 2-mercaptoethanol (used directly

from the bottle as supplied) 0.4 ml
[e] 0.05 % (w/v) bromophenol blue 0.2 ml
[f] Millipore water 4 ml

The buffer was prepared by mixing the above chemicals and stored
refrigerated at 4°C. The buffer was diluted to 2 X strength with Millipore
water just before use.

7. Boiling water bath

2.15.2. Methodology

The Brcal and Brca2 proteins were immunoprecipitated from PBL lysate and WH
of liver and SC containing equal amount (150 mg) of total protein. Seven pul of
supplied anti-BRCA1 and anti-BRCA2 antibodies containing 3.5 pg of the
respective antibody, and PMSF to a final strength of 10 mM were added to the
lysate/WH, and mixed well, followed by incubation at 4 °C O/N. The next day, 40
ul of Protein A-CL agarose bead suspension was added to the lysate/WH with the
help of cut tips to prevent lysis of the beads. After thorough mixing, the lysate/WH
was incubated at 4 °C for 2 hours. The Protein A-CL agarose beads were recovered
by centrifugation (18000 x g) for 3 min at 4 °C, and the supernatant discarded. The
recovered beads were then washed thrice with cold immunoprecipitation buffer by
centrifugation (18000 x g) for 3 min at 4 °C. The washed beads were resuspended
in 40 pl of 2 X Laemmli buffer and incubated in a boiling water bath for 5 min,
followed by centrifugation (18000 x g) for 3 min. The supernatant was collected
and used directly for SDS-polyacrylamide gel electrophoresis (SDS-PAGE).
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2.16. SEPARATION OF PROTEINS BY SODIUM DODECYL
SULPHATE-POLYACRYLAMIDE GEL ELECTROPHORESIS

Proteins in PBL lysate and WH of liver and SC, as well as immunoprecipitated
proteins, were separated by sodium dodecyl sulphate-polyacrylamide gel
electrophoresis (SDS-PAGE), using the Laemmli buffer system, as described by
Laemmli (Laemmli, 1970).

2.16.1. Materials required
1. Mini-Protean II Electrophoretic Cell
2. Monomer stock solution (30 % T, 2.67 % C) : - The following materials were
required for the preparation of this reagent:
[a] Acrylamide 292 ¢
[b] N, N°-bis-methyleneacrylamide 0.8 g
[c] Millipore water
{d] Whatmann filter paper No. 1
The acrylamide and N, N’-bis-methyleneacrylamide were dissolved in
Millipore water. The solution was then filtered through Whatmann filter paper
No. 1 and stored refrigerated in a dark bottle at 4 °C
3. Tris-Cl, pH 8.8 1.5M
To prepare100 ml of Tris-Cl buffer, 18.15 g of Tris base was dissolved in 100
ml of Millipore water, the pH was adjusted to 8.8 with concentrated HCI, and
the final volume was raised to 100 ml with Millipore water.
4. Tris-Cl, pH 6.8 0.5M
To prepare 100 ml of Tris-Cl buffer, 6 g of Tris base was dissolved in 100 ml
of Millipore water, the pH was adjusted to 6.8 with concentrated HCI, and the
final volume was raised to 100 ml with Milliporé water.
5. SDS solution in water 10 % (w/v)
To prepare 100 ml of SDS solution, 10 g of SDS was dissolved in 100 ml of
Millipore water by constant stirring and warming to 37 °C.
6. APS solution in water 10 % (w/v)
To prepare 1 ml of APS solution, 1 g of APS was dissolved in 10 ml of

Millipore water. This solution was prepared immediately before use
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7. N, N. N°, N’-tetramethylenediamine (TEMED): this was used directly from
the bottle as supplied.

8. Laemmli buffer (5 X) prepared as described in § 2.15.1

9. Electrode buffer/ rumning buffer (5 X): - This buffer consisted of the

following components:

[a] Tris base 9¢
[b] Glycine 432¢g
[c] SDS 3g
[d] Millipore water 600 ml

The above chemicals were dissolved in Millipore water to obtain a 5 X
electrode buffer. This buffer was diluted to 1 X with Millipore water before
use.

10. Boiling water bath

2.16.2. Gel preparation

A discontinuous gel system comprising of a resolving gel and a stacking gel was
used. The percentage of the resolving gel varied with the size of protein to be
separated. Accordingly, a 10 % gel was used for separation of actin and p53
proteins (MW 42 kDa and 53 kDa respectively), 7 % gel was used for separation of
Brcal protein (MW 220 kDa) and 5 % gel was used for separation of Brca2 protein
(MW 380 kDa). A stacking gel of 4 % was used in all cases. The gels were
prepared as detailed in Table 5.

Table 5: Reagents required for preparation of resolving and stacking gel for SDS-PAGE

Stock reagent Resolving gel | Resolving gel | Resolving gel Stacking gel
5 %) (7 %) (10 %) 4 %)
| Monomer solution [ 1.67ml [ 233 ml [ 333 ml [ 1.33ml
| Tris-Clbuffer pH 8.8, 1.5M | 2.5ml [2.5ml [ 2.5ml I
| Tris-Clbuffer pH6.8,05M | ............ [ e [ erieeeene [2.5ml
| Millipore water [ 5.65ml [ Sml [ 42 ml [ 6.1 ml
| SDS 10 % * [ 100 wl [ 100 pt [ 100 i | 100 pl
[ APS 10 % * [ 50 ui [ 50 pl [ 50 pl [ 50 ul
| TEMED * [5u [5ul [ 5ul [5ul

* These components were added after a mixture of the remaining components was

degassed using a vacuum pump.
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2.16.3. Assembly of electrophoresis apparatus

The glass plates of the electrophoretic cell were assembled using 0.75 mm thick
spacers. The resolving gel mixture was poured in between plates, taking care to
avoid trapping air bubbles, and leaving a space of 2 cm above the gel. The gel was
overlaid with water and left undisturbed for 30 min to polymerize. Once the
resolving gel had polymerized, the overlaying layer of water was poured off, and
the stacking gel mixture was poured over the resolving gel. A comb of 0.75 mm
thickness was then inserted into the stacking gel, again taking care to avoid trapping
air bubbles. The stacking gel was left undisturbed for 40 min to polymerize.

2.16.4. Sample preparation

2.16.4.1. For separation of actin protein: Samples used for separation of actin protein
were PBL lysate and WH of liver and SC. The samples were diluted serially to obtain
an equal amount of 150 pg of protein in a final volume of 20 pl, and mixed with 5 X
Laemmli buffer in the ratio 4:1, i.e. with 5 ul of Laemmli buffer. The mixtures were

incubated in a boiling water bath for 5 min, and then loaded into the gel.

2.16.4.2. For separation of p53 protein: Samples used for separation of p53 protein
were PBL lysate and WH of liver and SC. The samples were diluted serially to obtain
an equal amount of 150 pg of protein in a final volume of 20 ul, and mixed with 5 X
Laemmli buffer in the ratio 4:1, i.e. with 5 pl of Laemmli buffer. The mixtures were

incubated in a boiling water bath for 5 min, and then loaded into the gel.

2.16.4.3. For separation of Brcal and Brca2 proteins: Samples used for separation
of Brcal and Brca2 proteins were the immunoprecipitates obtained after
immunoprecipitation of the proteins from the PBL lysate and WH of liver and SC.

The immunoprecipitates were directly loaded into the gel.
2.16.5. Electrophoresis conditions

Electrophoresis was performed at a constant voltage and different durations for

different proteins to be separated, as listed in Table 6.
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Table 6: Electrophoresis conditions for separation of different proteins by SDS-PAGE

. f

Serial No | Protein Resolving gel | Voltage Duration
percentage (%) | (V em-") of electrophoresis (min)
[1 | actin [ 10 | 25 | 60
| p53 | 10 | 25 | 60
[3 | Breal [ 7 | 25 [ 45
[4 [ Breal [ 5 | 25 | 45

2.17. TRANSFER OF PROTEIN BY WESTERN BLOTTING

Following separation by SDS-PAGE, proteins were transferred to nitrocellulose
membrane by Western Blotting using the method described by Towbin (1979), with

some modifications.

2.17.1. Materials required

1. Mini Trans-Blot Electrophoretic Transfer Cell
2. NCM pore size 0.45 pm
3.  Whatmann filter paper No. 1
4.  Transfer buffer (Towbin buffer, pH 8.3): - This buffer consisted of the
following components:
[a] Tris base 25 mM
[b] Glycine 192 mM
[c] Methanol 20 % (v/v)
[d] Millipore water

The above chemicals were mixed in appropriate volume of Millipore water to prepare
the buffer. The resulting pH of the buffer was determined to be approximately 8.3,
and was not adjusted further. The buffer was stored refrigerated at 4 °C.

2.17.2. Methodology
On completion of SDS-PAG electrophoresis, the gel was equilibrated in Towbin
buffer for 15 min. The NCM and three sheets of Whatmann filter paper were cut to
the required size and also soaked in Towbin buffer for 15 min. The gel sandwich was
assembled within the gel holder cassette of the apparatus as per manufacture’s
instructions. Transfer was performed in chilled Towbin buffer under the conditions as
detailed in Table 7.
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Table 7: Conditions of transfer of different proteins by Western blotting

rSerial No I Protein l Voltage (V) i Duration of transfer
[ 1 [ actin | 100 [ 1 hour
| 2 [ p53 | 100 [ 1 hour
| 3 | Brcal | 20 l O/N
| 4 [ Brcal | 20 | O/N

2.18. INDIA INK STAINING OF SLOT BLOT AND WESTERN
BLOT

Protein blots can be stained for total protein with India ink, in order to ascertain equal
loading of protein sample for further quantitative studies. The method previously
standardized in the laboratory (Kma, 2003; Sharan et. al, 2005) was followed for
staining of slot-blots or Western blots with India ink, with a few modifications.

2.18.1. Materials required

1. Phosphate buffered saline (PBS) buffer, pH 7.4: This buffer was prepared as
described in § 2.10.1.

2. Phosphate buffered saline- Tween-20 (PBST)/ Tween solution: This solution
consisted of 0.3 % Tween-20 (v/v) in PBS buffer, pH 7.4 prepared as
described in § 2.10.1. To prepare 1 litre of PBST solution, 3 ml of Tween-20
was dissolved in 1 litre of PBS buffer by continuous stirring.

3. Staining solution: The staining solution was a 0.2 % solution of India ink in
PBST, and 100 ml of staining solution was prepared by mixing 200 pl of
India ink with 100 ml of PBST solution by continuous stirring. India ink was
used directly from the bottle as supplied by the manufacturer. This solution

was prepared immediately before use.

2.18.2. Methodology
On completion of slot blot and/or Western blot, the membrane was stained with
India ink for total protein using the following procedure:
2.18.2.1. Washing at RT: The membrane was washed by completely immersing it in
10 ml of PBST solution, with shaking on a rocker at medium speed. Washing was
performed with three changes of PBST solution for 30 min each at RT.
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2.18.2.2. Washing at 37 °C: The membrane was washed by completely immersing it
in 10 ml of PBST solution, with mild shaking. Washing was performed with three
changes of PBST solution for 30 min each at 37 °C.

2.18.2.3. Staining: The membrane was immersed in 10 ml of staining solution and
incubated at 37 °C for 1-2 hours.
2.18.2.4. Destaining: On completion of staining, the membrane was destained at RT

with 2-3 changes of PBST solution, for 10 min each, by shaking on a rocker at medium

speed.

2.19. IMMUNOPROBING OF SLOT BLOT AND WESTERN BLOT

Following slot-blotting and Western blotting, and after ascertaining equal loading of
total protein by India ink staining, the slot-blots and Western blots were

immunoprobed with specific antibody using the method standardized in the
laboratory (Kma, 2003; Sharan ef al., 2005), with some modifications.

2.19.1. Materials required

1.

Tris buffered saline (TBS) buffer, pH 7.5: This buffer was prepared as
described in § 2.14.1

Tween-20- tris buffered saline (TTBS) solution: This solution consisted of
0.05 % Tween-20 (v/v) in TBS buffer. To prepare 1 litre of TTBS solution, 50
ul of Tween-20 was dissolved in 1 litre of TBS buffer by continuous stirring.
Blocking solution (BS): BS was a 5 % solution of fat free milk in TBS buffer.
To prepare 100 ml of BS, 100 ml of TBS buffer was warmed slightly and 5 g
of fat free milk was dissolved in it by continuous stirring. This solution was
prepared immediately before use.

Primary antibody solution: Primary antibody solution was prepared just
before use. It consisted of BS in which the primary antibody was diluted as
detailed in Table 8.

Secondary antibody solution: Secondary antibody solution was prepared just
before use. It consisted of BS in which the secondary antibody was diluted as
detailed in Table 8.

BCIP/NBT solution: This was used directly from the bottle as supplied by the

manufacturer.
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2.19.2. Methodology

On completion of slot blot and/or Western blot, the membrane was immunoprobed

for p53, Breal or Brea2 protein using the following procedure: -
2.19.2.1. Blocking: The NCM was blocked by immersing in 10 ml BS, and kept
shaking on a rocker at medium speed for 45 min.
2.19.2.2. Incubation in primary antibody solution: The BS was discarded and 10 ml
of fresh BS was added. Primary antibody was added to the BS at dilutions as described
in Table 8, followed by shaking on a rocker at medium speed for 20 min. The NCM
was then incubated O/N in primary antibody solution at 37 °C, in a water-bath.
2.19.2.3. Washing: The primary antibody solution was discarded, and the membrane
washed with 20 mi of TTBS for 10 min by shaking on a rocker at medium speed.
2.19.2.4. Incubation in secondary antibody solution: After washing with TTBS, the
membrane was immersed in 10 ml of BS, and alkaline-phosphatase labeled secondary
antibody was added at dilutions as described in Table 8 followed by shaking on a
rocker at medium speed for 20 min. The NCM was then incubated in secondary
antibody solution for 2 hours at 37 °C, in a water-bath.
2.19.2.5. Washing: The secondary antibody solution was discarded, and the
membrane washed with 20 ml of TTBS Ifor 10 min by shaking on a rocker at medium
speed.
2.19.2.6. Washing: The TTBS was discarded, and the membrane washed with 20 ml
of TBS for 10 min, by shaking on a rocker at medium speed.
2.19.2.7. Developing: The TBS was discarded. Appropriate volume of BCIP/NBT
solution was added to cover the NCM, and then incubated at 37 °C until optimum

color developed. It usually took for 10-15 min.
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Table 8: Primary and secondary antibody dilutions used for immunoprobing following slot

blotting

Serial | Primary Dilution used for | Dilution used for | Secondary Dilution used
No. antibody immunoprobing immunoprobing antibody Jor
slot-blot  (volume | Western blot developing
added in 10 ml of | (volume added in slot-blot and
BS) 10 ml of BS) Western blot
(volume
added in 10
ml of BS)
1 Anti- p53 raised Donkey anti-
in sheep. sheep IgG-
Supplied stock of Alkaline
1 mg pi' was phosphatase
diluted with PBS i . conjugate 1: 15, 000
. 1: 50,000 1: 5000 :
o obfain 2 i o4 1 of working | (200 pl of working | Supplied  stock )} (0.7 D)
working dilution solution) solution) was used directly
of 10 pg ul’, by as supplied
diluting 0.1 pl of
antibody stock to
final volume of
10 pl just before
use
2 Anti-BRCA1 Goat anti-rabbit
polyclonal IgG-  Alkaline
antibody raised | 1:2000 1: 1000 phosphatase 1: 10, 000
in rabbit (5 pl of supplied | (10 ul of supplied | comjugate (1 pb
Supplied stock of | stock) stock) Supplied  stock
200 pg ml” was was used directly
used directly as as supplied
supplied
3 Anti-BRCA2 Goat anti-rabbit
polyclonal IgG-  Alkaline
antibody raised | 1:2000 1: 1000 phosphatase 1: 10, 000
in rabbit (5 pl of supplied | (10 pl of supplied | conjugate (1 ul)
Supplied stock of | stock) stock) Supplied  stock
200 pg mi? was was used directly
used directly as as supplied
supplied
4 Anti-actin Goat anti-rabbit
polyclinal IgG-  Alkaline
antibody raised | 1.250 1: 150 phosphatase 1: 10, 000
in rabbit (40 i of supplied | (66 nl of supplied | comjugate eghy)
Supplied stock of | stock) stock) Supplied  stock
0.8 mg ml" was was used directly
used directly as as supplied
supplied

2.20. DOCUMENTATION AND DENSITOMETRIC ANALYSIS OF

SLOT BLOT AND WESTERN BLOT
Following staining with India ink for total protein and immunoprobing with specific

antibody, the slot blots and Western blots were digitized using HP Scanjet 7400C,

and the image was used for densitometric analysis with KDS-1D software (Kodak).
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The software measured the pixel density of the selected area which was one slot, or a
Western blot band, in terms of net intensity, i.e. the intensity of the selected area

after subtraction of background intensity.

2.21. PREPARATION OF MOUSE GENOMIC DNA °

Genomic DNA was prepared from regions of preneoplastic nodulation in livers of P,
F1, F2, and F3 mice, which had been exposed to AEBN for 24 weeks, from
corresponding regions of livers of age-matched control mice, and from solid tumors,
which developed in F1 and F3 mice. Preparation of DNA was according to the
method described by Ausubel et al., (1995), with some modifications which were
incorporated from the method described by Tel-zur et al, (1999) to increase the
yield of DNA.

2.21.1. Materials required

1. Extraction buffer: This buffer consisted of the following components:
fa] Tris-Cl, pH 8 100 mM
[b] Sorbitol 350 mM
[c] EDTA 5 mM
[d] Millipore water

EDTA was prepared as a 500 mM stock solution by dissolving 14.61 g of
EDTA in Millipore water and adjusting the pH to 8 with pellets of NaOH. The
final volume was then raised to 100 ml with Millipore water. To prepare 100
ml of Tris-Cl buffer, 1.21 g of Tris base was dissolved in Millipore water, the
pH was adjusted to 8 with concentrated HCI, and the final volyme was raised to
100 ml with Millipore water. To prepare 100 ml of extraction buffer, 6.38 g of
sorbitol and 1 ml of EDTA stock were dissolved in 100 ml of Tris-Cl buffer.

The extraction buffer was sterilized by autoclaving and stored at RT.

2. High-salt CTAB buffer: This buffer consisted of the following

components:
[a] Tris-Cl, pH 8 50 mM
[b] NaCl 4 M
[c] CTAB 1.8 %
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[d] EDTA, pH 8 25 mM

The Tris-Cl buffer and EDTA were prepared by diluting the stock solutions
used for preparation of extraction buffer to the required molarity. To prepare
100 ml of high-salt CTAB buffer, 23.38 g of NaCl and 1.8 g of CTAB were
dissolved in a solution containing 50 ml of 100 mM Tris-Cl, pH 8 and 5 ml of
EDTA (500 mM) pH 8, by constant stirring and warming in a water bath to 60
°C, since CTAB does not dissolve at RT. The final volume was made up to 100
ml with Millipore water. The buffer was sterilized by autoclaving and stored at
RT. If CTAB formed a precipitate, the buffer was warmed at 60 °C until CTAB

went into solution again, before use.

3.  Proteinase K solution 20 mg ml™
This was prepared by dissolving 20 mg of Proteinase K in 1 ml of sterilized
Millipore water in a sterile microcentrifuge tube. The Proteinase K solution was

divided into small aliquots and stored refrigerated at -20 °C.

4.  RNase solution 5 mg mi™*
This was prepared by dissolving 5 mg of DNase free ribonuclease A in 1 ml of
sterilized Millipore water in a sterile microcentrifuge tube. The RNase solution

was divided into small aliquots and stored refrigerated at -20 °C:

5. Sodium acetate solution, pH 5.2 3M

To prepare 100 ml of sodium acetate solution, 26.4 g of sodium acetate was
dissolved in Millipore water and the pH was adjusted to 5.2 with glacial acetic
acid. The final volume was made up to 100 ml with Millipore water. This

solution was sterilized by autoclaving and was stored at RT.

6. Sarkosyl 30 %
This was prepared by dissolving 30 g of N-lauroyl sarcosine in 100 ml of

sterilized Millipore water in a sterile bottle.

7. SDS solution in water 10 %
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This was prepared by dissolving 10 g of SDS in 100 ml of sterilized Millipore
water in a sterile bottle. The solution was stored at RT. If SDS precipitated out,
the solution was incubated at 37 °C until SDS went into the solution again,

before use.

8. Mixture of chloroform and isoamyl alcohol in the ratio 24 :1 (v/v)

9. Mixture of phenol and chloroform in the ratio 1:1 (v/v)

10.  Isopropanol (100 %): This was stored refrigerated at -20 °C until use.

11.  Absolute alcohol (95 % ethanol): This was stored refrigerated at -20 °C
until use.

12.  Ethanol (70 %): This was stored refrigerated at -20 °C until use.

13.  Chloroform (100 %): This was stored refrigerated at -20 °C until use.

14.  Sterilized Millipore water

15.  Pre-chilled mortar, pestle and spatula

16.  Sterilized centrifuge tubes of 20 ml, 10 ml and 1.5 ml capacity

17.  Sterilized micropipette tips of 5 ml, 1 ml and 200 pl capacity

2.21.2. Methodology
The region of tissue to be used for DNA isolation (liver or solid tumors) weighing 0.5
g was cut into pieces and frozen O/N at -80 °C. The frozen tissue was quickly ground
to a fine powder with the help of a pre-chilled mortar and pestle and scooped into a
sterilized 20 ml centrifuge tube with the help of a pre-chilled spatula. Five ml of
extraction buffer, 0.5 % SDS (250 ul from a 10 % stock solution of SDS) and 0.1 mg
ml"! Proteinase K (25 pl from a 20 mg ml” stock solution of Proteinase K) were
added to the powdered tissue, the contents of the tube were mixed well by vortexing,
and the tube was incubated at 55 °C for 1 hour. After 1 hour of incubation, 3.5 ml of
high salt-CTAB buffer and 300 pl of 30 % Sarkosyl were added to the tube, the
contents of the tube were mixed well by vortexing, and incubation at 55 °C was
continued for another 90 min. The mixture was extracted with an equal volume, i.e.
8.5 ml of chloroform isoamyl alcohol mixture, by centrifugation at 10000 x g for 10
min at RT. The supernatant was transferred to a sterilized centrifuge tube of 10 ml
capacity, and mixed with 2/3" volume of cold absolute isopropanol and 1/ 10® volume
of sodium acetate solution. The contents of the tube were mixed well by gentle

inversion, and centrifuged at 10000 x g for 20 min at 4 °C. The supernatant was
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decanted, and the pellet was washed with excess of 70 % ethanol by centrifugation at
12000 x g for 5 min at 4 °C. The pellet was dried in an incubator at 37 °C. When the
pellet had turned transparent, and the ethanol had completely evaporated, the pellet
was dissolved in 200 pl of sterilized Millipore water and 10 ul of RNase solution was
added to the solution. The solution was mixed well by gently tapping the centrifuge
tube, followed by incubation at 37 °C for 40 min. After incubation, the contents of the
centrifuge tube were transferred to a sterilized microcentrifuge tube of 1.5 ml
capacity, and extracted with an equal volume of phenol: chloroform mixture by
centrifugation at 12000 x g for 10 min at RT. The clear upper phase was transferred to
a fresh tube by pipetting carefully so as to avoid mixing it with the lower phase. The
upper phase was extracted with an equal volume of cold chloroform by centrifugation
at 12000 x g for 10 min at RT. The clear upper phase was again transferred to a fresh
tube and extracted with two volumes of absolute ethanol mixed with 1/10™ volume of
sodium acetate solution. The mixture was kept for 30 min to O/N at -20 °C. The DNA
was pelleted out by centrifugation at 12000 x g for 15 min at 4 °C. The pellet was
washed with 1 ml of 70 % ethanol by centrifugation at 12000 x g for 5 min at 4 °C.
The pellet was then dried in an incubator maintained at 37 °C, till the pellet was
transparent and the ethanol had evaporated completely. The pellet was dissolved in
30-40 pl of sterilized autoclaved water, depending upon the amount of DNA which
had precipitated out. The quantity and purity of DNA were determined
spectrophotometrically as described in § 2.22. The isolated DNA was subjected to 0.8
% agarose gel electrophoresis (AGE) as described in § 2.24.

2.22. QUANTIFICATION OF DNA
DNA was quantified, and its purity was assessed by the spectrophotometric
absorbance method (Sambrook and Russell, 2001), using spectrophotometer. The
quantity of DNA was calculated using the relationship that one unit absorbance at
260 nm is equivalent to 50 pg ml? of DNA. The purity of a DNA sample was
assessed by calculating the ratio of absorbance at 260 nm and 280 nm (Az60:A280). A

ratio between 1.8 and 2 was taken as an indicator of pure DNA.

2.22.1. Materials required

1. Sterilized Millipore water
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2. Sterilized microcentrifuge tubes of 1.5 ml capacity

3. Sterilized micropipette tips

2.22.2. Methodology
DNA sample was prepared by diluting 2 ul of isolated DNA to a final volume of
1000 pl with sterilized Millipore water in a sterile microcentrifuge tube. The
absorbance of this sample at 260 nm and 280 nm was recorded
spectrophotometrically against a blank of sterile Millipore water. The concentration
of DNA in pg pl'l and the Azgg: Azgo ratio was calculated.

2.23. AMPLIFICATION OF SELECTED REGIONS OF MOUSE
TUMOR SUPPRESSOR GENES USING POLYMERASE CHAIN
REACTION

The polymerase chain reaction (PCR) was used for amplification of selected
regions of the mouse p53, Brcal and BrcaZ2 genes. The standard protocol described
by Sambrook and Russell (2001) was followed for this purpose.

2.23.1. Materials required
1. DNA Amplification Kit (Bangalore Genei): This kit comprised of the
following components:
1.1.  Amplification buffer/ Taq polymerase buffer10 X
This buffer had the following composition:

[a] Tris-Cl, pH 9 100 mM
[b] KC1 500 mM
[c] MgCl, 1S mM
[d] Gelatin 0.1%
1.2.  Deoxyribonucleotide (ANTP) mix 10 mM

This kit was stored refrigerated at -20°C.

2. Red taq DNA polymerase (BIOTAQ) 1up!

3. Primers 100 U pi!

4. Sterilized Millipore water

5. Sterilized PCR tubes 200 pl capacity
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6. Sterilized micropipette tips

2.23.2. Designing and preparation of primers
Primers were designed using the Genamics Expression 1.1 software and Genefisher

online primer design tool (http://bibiserv.techfak.uni-bielefeld.de/genefisher/). For

amplification of exons 5 and 7 of the p53 geneprimers were designed to anneal to the
intronic regions flanking each exon. Exon 11 of the Brcal gene was very large in
size (1386 bp) and for the purpose of amplification, it was divided into five
overlapping regions including segments of the flanking introns, in order to ensure
accurate sequencing of smaller sized amplicons as shown in Fig. 2.2. Amplification
of various regions of the Brca2 gene did not yield satisfactory products, with the
exception of a segment of exon 27 of the gene, which was amplified using one
flanking, and one exonic primer. Details of the primers used for amplification of all
target regions are listed in Table 9. Primers supplied in lyophilized form were
resuspended in required volume of sterilized Millipore water to obtain a final

concentration of 100 pmol pl” and were stored refrigerated at -20 °C.

—> 20bp 257 =D =530 ~>381} —>1129 11bp
- — ¢

1 279 €556 €342 <« 1177,
1386

A
B
C
D
E

2

Figure 2.2. Experimental design for amplification of exon 11 of the mouse Brcal gene to yield 5
overlapping amplicons A through E. The arrows indicate forward primer (—) and reverse primer (<) for
each amplicon respectively.
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Table 9. Primer sequences used for amplification of target regions

Serial | Gene/ Primer (Site of annealing) Annealing Amplicon
No Target region femperature | size
(°0 (bp)
1 p33/exon 5 Forward 5°- ATCGTTACTCGGCTTGTCCC-3’
(29 bp upstream of exon 5) 56.5 262
Reverse 5°- TAACCCCACAGGCGGTGTT-3°
(10 bp downstream of exon 5)
2 pS53/exon7 Forward 5’- TAGTGAGGTAGGGAGCGACTT-3’
(26 bp upstream of exon 5) 54.8 202
Reverse 5°- CTGGGGAAGAAACAGGCTAAC-3’
(24 bp downstream of exon 5)
3 Brcal/ Forward 5°- AGTCCTGGAACGCTCACA-3’
exon 11 (20 bp upstream of exon 11) 55.5 317
region A Reverse 5°- CAGTTCCTTTGAGGGCACA-3’
(NT 1-260) (NT 261-279)
4 Brcal/ Forward 5°- ACTCTGTGCCCTCAAAGGA-3’
exon 11 (NT 257-279)
region B Reverse 5°- CCTCTGTCAGAGGTTTCCTA-3’ 555 330
(NT 280- (NT 567-586)
586)
5 Brecal/ Forward 5’~ CAGTTTCTCCCATCACCTCA-3’
exon 11 (NT 530-548)
region C Reverse 5°- ACAGGAACACTTTGCTGACA-3’ 555 313
(NT 550- (NT 823-842)
842)
6 Brcal/ Forward 5°- CAGCCTGGTGTCTGTCA -3’
exon 11 (NT 811-827)
region D Reverse 5°- TGGAGTCGCTCTCTTCTGA-3’ 58.5 367
(NT 811- (NT 1159-1177)
1158)
7 Breal/ Forward 5’- CTCCACAGAGCGTCTAGGA-3’
exon 11 (1129-1158)
region E Reverse 5°- CAGAGCATCTTGGATCCTCA-3’ 52 268
(NT 1129 (NT 1376-11 bp downstream of exon 11)
-1386)
8 .| Brea2/ Forward 5°- TCCACACCGAACAAAGACC-3’
segment of (89 bp upstream of exon 27) 52.7 365
exon 27 Reverse 5°- TATTTCGTGCCACAGCTCC-3’
(NT 1-257) (NT- 238-257 of exon 27)

2.23.3. Preparation of PCR reaction mix

In order to perform a PCR reaction for amplification of a target region, different
components were taken in the volumes listed in Table 10. The PCR mix was prepared
in a sterile hood by mixing all the components well in a sterile PCR tube. The
contents of the tube were briefly spun down by centrifugation (10000 x g for 30 sec
at RT), and the tube was then transferred to a thermal cycler in order to perform the
PCR reaction.
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Table 10. Preparation of PCR reaction mix for amplification of target regions

Serial | Gene/ Component Volume Final Final
No. Target region ul) volume(ul) | concentration
10 X amplification buffer | 1.5 1X
dNTP mix 0.9 9 mM
Forward primer 04 40 pmol
1 p33/exon 5 Reverse primer 04 40 pmol
Taq DNA polymerase 0.5 15 0.5U
DNA sample 1-2 0.5 nug
Sterile Millipore water 10393 | 1.
10 X amplification buffer | 1.5 1X
dNTP mix 0.9 9mM
2 p53/exon7 Forward primer 0.6 60 pmol
Reverse primer 0.6 60 pmol
Taq DNA polymerase 0.6 15 06U -
DNA sample 1-2 0.5 ug
Sterile Millipore water 5888 | .
M 10 X amplification buffer | 2.5 1X
dNTP mix 1.5 15 mM
3 Brcal/ Forward primer 1 25 100 pmol
exon 11 Reverse primer 1 100 pmol
region A Taq DNA polymerase 1 1U
DNA sample 12 0.5 pg
Sterile Millipore water 17-16 | |
10 X amplification buffer | 2.5 1X
dANTP mix 1.5 15 mM
4 Brcal/ Forward primer 1 100 pmol
exon 11 Reverse primer 1 100 pmol
region B Taq DNA polymerase 1 25 1uU
DNA sample 1-2 0.5 ug
Sterile Millipore water 17-16
10 X amplification buffer | 2.5 1X
ANTP mix 1.5 15 mM
5 Brcal/ Forward primer 1 100 pmol
exon 11 Reverse primer 1 100 pmol
region C Taq DNA polymerase 1 25 1U
DNA sample 1-2 0.5 ng
Sterile Millipore water 1716 |
Brcal/ 10 X amplification buffer | 2.5 1X
exon 11 dNTP mix 1.5 15 mM
6 region D Forward primer 1 100 pmol
Reverse primer 1 100 pmol
Taq DNA polymerase 1 25 10
DNA sample 1-2 0.5 g
Sterile Millipore water 17-16 | |
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10 X amplification buffer | 2.5 1X
dANTP mix 1.5 15mM
7 Brcal/ Forward primer 1 100 pmol
exon 11 Reverse primer 1 25 100 pmol
region E Taq DNA polymerase 1 1U
DNA sample 12 0.5ng
Sterile Millipore water 17-16 | |
10 X amplification buffer | 2.5 1X
dANTP mix 1.5 15 mM
8 Brca2/ segment | Forward primer 1.0 100 pmol
of exon 27 Reverse primer 1.0 100 pmol
Taq DNA polymerase 1.0 25 10U
DNA sample 12 0.5 ng
Sterile Millipore water 17-16 | |

2.23.4. Thermal cycling conditions

The thermal cycling conditions used for amplification of each target region were

programmed into the thermal cycler. These thermal cycling conditions are listed

in Table 11. For amplification of the selected region of Brca? gene, a

touchdown PCR protocol was used, in order to minimize non-specific annealing

of primers.

Table 11. Thermal cycling conditions used for amplification of different target regions

Serial
No.

Gene/Target region

Step/Temperature/ time

No.
of cycles

p53/exon 5

-

| Initial denaturation/95 °C/ 3 min

[1

Denaturation/94 °C/ 1 min
Annealing/56.5 °C/ 1 min
Extension/72 °C/ 1 min

35

| Final extension/72 °C/ 7 min

[1

p53/exon7

| Initial denaturation/95 °C/ 3 min

1

Denaturation/94 °C/ 1 min
Annealing/54.8 °C/ 1 min
Extension/72 °C/ 1 min

30

| Final extension/72 °C/ 7 min

Brcal/exon 11
region A

| Initial denaturation/95 °C/ 3 min

Denaturation/94 °C/ 1 min
Annealing/55.5 °C/ 1 min
Extension/72 °C/ 1 min

Final extension / 72 °C/ 7 min

Brecal/ exon 11
region B

| Initial denaturation/95 °C/ 3 min

Denaturation/94 °C/ 1 min
Annealing/55.5 °C/ 1 min
Extension/72 °C/ 1 min

| Final extension/72 °C/ 7 min
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S Breal) . | Initial denaturation/95 °C/ 3 min [ 1
re’;.i?m (e:xon Denaturation/94 °C/ 1 min
Annealing/55.5 °C/ 1 min 30
Extension/72 °C/ 1 min
| Final extension/72 °C/ 7 min | 1
[ Initial denaturation/95 °C/ 3 min | 1
6 Breal/ exon 11 Denaturation/94 °C/ 1 min
region D Annealing/58.5 °C/ 1 min 30
Extension/72 °C/ 1 min
| Final extension/72 °C/ 7 min | 1
| Initial denaturation/95 °C/ 2 min [ 1
7 Breal/ exon 11 Denaturation/95 °C/ 1 min
region E Annealing/52 °C/ 1 min 30
Extension/72°C/ 1 min
| Final extension/72 °C/ 7 min |1
| Initial denaturation/95°C/ 2 min |1
8 Brca2/ segment of Denaturation/95°C/ 30 sec
exon 27 Annealing/59.7°C/ 30 sec decrement in | 15
(Touchdown PCR) | temperature by 0.5 °C per cycle
Extension/72°C/ 40 sec
Denaturation/95°C/ 30 sec
Annealing/52.7°C/ 30 sec 20
Extension/72°C/ 40 sec
Final extension/72 °C/5min 1

2.24. AGAROSE GEL ELECTROPHORESIS OF DNA AND PCR-
AMPLICONS

Agarose gel electrophoresis (AGE) was performed according to standard protocol
(Ausubel et al, 1995), which was adapted in the laboratory (Odyuo and Sharan,
2005). The procedure is described below.
2.24.1. Materials required
1. Tris-acetate EDTA (TAE) buffer, pH 8 : - This buffer had the following
composition:
-[a] Tris-acetate, pH 8 40 mM
[b] EDTA, pH 8 1 mM
The buffer was prepared and stored as a stock solution of 50 X, at RT. To
prepare 1 litre of 50 X TAE buffer, 242 g of Tris base, 57.1 ml of glacial acetic
acid and 100 ml of 500 mM EDTA, pH 8 (§ 2.21.1) were dissolved and the
final volume made up to 1 litre with Millipore water. This stock solution was
diluted to 1 X with Millipore water before use.

2. Sample loading solution: - This solution had the following composition:
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[a] Sucrose 40 % (W/v)
[b] Bromophenol blue 0.25 %
To prepare 10 ml of loading solution, 4 g of sucrose and 20 mg of
bromophenol blue were dissolved in 10 ml of Millipore water. This solution
was stored refrigerated at 4°C.
3. Agarose |
4. Ethidium bromide (EB) solution 10 mg mi™’
This solution was used directly from the bottle as supplied by the
manufacturer
5. 100 bp DNA ladder
This was diluted in the ratio 1:3 with sterile Millipore water immediately
before use. For one AGE, 1 pl of the ladder solution supplied by the

manufacture was mixed with 3 pl of water.

2.24.2. Gel preparation: -
The percentage of agarose gel used varied with the size of the DNA sample to be
electrophoresed. A 0.8 % gel was used for electrophoresis of genomic DNA, and 2
% gel for electrophoresis of PCR amplicons. Accordingly, the gel was prepared by
taking 0.8 g or 2 g of agarose in 100 ml of 1 X TAE buffer, and heating in a
microwave oven with frequent swirling until the agarose flakes had completely
dissolved, and, a clear solution was obtained. The agarose solution was allowed to
cool to 40°C, and was poured into a gel casting tray, following v_vhich a comb of
appropriate size was inserted into the gel. Care was taken to avoid trapping air
bubbles within the gel. The gel was left undisturbed at RT for 20 min, in order to
polymerize. The comb was then removed, and the gel was submerged in 1 X TAE

buffer in an electrophoresis tank.

2.24.3. Sample preparation: -
For AGE of genomic DNA, a constant amount of 3 pg of each DNA sample was
loaded in the agarose gel. For AGE of PCR amplicon, a constant volume of 5 pl of
each PCR product was loaded in the agarose gel. The 100 bp DNA ladder was used
for determination of size of PCR amplicon. Sample was prepared for electrophoresis

by mixing the appropriate volume of DNA solution, PCR product or 100 bp DNA
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solution with 1/10® volume of sample loading solution. This mixture was then

directly loaded into the wells of the submerged agarose gel.

2.24.4. Electrophoresis: -
The samples loaded into wells of the submerged agarose gel were subjected to
electrophoresis at constant voltage as listed in Table 12, using a Mupid gel
electrophoresis apparatus (Japan).

Table 12. Electrophoresis conditions for AGE of different samples

Serial | Sample for electrophoresis Gel percentage i Voltage Time
No. (%) ) (min)
[ 1 | Genomic DNA ] 0.8 | 100 | 45
[2 | PCR amplicon [ 2 [ 50 [ 90
2.24.5. Staining: -

EB is intercalated between adjacent nucleotides of a nucleic acid, and fluoresces
under UV-irradiation, thereby enabling the nucleic acids to be visualized. Thus, on
completion of electrophoresis, the agarose gels were stained with a 0.3 pg ml’
solution of EB in 1 X TAE buffer for 10 min, with gentle shaking on a rocker,
followed by destaining with Millipore water for 5-10 min in order to remove

excessive stain and obtain a clear background.

2.25. IMAGING AND ANALYSIS OF AGAROSE GEL
ELECTROPHEROGRAM
The EB-stained agarose gels were visualized and photographed on a mini

transilluminator with UV illumination, using a Kodak DC120 camera. The digitized
images were analysed using KDS-1D software, with the help of which the size of

the PCR amplicons were determined.

2.26. ELUTION OF DNA BAND FROM AGAROSE GEL

Amplification of the targeted region of exon 27 of the Brca2 gene yielded multiple
amplification products, including the required product of 365 bp. The 365 bp band

was therefore eluted out from the gel. The procedure is described below.
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2.26.1. Materials required
1. Gel Extraction kit (Bangalore Genei) : - This kit bad the following
components:
[a] Glass solution
[b] Sodium iodide solution
[¢] Wash buffer
2. Sterilized Millipore water
3. Sterilized microcentrifuge tubes of 1.5 ml capacity
4. Sterilized blade

2.26.2. Methodology: -The following steps were followed as per instructions provided
with the kit:

2.26.2.1. The DNA band was excised from the gel with the help of the sterilized blade,
and the gel piece was weighed. Assuming the specific gravity of the gel to be 1,
2.5 volumes of sodium iodide solution was then added to the gel, in a
microcentrifuge tube.

2.26.2.2. The gel was solubilized by incubation in a water bath at 55 °C for 7-8 min,
and thoroughly mixing the contents, until the agarose gel was completely
dissolved.

2.26.2.3. The glass solution was vortexed until it formed a homogenous mixture, and
20 wl was then added to the solubilized sample. The contents were mixed
thoroughly and left at RT for 10 min, with occasional mixing.

2.26.2.4. The mixture was centrifuged at 15000 x g for 30 sec, and the supernatant was
discarded.

2.26.2.5. The pellet was washed twice by adding 250 pl of wash buffer and vortexing,
followed by centrifuging at 15000 x g for 30 sec. The supernatant was discarded
each time.

2.26.2.6. After the final washing step, the tube was kept at 55 °C for 10 min in a water
bath, in order to remove all traces of wash buffer.

2.26.2.7. The pellet was resuspended in 30-40 pl of sterile water by mild vortexing,
and incubation at 55 °C for 5 min in a water bath, in order to elute the DNA.

2.26.2.8. The suspension was centrifuged at 15000 x g for 30 sec, and the supernatant

was collected in a fresh tube.
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2.26.2.9. The elution of the desired band was verified by subjecting part of the
supernatant to AGE alongside a 100 bp DNA ladder as molecular weight

marker.

2.27. DIRECT DNA SEQUENCING OF PCR AMPLICONS
Following PCR amplification and AGE of PCR amplicons, the amplicons whose

sizes were determined to be equal to the expected size were lyophilized, and
sequenced using ABI’s AmpliTaq FS dye terminator cycle sequencing chemistry
(Bangalore Genei Pvt Ltd, India).

2.28. ANALYSES OF DNA SEQUENCE
Following direct DNA sequencing of PCR amplicons, the correct identity of the
DNA sequences was established by database search using the BLASTN tool
(Altschul ef al., 1997). In order to screen for mutation, the sequences from AEBN-
exposed samples and control samples were compared by multiple alignment using
the Multalin tool (Corpet, 1988). Since the sequencing electropherograms showed
poor signal in the terminal 10-20 NT of each sequence, alignment data

corresponding to these regions was excluded from the analysis.

2.29. NUCLEOTIDE SEQUENCE SUBMISSION
The nucleotide sequences obtained by direct DNA sequencing were submitted to
the GenBank database.

2.30. MOLECULAR MODELING OF PREDICTED PROTEIN
SEQUENCES

The wild-type and mutant nucleotide sequences obtained by direct DNA sequencing
of exon 11 of the Brcal gene were translated into the respective amino acid
sequences using the Translate tool available at the ExPASy Proteomics server

(www.expasy.ch/tools/#translate). The amino acid sequences thus obtained were

used to generate models of the corresponding region of the Breal protein in order to
determine the effect of the observed mutation on protein conformation. The
molecular models were constructed and analysed using Swiss-Pdb Viewer version

4.0 (www.expasy.ch/sprot/).
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2.31. DATA AND STATISTICAL ANALYSES

For experiments with human samples, slot-blotting of each sample was performed
thrice, with each slot-blot comprising 5 replicates of the sample. Thus, data
presented is mean + SD of a total of 15 replicates for each sample. Significance of
differences in levels of p53, Brcal and Brca2 protein between controls and cancer
patients were analysed using Student’s t-test. For experiments with mice, each
experiment was repeated at least thrice, such that the total number of exposed and
control mice at each data point were 15 + 1. All data presented are the mean + SD of
3 independent experiments, each with 4-5 replicates in case of slot-blotting.
Significance of differences in levels of p53, Brcal and Brca2 protein and relative
organ weights in exposed and age-matched controls were analysed using Student’s
t-test. Significance of difference in the period of exposure after which preneoplastic
nodules developed in livers of chronically and transgenerationally exposed mice, as
well as the difference in the number of nodules were analysed using xz- test with
Yates’ correction. Significance of development of various anomalies in
transgenerationally exposed mice in comparison to chronically exposed mice, and
also between F1, F2 and F3 generations was analysed using 2x2 contingency -

test.
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RESULTS




3.1. GENERAL AND MICROSCOPICAL OBSERVATIONS
Mice were exposed to AEBN at a dose of 2 mg ml™ in drinking water, following a

chronic and transgenerational exposure protocol (§ 2.6.), for a period up to 24
weeks. The chronically exposed P generation mice and their transgenerationally
exposed progeny (F1, F2 and F3 mice) were monitored throughout the period of
exposure for signs of illness, including alteration in body weight. Following
sacrifice, the internal organs were carefully observed for alterations and weighed.
The mice did not show any signs of illness throughout the treatment period in P
generation. Similarly, no congenital malformations were observed in F1, F2 or F3
progeny of parents exposed to AEBN, indicating an absence of teratogenicity

following AEBN exposure.

3.1.1. Alteration in body weight, relative organ weight and organs of mice upon

chronic and transgenerational exposure to AEBN
Careful examination of organs revealed that AEBN exposure predominantly
affected the liver and to some extent the spleen. The relative body and organ
weights of AEBN exposed mice were evaluated in comparison to respective age-
matched controls (Table 14). The body weights of exposed mice did not vary
significantly from that of controls except for some fluctuations in F3 generation
mice. The relative weights of the liver and spleen, however, showed more definitive
trends, recording a tendency to increase significantly upon AEBN exposure and
with progression of generations. In the P generation, exposure to AEBN initially led
to significant decline in relative weight of liver and spleen up to 8 weeks of
exposure, followed by increase in relative weight after 10 weeks of exposure
onwards. In the following generations, a significant increase in relative weight of
liver and spleen was recorded after 6 weeks of exposure to AEBN onwards, and this

increase was most pronounced in F3 generation (Table 14).
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Table 14.
upon chronic and transgenerationa
periods of time

Details of number of mice used and alterations in body weight and relative organ.weight
1 exposure to 2mg mI* AEBN in drinking water for different

Control N Final bod Ewos‘;fe,lative organ weight
i . i Relative organ weight 0. inal y ]
Sietlllletrimm 2?& fv‘;;;::?my (g/100g hod;%veight :% SD) mice weight (g/ 100 g bodyweight = SD)
in weeks MF) & +5D) liver spleen ™n ®=SD) liver spleen
P 2 15(7/8) 3028 434020 0.52+0.03 15(6/9) 30+23 44+0.24 0.38 £0.1048A
4 14T 2630 5.0+£0.23 054+0.19 14(7/7) 2533 4.8+£0.244A 0.60£0.24
6 15(6/9y 29423 474014 0.45+0.17 15(7/8) 28x73 44+£03988  0.53x0.11
8 14(U7y 3032 5.1+044 0.50+0.17 15(8/7) 28+53 44+0.7684 058025
10 15(6/9) 3024 50+032 0.63+£0.23 15(7/8) 3005 5.3+£0.94*+ 0.51+0.20
12 14(7/7) 34+49 48+006 051+£0.15 15(8/7) 3142.28Ma 53+0.10 0.58+0.16
16 15(7/8) 35+23 431066 040+0.06 15(7/8) 34+3.7 46x1.03 0.32 £ 0.06%**
20 16(7/9) 3117 50+£049 049+£0.16 15(7/8) 30+2.8 4.9+0.31 0.85 £ 0.17***
24 16(8/8) 30+35.1 5.0+030 0.53+0.07 16(8/8) 31+3.5 5.7+0.73*  0.86:+0.10%**
F1 4 1417y 31423 40+0.03 037+£0.03 15(8/7) 33+£1.2%* 4.3+ 0.52* 0.53 + 0.09***
6 15@/7y 31x4.1 44+003 056+0.03 15(8/7) 2643.0a0a 4.6£0.16%* 070+ 0.08%**
8 15(8/7) 30%0 5.1+023 0.43£0.07 15(7/8) 33+1.8» 53 +1.18 0.64 = 0.24**
12 147N 34+49 48+£006 051+0.15 15(7/8) 31+28 5.1 £1.36 0.65+042
16 14(7/7) 28+20 5.1+£1.14 057+021 14(7/7) 31431 5.7 £0.46 0.46 + 0.065a
24 15@8/7) 29+1.2 5.14+0.07 0.34x£0.07 16(9/7) 36+6.9 66 =128+ 120 & 1%
F2 4 15(7/8) 26=+3.0 50+023 054%0.19 14(7/7y 25+33 4.8+ 0.24A 0.60:0.24
6 15(9/6) 23%0.7 43+£033 054+0.17 15(7/8) 27+£1.1**  50+£045%% 0.70£0.15*
8 15(8/7) 32+35 5.1+:044 0.44x0.06 14(7/7) 31412 5.940.20%=*  0.39+0.03a8A
12 158/7y 37427 43+£030 054+022 15(7/8) 31+1.2a08 5.0£0.33%* 0.68+0.16
16 15(6/9) 30x2.0 4.8+0.10 0.50+0.14 15(6/9) 31x1.7 5.31£032%  1.13£0.52%**
24 15(8/7y 3221 45+129 042+£043 17(8/9) 33+26 5.2 +£0.09* 0.88 £0.27 **
F3 4 16(8/8) 27x1.7 4.8+0.56 0.44+0.15 15(8/7) 30x£2.0%*** 4.6+0.07 0.65 £ 0.03%*+*
6 15(8/7) 28+0.5 48+0.14 0.46+0.18 15(7/8) 236440 6.1 £0.03*** (.77 (.09***
8 15(8/7) 3104 52+0.13 0.52+0.03 15(7/8) 27424088 63 +£0.56%%* (.63 £0.19***
12 14(6/8) 37+27 43+0.03 054022 15(8/7) 34%4.1a 5.5£0.27+* 0.57+0.12
16 15(7/8) 31+35 4.74+0.10 0.49+0.03 14(6/8) 35+3.1*= 5.8 £0.89*%* (.65 + 0.09***
24 15(7/8) 33+6.1 54092 0.49+0.09 2009/11)  34+£3.3 6.7+ 1.36***  0.47 % 0.06A

M/F ~No of males/ No of females
* significant increase at P < 0 05 in comparison to age-matched control group

** significant mncrease at P < 0 01 in comparison to age-matched control group
**% significant mcrease at P <0 001 in comparison to age-maiched control group
A significant decrease at P < 0 05 i comparnison to age-matched control gronp

AA significant decrease at P <0 01 i comparnison to age-matched control group
AAA significant decrease at P < 0 001 1 companson to age-matched control group

3.1.1.1. Development of preneoplastic nodules of the liver

In P generation mice, liver nodules (Fig. 3.1 a) appeared after 16 weeks of
exposure to AEBN, primarily in the right and caudate lobes of the liver (Fig. 3.1 c;

arrow) and were confirmed to be preneoplastic by histological examination (§

3.1.1.2). These nodules were well developed after 24 weeks of exposure (Fig. 3.1

e; arrow). Transgenerational exposure to AEBN, however, led to advancement in

the period of appearance of liver nodules in subsequent generations in comparison

to the P generation. Nodules were observed after 8 weeks of exposure in F1 mice,

6 weeks of exposure in F2 mice and 4 weeks of exposure in F3 mice (Figs.3 g, 3 i
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and 3 k respectively). These nodules were also confirmed to be preneoplastic by
histological examination (§ 3.1.1.2). While 1-2 nodules per liver were observed in
P generation mice, 3-4 nodules developed in the liver of F1, F2 and F3 mice after
24 weeks of exposure. However the increase in multiplicity of nodules was not

found to be significant using - test with Yates’ correction.

control % i P 16 weeks

Figure 3.1. Preneoplastic nodule formation in the liver of Swiss Albino mice exposed to AEBN
drinking water (2 mg ml™") and their respective H & E stained histological sections at magnification X
400 (bar = 20 pum). Normal, control liver (a) and histological section of normal liver (b); Nodule
formation (arrow) in livers of P (c), F1 (g), F2 (i) and F3 (k) mice after 16, 8, 6 and 4 weeks,
respectively, of exposure to AEBN drinking water — their respective histological sections are shown in
d, h, j and I. Well developed nodule (arrow) in liver of P generation mice after 24-week exposure (e)
and its histological section (f).

The progressive advancement in the period of appearance of liver preneoplastic
nodules in transgenerationally exposed mice, in comparison to P generation mice,

was found to be significant using +’- test with Yates’ correction (Table 15).
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Table 15. Development of preneoplastic nodules in liver of mice chronically and
transgenerationally exposed to 2mg mi” AEBN in drinking water

Generation | Period of exposure after which preneoplastic
nodules developed in liver (weeks)
3 | 16
| F1 | 8*
I D) |' 6%*
| F3 | 4+
* significant increase at P < 0.05 in comparison to P generation
** significant increase at P < 0.01 in comparison to P generation
*** gjonificant increase at P < 0.001 in comparison to P generation

3.1.1.2. Histological observations
The nodules which developed in liver of AEBN exposed mice (§ 3.1.1.1.) were
confirmed to be preneoplastic by histological examination (Fig. 3.1). The H & E
stained sections of liver nodules exhibited a number of alterations in comparison to
corresponding regions of normal liver. In liver of control mice, the cells were
uniformly shaped and were closely attached with one another in a regular
arrangement (Fig. 3.1 b). In contrast, the cells of liver nodules developing in P
generation mice after 16 weeks of AEBN exposure (Fig. 3.1 ¢) were distorted in
shape, had enlarged nuclei, and also displayed loss of attachment from
neighbouring cells (Fig. 3.1 d), which are features of transformed cells.
Histological examination of the well developed liver nodules after 24 weeks of
exposure (Fig. 3.1 e) revealed irregularly shaped cells with enlarged nuclei, and
more pronounced loss of attachment (Fig. 3.1 f), exhibiting a trabecular pattern
which is a characteristic feature of hepatocellular carcinoma (Narama et al., 2003).
The liver nodules developing in F1, F2 and F3 mice after exposure to AEBN for 8
weeks (Fig. 3.1 g), 6 weeks (Fig. 3.1 i) and 4 weeks (Fig. 3.1 k), respectively, also
exhibited irregularly shaped cells with enlarged nuclei, and loss of attachment

(Figs. 3 h, j and 1 respectively), and were thus confirmed to be preneoplastic.

3.1.1.3. Development of other anomalies in transgenerationally exposed mice
Mice exposed transgenerationally to AEBN were found to develop various
anomalies other than preneoplastic nodules of the liver (Fig. 3.2 and Table 16). The

development of these anomalies was however not found to be significant in
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comparison to chronically exposed mice or between successive generations of

transgenerationally exposed mice, using the 2X2 contingency 2 -test.

Figure 3.2. Various anomalies observed in Swiss Albino mice exposed transgenerationally to AEBN
in drinking water (2 mg ml"). 24-week exposed F2 mouse showing pus-filled sac in gastrointestinal
tract (circle) (a), enlarged neck node (circle) (b) or enlarged spleen (¢) with protrusion (circle) (i) or
without protrusion (ii); spleen of corresponding age-matched F2 generation control mouse is shown
in (iii) (d) shows necrotic areas (circle) in liver of F2 mice after 12 (i) or 24 (ii) week exposure (e)
shows a 24-week exposed F1 mouse with pus-filled sac on the mandible (circle) and solid tumor (7.5
mm in diameter) originating from epithelium of chest (f) shows a 24-week exposed F3 mouse with
solid tumor (9.3 mm in diameter) originating from skin epithelium of left forearm (g) shows a 24-
week exposed F3 mouse with solid tumor (30 mm in diameter) originating from epithelium of
stomach. (For e, f, and g scale bar = 7.5 mm).
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Table 16. Anomalies/ alterations observed in mice transgenerationally exposed to 2 mg mI” AEBN
in drinking water

Type of | Generation | present(+)/ Site Week of Incidence”
anomaly absent (-) exposure (%)
Solid FIT + Chest epithelium , 24 1/16 (6.25)
tumor turnor diameter = 7.5 mm
tumor load* = 2.59 i
[ Ff2 [ - l - - [ 017(0)
F3 + Skin epithelium 24
tumor diameter = 9.3 mm
tumor load* =3.40 2/20 (10)
F3 + Stomach epithelium 24
tumor diameter = 30 mm -
tumor load* = 50.64
Pusfilled | FIT [+ i Right mandible | 24 | 1/16(6.25)
sacs | F2 [ + | Gastrointestinal 1 24 | 1/17 (5.88)
[ B + l Neck | 24 | 12005
Enlarged | Fl } - | - I - [ 016 (0)
nodes [ = i Neck i 24 [ 117 (5.88)
|  F3tT + [ Neck g 24 | 12005
Necrosis | F1 | - 1 - l - [ 016 (0)
ofliver [ 3 ; n q Liver [ 12 [ 1/15(6.67)
| R + 1 Liver [ 24 [ 1/17(5.88)
[ B3 [ + i Liver [ 24 [ 12005
| Spleen | FI [ - { - | - [ 0/16(0)
protrusion [T [T | Spleen { 24 [T 117(5.88)
F3 ; - - ? - ' 0/20 (0)
l
2 No. of mice with anomaly/ Total no. of mice exposed to AEBN for the same period of time.
indicates anomalies developing in the same F1 mouse.
indicates anomalies developing in the same F2 mouse.
indicates anomalies developing in the same F3 mouse.
* g/ 100 g body weight.
Using 2X2 contingency y’-test, development of these anomalies was not significant in comparison to
chronically exposed mice or between successive generations of transgenerationally exposed mice.
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3.1.2. Transmission electron microscope (TEM) studies
Ultrastructural alterations in liver nodules of P, F1, F2 and F3 mice after 24 weeks
of AEBN exposure, were studied using TEM. Various alterations in cellular
organelles were observed in these nodules in comparison to corresponding regions

of liver of age-matched control mice.

3.1.2.1. Alterations in nucleus

The hepatocytes of control mice were found to contain one well-defined and
spherical nucleus per hepatocyte, with an intact nuclear envelope, distinct nucleoli,
and uniformly distributed heterochromatin (Fig. 3.3 I-a). However, in P generation
mice, a significant number of cells of the liver nodules were observed to be
binucleated (Fig. 3.3 I-b), the nuclei were distorted in shape with coarse
heterochromatin aggregates (Fig. 3.3 I-c), were enlarged (Fig. 3.3 I-d), had
disrupted nuclear envelopes (Fig. 3.3 I-d & e; arows) and had enlarged nucleoli
with a distinct clear zone apparently separating the nucleoli from a surrounding
layer of condensed chromatin (Fig. 3.3 I-f & inset). The liver nodules of
transgenerationally exposed mice also exhibited the nuclear deformities observed in
the P generation mice. In addition the liver nodules of F1 and F3 mice exhibited
small nuclei with lack with heterochromatin and inconspicuous nucleoli (Figs. 3.3
I-g & i), while the liver nodules of F2 mice exhibited nucleus with dispersed
heterochromatin (Fig. 3.3 I-h).

3.1.2.2. Alterations in rough endoplasmic reticulum (RER )
The RER in the hepateeytes of control mice were found to be an extensive, well-
stacked system of membranes with ribosomes attached along the surface appearing
like fine particles (Fig. 3.3 II-a). In comparison, the RER of the liver nodules of the
P generation mice were less extensive with diffused stacking (Fig. 3.3 II-b), and,
the membrane was also disrupted at several places (Fig. 3.3 II-b & c; arrows). The
RER continued to remain sparse, with diffuse stacking, in the liver nodules of F1
mice (Fig. 3.3 II-d; arrow), F2 mice (Fig. 3.3 II-e; arrow) and F3 mice (Fig. 3.3 II-f;

arrow).
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Figure 3.3. Ultrasructural changes in (I) nucleus and (II) rough endoplasmic reticulum (RER) of liver
of mice exposed chronically and transgenerationally to AEBN for 24 weeks. (I) a- control; b, ¢, d, e
& f- P; g- F1; h- F2 and i- F3. (II) a-control; b & ¢- P; d- F1; e- F2 and f- F3.
3.1.2.3. Alterations in mitochondria
The mitochondria of the hepatocytes of control mice were observed to be bound by a
double-layered membrane, and had an extensive network of cristae (Fig. 3.4 I-a). In
contrast, the mitochondria of liver nodules of P, F1, F2 and F3 generation mice
exhibited extensive cristolysis (Figs. 3.4 I-b through e), and the mitochondrial
membrane was also disrupted in some instances (Figs. 3.4 I-b & d; arrows). The

mitochondria were also found to progressively decline in size, as well as number from
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the P through F3 generations (Figs. 3.4 I-b through e & 1I-b through e) in comparison to
control (Figs. 3.4 I-a & 1I-a).
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Figure 3.4. Ultrastructural changes in the mitochondria of mice exposed chronically and
transgenerationally to AEBN for 24 weeks at 2 mg ml” showing alterations in (I) size of
mitochondria and (II) number of mitochondria, (I) a- control; b- P; ¢- F1; d-F2 and e- F3.
(II) a- control; b- P; ¢- F1; d-F2 and e- F3 (arrows indicate mitochondria). (I) b & d- arrows
indicate disrupted mitochondrial membrane.
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The mitochondrial index was determined as an indicator of mitochondrial function by
determining the product of the total number and area of mitochondria, and was found to

decline progressively from P through F3 generations (Fig. 3.5)
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Figure 3.5. Bar diagram showing alteration in mitochondrial index of liver of mice exposed
chronically (P) and transgenerationally (F1, F2 & F3) to AEBN, in comparison to liver of control
(C) mice. A indicates significant decrease at P<0.05, AA at P<0.01 and AAA at P<0.001.

3.2. SLOT-BLOT ANALYSIS OF EXPRESSION OF PS3, BRCAl
AND BRCA2 PROTEINS UPON EXPOSURE OF MICE TO AEBN

3.2.1. Chronic exposure
In order to elucidate the molecular mechanisms involved in various stages of
AEBN-induced carcinogenesis in mice, the P generation mice were exposed to
AEBN at a dose of 2 mg ml™ in drinking water for a period up to 24 weeks, and
were sacrificed at regular intervals (§ 2.1.), following which liver, SC and PBL
were used for analysis of alteration in expression levels of p53, Brcal and Brca2
tumor suppressor proteins. For each experiment, slot-blotting was performed for 4-
5 replicates which were subsequently immunoprobed with specific antibody, while
a replica slot-blot was stained with India ink for total protein. In the following
sections, only one replicum slot-blot for each data-point has been shown for the

purpose of representation.
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3.2.1.1. p53 tumor suppressor protein
3.2.1.1.1.  in liver: Densitometric analysis of India ink-stained slot-blots (Fig. 3.6:
panel A-II) and blots immunoprobed with anti-actin antibody (Fig. 3.6; panel A-III)
did not show significant differences in net intensity of control and AEBN exposed
samples, thus confirming loading of equal amounts of protein. Immunoprobing with
anti-p53 (Fig. 3.6; panel A-I) revealed significant changes in the level of p53 protein
in the liver of AEBN exposed mice of P generation in comparison to age-matched
controls. Upon quantification of slot-blots and normalization for equal loading of
total protein, a progressive upregulation of p53 protein was observed beginning 2
weeks of exposure and recording a 2.5-fold increase at 6 weeks (Fig. 3.6 B).
Downregulation of p53 began from 8 weeks of exposure reaching the control level at
16 weeks concomitant with the appearance of preneoplastic nodules in the liver (Fig.
3.1). Subsequently, the level of p53 in the livers of exposed mice was maintained at
control level up to 20 weeks after which it was significantly below the control level
(80 %) at 24 weeks (Figs. 3.6 A & B). Level of p53 was determined in preneoplastic
nodules as well as the adjoining regions of the livers of mice exposed to AEBN for

16, 20 and 24 week and was found to be comparable.
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Figure 3.6. Slot-blot analysis for alterations in level of p53 protein in liver of P generation AEBN
exposed mice. A- panel I slot-blots immunoprobed with anti-p53 antibody for p53 protein, A- panel I1
slot-blots stained with India ink for total protein, serving as loading control and A- panel III slot-blots
immunoprobed with anti-actin antibody for actin protein as loading control; B- Densitometric plot (%
of age-matched controls; mean + SD) of the level of p53 protein expression in liver as obtained by
densitometric analysis of the immunoprobed slot-blots (A-I) after normalization for equal protein
loading (A-II & III). * indicates significant increase at P < 0.05, ** indicates significant increase at P <
0.01, *** indicates significant increase at P < 0.001 and AA indicates significant decrease at P < 0.01
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In order to determine whether the observed effect of AEBN was specific to the
liver, we also studied the changes in the level of p53 protein in the SC (§ 3.2.1.1.2.)
and PBL (§ 3.2.1.1.3.).

3.2.1.1.2. in spleen cells (§C): Densitometric analysis of India ink-stained slot-
blots (Fig. 3.7; panel A-II) did not show significant differences in net intensity of
control and AEBN exposed samples, thus confirming loading of equal amounts of
protein. The levels of p53 protein in the SC (Fig. 3.7 A-I & B) of the exposed mice
were largely found to mirror those in the liver (Fig. 3.6). As in the liver, the highest
level of p53 protein in SC, i.e. 2-fold that of age-matched control level was also

recorded at 6 weeks following AEBN exposure (Fig. 3.7 A-1 & B).
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Figure 3.7. Slot-blot analysis for alterations in level of p53 protein in SC of P generation AEBN
exposed mice. A- panel I slot-blots immunoprobed with anti-p53 antibody for p53 protein, A- panel I
slot-blots stained with India ink for total protein, serving as loading control, B- Densitometric plot (% of
age-matched controls; mean + SD) of the level of p53 protein expression in liver as obtained by
densitometric analysis of the immunoprobed slot-blots (A-I) after normalization for equal protein
loading (A-II). * indicates significant increase at P < 0.0S, ** indicates significant increase at P < 0.01,
*** indicates significant increase at P < 0.001, A indicates significant decrease at P < 0.05 and AA
indicates significant decrease at P < 0.01.

3.2.1.1.3. in peripheral blood l[ymphocytes (PBL): Densitometric analysis of India
ink-stained slot-blots (Fig. 3.8; panel A-II) and blots immunoprobed with anti-actin
antibody (Fig. 3.8; panel A-III) did not show significant differences in net intensity
of control and AEBN exposed samples, thus confirming loading of equal amounts

of protein. As in case of SC, the levels of p53 protein in the PBL (Fig. 3.8 A-1 & B)
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of the exposed mice were largely found to mirror those in the liver (Fig. 3.6) In case
of PBL, however, the highest level of p53 protein was recorded after 4 weeks of
AEBN exposure, and was found to be 1.9-fold that of age-matched control level
(Fig. 3.8 A-1 & B).
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Figure 3.7. Slot-blot analysis for alterations in level of p53 protein in PBL of P generation AEBN
exposed mice. A- panel I slot-blots immunoprobed with anti-p53 antibody for p53 protein, A- panel 11
slot-blots stained with India ink for total protein, serving as loading control, B- Densitometric plot (% of
age-matched controls; mean + SD) of the level of p53 protein expression in liver as obtained by
densitometric analysis of the immunoprobed slot-blots (A-I) after normalization for equal protein loading
(A-II). * indicates significant increase at P < 0.05 and ** indicates significant increase at P <0.01.

3.2.1.2. Brcal tumor suppressor protein
3.2.1.2.1. in liver: Densitometric analysis of India ink-stained slot-blots (Fig. 3.9;
panel A-II) and blots immunoprobed with anti-actin antibody (Fig. 3.9; panel A-III)
did not show significant differences in net intensity of control and AEBN exposed
samples, thus confirming loading of equal amounts of protein. Immunoprobing with
anti-BRCA1 revealed significant alterations in the level of Brcal protein in the liver
of AEBN-exposed mice, in comparison to age-matched controls (Fig. 3.9 panel A-I
& B). Exposure to AEBN led to an immediate Brcal response, with significant
elevation in Brcal protein to 1.3-fold the level of age-matched controls after 2
weeks of exposure. The level of Brcal protein declined to control level after 4
weeks of exposure, followed by a continuous decline to 66 % that of control level

after 16 weeks of exposure when preneoplastic nodules appeared in the liver. After
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24 weeks of exposure, the level of Brcal protein in the preneoplastic nodules, as

well as adjoining regions of liver was found to be 50 % that of age-matched control

level.
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Figure 3.9. Slot-blot analysis for alterations in level of Brcal protein in liver of P generation AEBN
exposed mice. A- panel I slot-blots immunoprobed with anti-p53 antibody for p53 protein, A- panel 11
slot-blots stained with India ink for total protein, serving as loading control, A- panel III slot-blots
immunoprobed with anti-actin antibody for actin protein as loading control, B- Densitometric plot (% of
age-matched controls; mean + SD) of the level of p53 protein expression in liver as obtained by
densitometric analysis of the immunoprobed slot-blots (A-I) after normalization for equal protein loading
(A-II & III). ** indicates significant increase at P < 0.01, AA indicates significant decrease at P < 0.01
and AAA indicates significant decrease at P <0.001.
3.2.1.2.2. in spleen cells (§C): Densitometric analysis of India ink-stained slot-
blots (Fig. 3.10; panel A-II) did not show significant differences in net intensity of
control and AEBN exposed samples, thus confirming loading of equal amounts of
protein. As in case of p53 protein, the pattern of alterations in level of Brcal protein
observed in liver of AEBN-exposed mice (Fig. 3.9), were largely mirrored by the
SC (Fig. 3.10 panel A-I & B). Thus, exposure to AEBN resulted in significant
elevation of Brcal protein to 1.3-fold the level of age-matched controls after 2
weeks of exposure. The level of Brcal protein subsequently declined, reaching 50
% that of age-matched control level after 24 weeks of exposure (Fig. 3.10 panel A-I

& B).
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Figure 3.10. Slot-blot analysis for alterations in level of Brcal protein in SC of P generation AEBN
exposed mice. A- panel I slot-blots immunoprobed with anti-p53 antibody for p53 protein, A- panel II
slot-blots stained with India ink for total protein, serving as loading control, B- Densitometric plot (% of
age-matched controls; mean + SD) of the level of p53 protein expression in liver as obtained by
densitometric analysis of the immunoprobed slot-blots (A-I) after normalization for equal protein
loading (A-II). ** indicates significant increase at P < 0.01, A indicates significant decrease at P < 0.05,
AA indicates significant decrease at P <0.01 and AAA indicates significant decrease at P < 0.001.

3.2.1.2.3. in peripheral blood lymphocytes (PBL): Densitometric analysis of India
ink-stained slot-blots (Fig. 3.11; panel A-II) did not show significant differences in
net intensity of control and AEBN exposed samples, thus confirming loading of
equal amounts of protein. As in the SC (Fig. 3.10), the level of Brcal protein was
significantly elevated to 1.3-fold the age-matched control level after 2 weeks of
exposure, followed by rapid decline to 50 % the age-matched control level after 24

weeks of exposure (Fig. 3.11 panel A-I1 & B).
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Figure 3.11. Slot-blot analysis for alterations in level of Brcal protein in PBL of P generation AEBN
exposed mice. A- panel I slot-blots immunoprobed with anti-p53 antibody for p53 protein, A- panel II
slot-blots stained with India ink for total protein, serving as loading control, B- Densitometric plot (% of
age-matched controls; mean + SD) of the level of p53 protein expression in liver as obtained by
densitometric analysis of the immunoprobed slot-blots (A-I) after normalization for equal protein
loading (A-II). *** indicates significant increase at P < 0.001, A indicates significant decrease at P<0.05,
AA indicates significant decrease at P < 0.01 and AAA indicates significant decrease at P < 0.001.

3.2.1.3. Brca2 tumor suppressor protein
3.2.1.3.1. in liver: Densitometric analysis of India ink-stained slot-blots (Fig. 3.12,
panel A-II) and blots immunoprobed with anti-actin antibody (Fig. 3.12; panel A-
III) did not show significant differences in net intensity of control and AEBN
exposed samples, thus confirming loading of equal amounts of protein.
Immunoprobing with anti-BRCA2 revealed significant changes in the level of
Brca2 protein in the liver of AEBN-exposed mice, in comparison to age-matched
controls (Fig. 3.12 panel A-I1 & B). Exposure to AEBN led to an immediate Brca2
response, with significant elevation in Breca2 protein to 1.4-fold the level of age-
matched controls after 2 weeks of exposure. The level of Brcal protein declined to
control level after 4 weeks of exposure, followed by a continuous decline to 70 %
that of control level only after 6 weeks of exposure. After 24 weeks of exposure,
the level of Brecal protein in the preneoplastic nodules, as well as adjoining regions

of liver was found to be 50 % that of age-matched control level.
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Figure 3.12. Slot-blot analysis for alterations in level of Brca2 protein in liver of P generation AEBN
exposed mice. A- panel I slot-blots immunoprobed with anti-p53 antibody for p53 protein, A- panel
II slot-blots stained with India ink for total protein, serving as loading control, A- panel I1I slot-blots
immunoprobed with anti-actin antibody for actin protein as loading control, B- Densitometric plot (%
of age-matched controls; mean + SD) of the level of p53 protein expression in liver as obtained by
densitometric analysis of the immunoprobed slot-blots (A-I) after normalization for equal protein
loading (A-IT & III). ** indicates significant increase at P < 0.01 and AAA indicates significant
decrease at P <0.001.

3.2.1.3.2. in spleen cells cells (§C): Densitometric analysis of India ink-stained
slot-blots (Fig. 3.13, panel A-II) did not show significant differences in net
intensity of control and AEBN exposed samples, thus confirming loading of equal
amounts of protein. Immunoprobing with anti-BRCA2 revealed significant
alterations in the SC of mice exposed to AEBN, in comparison to age-matched
controls (Fig. 3.13 panel A-I and B). After 2 weeks of exposure, the level of Brca2
protein was elevated significantly to 1.2-fold that of age-matched control level. A
significant decline in Brca2 protein level upon AEBN exposure was observed only
after 20 and 24 weeks of exposure when it was 70 % that of age-matched control

level (Fig. 3.13 panel A-I and B).
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Figure 3.13. Slot-blot analysis for alterations in level of Brca2 protein in SC of P generation AEBN
exposed mice. A- panel I slot-blots immunoprobed with anti-pS3 antibody for pS3 protein, A- panel
I1 slot-blots stained with India ink for total protein, serving as loading control, B- Densitometric plot
(% of age-matched controls; mean + SD) of the level of p53 protein expression in liver as obtained by
densitometric analysis of the immunoprobed slot-blots (A-I) after normalization for equal protein
loading (A-1I). ** indicates significant increase at P < 0.01, AA indicates significant decrease at P <

0.01 and AAA indicates significant decrease at P <0.001

3.2.1.3.3. in peripheral blood lymphocytes (PBL): Densitometric analysis of India
ink-stained slot-blots (Fig. 3.14, panel A-II) did not show significant differences in
net intensity of control and AEBN exposed samples, thus confirming loading of
equal amounts of protein. Immunoprobing with anti-BRCA2 revealed significant
alterations in the level of Brca2 protein in the PBL of AEBN-exposed mice, in
comparison to age-matched controls (Fig. 3.14 panel A-I & B). After 2 weeks of
exposure the level of Brca2 protein was elevated significantly to 1.2-fold that of
age-matched control level (Fig. 3.14 panel A-1 & B). However like in the liver
(Fig. 3.12) the level of Brca2 protein in the PBL also declined to 70 % that of age-
matched control level only after 8 weeks of exposure, and reached 60 % of the age-
matched control level after 24 weeks of exposure. Thus the alterations in level of

Brca2 protein in PBL of P generation exposed mice mirrored those in the liver.
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Figure 3.14. Slot-blot analysis for alterations in level of Brca2 protein in PBL of P generation AEBN
exposed mice. A- panel I slot-blots immunoprobed with anti-p53 antibody for p53 protein, A- panel
11 slot-blots stained with India ink for total protein, serving as loading control, B- Densitometric plot
(% of age-matched controls; mean + SD) of the level of p53 protein expression in liver as obtained by
densitometric analysis of the immunoprobed slot-blots (A-I) after normalization for equal protein
loading (A-II). ** indicates significant increase at P<0.01, AA indicates significant decrease at P <
0.01 and AAA indicates significant decrease at P < 0.001.

3.2.2. Transgenerational exposure
The effect of prenatal exposure to AEBN on susceptibility to AEBN-induced
cancer was determined by exposing mice to AEBN using a transgenerational
exposure protocol (§ 2.6.). The development of preneoplastic nodules of the liver
was found to be significantly advanced in progeny exposed prenatally to AEBN
(FI, F2 and F3 generations), in comparison to previously unexposed mice (P
generation) (§ 3.1.). Thus, prenatal exposure to AEBN apparently enhanced
susceptibility to cancer. In order to explain this observation in light of alterations in
tumor suppressor genes, and taking into consideration alterations in the same genes
induced by chronic exposure to AEBN (§ 3.2.1), the liver, SC and PBL of

transgenerationally exposed mice were examined as in case of chronic exposure.
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3.2.2.1. p53 tumor suppressor protein
Slot-blot analysis of p53 protein level in AEBN-exposed P generation mice
exhibited significant alterations after 4, 6, 8, 12, 16 and 24 weeks of exposure to
AEBN (§ 3.2.1.1.). Hence the effect of transgenerational exposure to AEBN upon
expression level of p53 protein was evaluated only for these periods. In contrast to
P generation mice, the level of p53 protein in mice exposed transgenerationally to
AEBN remained invariant throughout the exposure period, in comparison to age-

matched controls, for F1, F2 as well as F3 generations.

3.2.2.1.1. F1 generation: Densitometric analysis of India ink-stained slot-blots
for liver, SC and PBL of AEBN-exposed F1 mice (Figs. 3.15 A, C & E; panel II)
and blots for liver immunoprobed with anti-actin antibody (Fig. 3.15 A.; panel A-
IIl) did not show significant differences in net intensity of control and AEBN
exposed samples, thus confirming loading of equal amounts of protein. The level
of p53 protein in liver of AEBN exposed mice of F1 showed a significant decline
to 75 % that of age-matched control level, only after 24 weeks of exposure. At all
periods of investigation prior to this, the level remained unaltered in comparison to
control level (Fig. 3.15 A & B). The tendency of p53 protein to remain at control
level was also observed in SC of F1 mice (Fig. 3.15 C & D). The PBL of F1 mice
showed significant increase in level of p53 protein in comparison to age-matched
controls after 4 weeks and 8 weeks of exposure to AEBN (Fig. 3.15 E & F). These
increases, however, did not follow a trend as in case of the P generation (Fig. 3.8),

and were apparently sporadic.
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Figure 3.15. Slot-blot analysis for alterations in level of p53 protein in A-liver, C- SC and E-PBL of F1
generation AEBN exposed mice. panel 1 -slot-blots immunoprobed with anti-pS3 antibody for p53
protein, panel II- slot-blots stained with India ink for total protein and panel III- slot-blots
immunoprobed with anti-actin antibody, serving as loading controls; B, D & F- Densitometric plots (%
of age-matched controls; mean + SD) of the level of p53 protein expression in liver, SC and BL
respectively obtained by densitometric analysis of the immunoprobed slot-blots (A-I, C-I1 & D-I) after
normalization for equal protein loading (A-1I & 111, C-II & D-II). * indicates significant increase at P <
0.05 and AA indicates significant decrease at P < 0.001.

3.2.2.1.2. F2 generation: Densitometric analysis of India ink-stained slot-blots for
liver, SC and PBL of AEBN-exposed F2 mice (Figs. 3.16 A, C & E; panel II) and
blots for liver immunoprobed with anti-actin antibody (Fig. 3.16 A.; panel A-III)
did not show significant differences in net intensity of control and AEBN exposed
samples, thus confirming loading of equal amounts of protein. The level of p53

protein in liver of AEBN exposed mice F2 remained unaltered in comparison to
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control level throughout the period of investigation, with the exception of sporadic
significant increase after 4 weeks of exposure, and decline after 16 weeks of
exposure (Fig. 3.16 A & B). The tendency of p53 protein to remain at control level
was also observed in SC (Fig. 3.16 C & D) and PBL (Fig. 3.16 E & F) of F3 mice,
again with exception of sporadic decline after 4 and 8 weeks of exposure in SC and

16 weeks of exposure in PBL.
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Figure 3.16. Slot-blot analysis for alterations in level of p53 protein in A-liver, C- SC and E-PBL of F2
generation AEBN exposed mice. panel 1 -slot-blots immunoprobed with anti-pS3 antibody for p53
protein, panel I1- slot-blots stained with India ink for total protein and panel III- slot-blots immunoprobed
with anti-actin antibody, serving as loading controls; B, D & F- Densitometric plots (% of age-matched
controls; mean + SD) of the level of p53 protein expression in liver, SC and BL respectively as obtained
by densitometric analysis of the immunoprobed slot-blots (A-I, C-I & D-I) after normalization for equal
protein loading (A-1I & 111, C-II & D-II). *** indicates significant increase at P < 0.001, A indicates
significant decrease at P < 0.05 and AA indicates significant decrease at P <0.01.
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3.2.2.1.3.

F3 generation: Densitometric analysis of India ink-stained slot-blots for
liver, SC and PBL of AEBN-exposed F2 mice (Figs. 3.17 A, C & E; panel II) and
blots for liver immunoprobed with anti-actin antibody (Fig. 3.17 A.; panel A-III)
did not show significant differences in net intensity of control and AEBN exposed

samples, thus confirming loading of equal amounts of protein.
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Figure 3.17. Slot-blot analysis for alterations in level of p53 protein in A-liver, C- SC and E-PBL of F3
generation AEBN exposed mice. panel 1 -slot-blots immunoprobed with anti-p53 antibody for p53
protein, panel II- slot-blots stained with India ink for total protein and panel III- slot-blots
immunoprobed with anti-actin antibody, serving as loading controls; B, D & F- Densitometric plots (%
of age-matched controls; mean + SD) of the level of p53 protein expression in liver, SC and BL
respectively as obtained by densitometric analysis of the immunoprobed slot-blots (A-I, C-I & D-I) after
normalization for equal protein loading (A-II & III, C-1I & D-II). A indicates significant decrease at P <

0.05.
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The level of p53 protein in liver of AEBN exposed F3 mice remained unaltered in
comparison to control level throughout the period of investigation (Fig. 3.17 A & B).
The tendency of p53 protein to remain at control level was also observed in SC (Fig.
3.17 C & D) and PBL (Fig. 3.17 E & F) of F3 mice, again with exception of sporadic

decline after 24 weeks of exposure in SC.

3.2.2.2. Brcal tumor suppressor protein
Slot-blot analysis of Brcal protein level in AEBN-exposed P generation mice
exhibited significant alterations after 2, 6, 8, 12, 16 and 24 weeks of exposure to
AEBN (§ 3.2.1.2.). Hence the effect of transgenerational exposure to AEBN upon
expression level of Brcal protein was evaluated only for these periods. In contrast
to P generation mice, the level of Brcal protein in mice exposed
transgenerationally to AEBN did not show an initial elevation in comparison to
age-matched controls after 2 weeks of exposure, and the decline in level in
comparison to age-matched control was also more rapid. As in the P generation, an

age-dependent decline in level of Brcal protein in control mice was also observed.

3.2.2.2.1. F1 generation: Densitometric analysis of India ink-stained slot-blots for
liver, SC and PBL of AEBN-exposed F1 mice (Figs. 3.18 A, C & E; panel II) and
blots for liver immunoprobed with anti-actin antibody (Fig. 3.18 A.; panel A-III)
did not show significant differences in net intensity of control and AEBN exposed
samples, thus confirming loading of equal amounts of protein. The level of Brecal
protein in liver of AEBN exposed mice was 77 % that of age-matched control level
after 2 weeks of exposure, and rapidly declined to 70 % that of age-matched
control level after 8 weeks of exposure (Fig. 3.18 A & B), concomitant with
appearance of preneoplastic nodules in the liver (Fig. 3.1 g). Similarly, in SC, the
level of Brcal protein was 80 % that of age-matched control level after 2 weeks of
exposure, and rapidly declined to 70 % that of age-matched control level after 8
weeks of exposure (Fig. 3.18 C & D) and in PBL the level of Brcal protein was 74
% that of age-matched control level after 2 weeks of exposure, and rapidly
declined to 70 % that of age-matched control level after 8 weeks of exposure (Fig.
3.18E&F).
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Figure 3.18. Slot-blot analysis for alterations in level of Brcal protein in A-liver, C- SC and E-PBL of
F1 generation AEBN exposed mice. panel I -slot-blots immunoprobed with anti-p53 antibody for p53
protein, panel II- slot-blots stained with India ink for total protein and panel III- slot-blots
immunoprobed with anti-actin antibody, serving as loading controls; B, D & F- Densitometric plots
(mean + SD) of the level of p53 protein expression in liver, SC and BL respectively as obtained by
densitometric analysis of the immunoprobed slot-blots (A-I, C-1 & D-I) after normalization for equal
protein loading (A-I1 & III, C-1l & D-II). AA indicates significant decrease at P < 0.01 and AAA
indicates significant decrease at P < 0.001.
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3.2.2.2.2. F2 generation: Densitometric analysis of India ink-stained slot-blots for
liver, SC and PBL of AEBN-exposed F2 mice (Figs 3.19 A, C & E; panel II) and
blots for liver immunoprobed with anti-actin antibody (Fig. 3.19 A.; panel A-III)
did not show significant differences in net intensity of control and AEBN exposed

samples, thus confirming loading of equal amounts of protein.
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Figure 3.19. Slot-blot analysis for alterations in level of Brcal protein in A-liver, C- SC and E-PBL
of F2 generation AEBN exposed mice. panel I -slot-blots immunoprobed with anti-p53 antibody for
p53 protein, panel II- slot-blots stained with India ink for total protein and panel III- slot-blots
immunoprobed with anti-actin antibody, serving as loading controls; B, D & F- Densitometric plots
(mean + SD) of the level of pS53 protein expression in liver, SC and BL respectively as obtained by
densitometric analysis of the immunoprobed slot-blots (A-1, C-1 & D-I) after normalization for equal
protein loading (A-II & III, C-II & D-II). AA indicates significant decrease at P < 0.01 and AAA
indicates significant decrease at P < 0.001.
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The level of Brcal protein in liver of AEBN exposed mice was 70 % that of age-
matched control level after 2 weeks of exposure, and rapidly declined to 62 % that
of age-matched control level after 6 weeks of exposure (Fig. 3.19 A & B),
concomitant with appearance of preneoplastic nodules in the liver (Fig. 3.1 i).
Similarly, in SC, the level of Brcal protein was 77 % that of age-matched control
level after 2 weeks of exposure, and rapidly declined to 70 % that of age-matched
‘control level after 6 weeks of exposure (Fig. 3.19 C & D) and in PBL the level of
Brcal protein was 84 % that of age-matched control level after 2 weeks of
exposure, and rapidly declined to 67 % that of age-matched control level after 6
weeks of exposure (Fig. 3.19 E & F).

3.2.2.2.3. F3 generation: Densitometric analysis of India ink-stained slot-blots for
liver, SC and PBL of AEBN-exposed F3 mice (Figs. 3.20 A, C & E; panel II) and
blots for liver immunoprobed with anti-actin antibody (Fig. 3.20 A.; panel A-III)
did not show significant differences in net intensity of control and AEBN exposed
samples, thus confirming loading of equal amounts of protein. The level of Brcal
protein in liver of AEBN exposed mice was 77 % that of age-matched control level
after 2 weeks of exposure, and rapidly declined to 61 % that of age-matched
control level after 6 weeks of exposure (Fig. 3.20 A & B), following appearance of
preneoplastic nodules in the liver after 4 weeks of exposure (Fig. 3.1 k). Similarly,
in SC, the level of Brcal protein was 83 % that of age-matched control level after
2 weeks of exposure, and rapidly declined to 65 % that of age-matched control
level after 6 weeks of exposure (Fig. 3.20 C & D) and in PBL the level of Brcal
protein was 70 % that of age-matched control level after 2 weeks of exposure, and
rapidly declined to 64 % that of age-matched control level after 6 weeks of
exposure (Fig. 3.20 E & F).
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Figure 3.20. Slot-blot analysis for alterations in level of Brcal protein in A-liver, C- SC and E-PBL of
F3 generation AEBN exposed mice. panel I -slot-blots immunoprobed with anti-p53 antibody for p53
protein, panel II- slot-blots stained with India ink for total protein and panel III- slot-blots
immunoprobed with anti-actin antibody, serving as loading controls; B, D & F- Densitometric plots
(mean + SD) of the level of p53 protein expression in liver, SC and BL respectively as obtained by
densitometric analysis of the immunoprobed slot-blots (A-I, C-1 & D-I) after normalization for equal
protein loading (A-11 & 111, C-1I & D-II). AAA indicates significant decrease at P < 0.001.
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3.2.2.3. Brca2 tumor suppressor protein:
Slot-blot analysis of Brca2 protein level in AEBN-exposed P generation mice
exhibited significant alterations after 2, 6, 8, 12, 16 and 24 weeks of exposure to
AEBN (§ 3.2.1.3.). Hence the effect of transgenerational exposure to AEBN upon
expression level of Breal protein was evaluated only for these periods. In contrast
to P generation mice, the level of Brcal protein in mice exposed
transgenerationally to AEBN did not show an initial elevation in comparison to
age-matched controls after 2 weeks of exposure, and the decline in level in
comparison to age-matched control was also more rapid. As in the P generation,

age-dependent decline in level of Brca2 protein in control mice was also observed.

3.2.2.3.1. F1 generation: Densitometric analysis of India ink-stained slot-blots for
liver, SC and PBL of AEBN-exposed F1 mice (Figs. 3.21 A, C & E; panel II) and
blots for liver immunoprobed with anti-actin antibody (Fig. 3.21 A.; panel A-III)
did not show significant differences in net intensity of control and AEBN exposed
samples, thus confirming loading of equal amounts of protein. The level of Brca2
" protein in liver of AEBN exposed mice was 80 % that of age-matched control level
after 2 weeks of exposure, and remained at 80 % that of age-matched control level
after 8 weeks of exposure when preneoplastic nodules were observed in the liver
(Fig. 3.1 g). However, this was preceded by a decline to 67 % that of control level
after 6 weeks of exposure (Fig. 3.21 A & B). In SC, the level of Brca2 protein was
74 % that of age-matched control level after 2 weeks of exposure, and rapidly
declined to 65 % that of age-matched control level after 8 weeks of exposure (Fig.
3.21 C & D) and in PBL the level of Brca2 protein was 74 % that of age-matched
control level after 2 weeks of exposure, and rapidly declined to 70 % that of age-
matched control level after 8 weeks of exposure (Fig. 3.21 E & F).
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Figure 3.21. Slot-blot analysis for alterations in level of Brca2 protein in A-liver, C- SC and E-PBL
of Flgeneration AEBN exposed mice. panel 1 -slot-blots immunoprobed with anti-p53 antibody for
p53 protein, panel II- slot-blots stained with India ink for total protein and panel III- slot-blots
immunoprobed with anti-actin antibody, serving as loading controls; B, D & F- Densitometric plots
(mean + SD) of the level of p53 protein expression in liver, SC and BL respectively as obtained by
densitometric analysis of the immunoprobed slot-blots (A-I, C-1 & D-I) after normalization for equal
protein loading (A-II & III, C-II & D-II). A indicates significant decrease at P < 0.05, AA indicates
significant decrease at P < 0.01 and AAA indicates significant decrease at P < 0.001.

3.2.2.3.2.

F2 generation: Densitometric analysis of India ink-stained slot-blots for

liver, SC and PBL of AEBN-exposed F2 mice (Figs. 3.22 A, C & E; panel II) and

blots for liver immunoprobed with anti-actin antibody (Fig. 3.22 A.; panel A-III)

did not show significant differences in net intensity of control and AEBN exposed

samples, thus confirming loading of equal amounts of protein.
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Figure 3.22. Slot-blot analysis for alterations in level of Brca2 protein in A-liver, C- SC and E-PBL of F2
generation AEBN exposed mice. panel I -slot-blots immunoprobed with anti-p53 antibody for pS3 protein,
panel 1I- slot-blots stained with India ink for total protein and panel III- slot-blots immunoprobed with anti-
actin antibody, serving as loading controls; B, D & F- Densitometric plots (mean + SD) of the level of p53
protein expression in liver, SC and BL respectively as obtained by densitometric analysis of the
immunoprobed slot-blots (A-I & III, C-I & D-I) after normalization for equal protein loading (A-II, C-1I & D-
II AA indicates significant decrease at P < 0.01 and AAA indicates significant decrease at P < 0.001.
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The level of Brca2 protein in liver of AEBN exposed mice was 87 % that of age-
matched control level after 2 weeks of exposure, and rapidly declined to 65 % that
of age-matched control level after 6 weeks of exposure (Fig. 3.22 A & B),
concomitant with appearance of preneoplastic nodules in the liver (Fig. 3.1 i). In
SC, the level of Brca2 protein was 76 % that of age-matched control level after 2
weeks of exposure, and rapidly declined to 70 % that of age-matched control level
after 6 weeks of exposure (Fig. 3.22 C & D). Similarly, and in PBL the level of
Brca2 protein was 86 % that of age-matched control level after 2 weeks of
exposure, and rapidly declined to 78 % that of age-matched control level after 6
weeks of exposure (Fig. 3.22 E & F).

3.2.2.3.3. F3 generation: Densitometric analysis of India ink-stained slot-blots for
liver, SC and PBL of AEBN-exposed F3 mice (Figs. 3.23 A, C & E; panel II) and
blots for liver immunoprobed with anti-actin antibody (Fig. 3.23 A.; panel A-IIT)
did not show significant differences in net intensity of control and AEBN exposed
samples, thus confirming loading of equal amounts of protein. The level of Brca2
protein in liver of AEBN exposed mice was 82 % that of age-matched control level
after 2 weeks of exposure, and rapidly declined to 68 % that of age-matched
control level after 6 weeks of exposure (Fig. 3.23 A & B), following the
appearance of preneoplastic nodules in the liver after 4 weeks of exposure (Fig. 3.1
k). Similarly, in SC, the level of Brcal protein was 83 % that of age-matched
control level after 2 weeks of exposure, and rapidly declined to 62 % that of age-
matched control level after 6 weeks of exposure (Fig. 3.23 C & D). In PBL the
level of Brca2 protein was 74 % that of age-matched control level after 2 weeks of
exposure, and and rapidly decline to 58 % that of age-matched control level after 8
weeks of exposure, to AEBN (Fig. 3.23 E & F).
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Figure 3.23. Slot-blot analysis for alterations in level of Brca2 protein in A-liver, C- SC and E-PBL of F3
generation AEBN exposed mice. panel I -slot-blots immunoprobed with anti-p53 antibody for p53 protein,
panel II- slot-blots stained with [ndia ink for total protein and panel III- slot-blots immunoprobed with anti-
actin antibody, serving as loading controls; B, D & F- Densitometric plots (mean + SD) of the level of p53
protein expression in liver, SC and BL respectively as obtained by densitometric analysis of the
immunoprobed slot-blots (A-I, C-1 & D-I) after normalization for equal protein loading (A-II & III, C-II &
D-II). AAA indicates significant decrease at P <0.001.
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3.3. COMPARISON OF EXPRESSION OF P53, BRCA1 AND
BRCA2 PROTEINS UPON CHRONIC AND
TRANSGENERATIONAL EXPOSURE OF MICE TO AEBN

Based on the results obtained by slot-blot analysis (§ 3.2.), a comparison was made
between the relative expression of the p53, Brcal and Brca2 proteins in the
chronically exposed P generation mice, and the different generations of
transgenerationally exposed mice, that is, the F1, F2 and F3 mice. The level of
protein in the liver, SC and PBL of AEBN-exposed mice was expressed in terms of

percent of the age-matched control level. The observations made were as follows.

3.3.1. p53 tumor suppressor protein
The exposure of P generation mice to AEBN was found to induce a significant
elevation in the level of p53 protein in the liver, SC and PBL to 2-2.5 folds the
age-matched control level immediately after exposure to AEBN, that is, within 4-6
weeks (Fig. 3.24 A, B & C). Subsequently, the level of p53 protein declined,
reaching age-matched control level after 16 weeks of exposure, concomitant with
the appearance of pre-neoplastic nodules in the liver (Fig. 3.1 ¢ & d). However, in
the transgenerationally exposed mice, the p53 protein remained largely invariant
from the control level throughout the period of exposure of AEBN, in the liver, SC
as well as PBL (Fig. 3.24 A, B & C). Thus, there was a marked difference in the
pS3 response in transgenerationally exposed mice, in comparison to the

chronically exposed mice.
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Figure 3.24. Graphical representation of expression of p53 protein in P, F1, F2, and F3 generation
mice after exposure to AEBN (% age-matched control; mean + SD) as determined by slot-blot
analysis. A-liver, B-SC and C-PBL
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3.3.2. Brcal tumor suppressor protein
Exposure of P generation mice to AEBN resulted in immediate elevation in level of
Breal protein, followed by decline to 70 + 5 % of age-matched control level after
16 weeks of exposure in the liver, SC and PBL (Fig. 3.25 A, B & C), concomitant
with the appearance of preneoplastic nodules of the liver (Fig. 3.1 ¢ & d).
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Figure 3.25. Graphical representation of expression of Brcal protein in P, F1, F2, and F3 generation
mice after exposure to AEBN (% age-matched control; mean + SD) as determined by slot-blot
analysis. A-liver, B~-SC and C-PBL
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However, the level of Brcal in F1, F2 and F3 generations declined to 77 + 5 %
below age-matched control level after 2 weeks of exposure, followed by rapid
decline to 65 + 5 % below age-matched control level after 8 weeks of exposure in
F1 and 6 weeks of exposure in F2 and F3 mice, concomitant with appearance of
preneoplastic nodules after 8 weeks of exposure in F1 (Fig. 3.1 g & h), 6 weeks of
exposure in F2 (Fig. 3.1 i & j) and 4 weeks of exposure in F3 mice (Fig. 3.1k & 1)

respectively.

3.3.3. BrcaZ2 tumor suppressor protein:
Exposure of P generation mice to AEBN resulted in elevation in level of Brca2
protein, followed by decline to 70 % that of age-matched control level after 16
weeks of exposure (Fig. 3.26 A, B & C), concomitant with the appearance of
preneoplastic nodules of the liver (Fig. 3.1 ¢ & d). However, the level of Breal in
F1, F2 and F3 generations declined to 80 + 5 % below age-matched control level
after 2 weeks of exposure, followed by rapid decline to 65 =+ 5 % below age-
matched control level after 8 weeks of exposure in F1 mice and 6 weeks of
exposure in F2 and F3 mice (Fig. 3.26 A, B & C), concomitant with appearance of
preneoplastic nodules after 8 weeks of exposure in F1 (Fig. 3.1 g & h), 6 weeks of
exposure in F2 (Fig. 3.1 i & j) and 4 weeks of exposure in F3 mice (Fig. 3.1k & 1)

respectively.
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3.4. WESTERN BLOT ANALYSIS OF EXPRESSION OF PS3,

BRCA1 AND BRCA2 PROTEINS UPON EXPOSURE OF MICE TO
AEBN

Western Blot analysis was performed inorder to verify the results obtained by slot-
blot analysis of expression of p53, Brcal and Brca2 proteins upon chronic and
transgenerational exposure of mice to AEBN.
3.4.1. p53 tumor suppressor protein:

As observed by slot-blot analysis (§ 3.2), Western blot analysis confirmed that
exposure of P generation mice to AEBN resulted in rapid upregulation of level of
p53 protein in the liver in comparison to age-matched control level after 6-8 weeks
of exposure, followed by decline to, or below age-matched control after 16 weeks
of exposure (Fig. 3.27). In contrast, transgenerational exposure of mice to AEBN
failed to induce an elevation of p53 protein level, and the level of p53 protein
remained at, or below control level for F1, F2 and F3 generations. Loading of
equal amounts of protein for all samples was verified by staining replica blots with

India ink, for total protein and immunoprobing with anti-actin antibody (Fig. 3.27)
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Figure 3.27. Western blot analysis for alterations in level of p53 protein in the liver of P, F1, F2
and F3 mice after exposure to AEBN.

124



Western blot analysis also confirmed that the p53 response in the SC (Fig. 3.28)
and PBL (Fig. 3.29) of P, F1, F2 and F3 mice mirrored the responses observed in
the liver. Loading of equal amounts of protein for all samples was verified by

staining replica blots with India ink (Figs. 3.28 & 3.29).
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Figure 3.28. Western blot analysis for alterations in level of p53 protein in the SC of P, F1, F2
and F3 mice after exposure to AEBN.
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Figure 3.29. Western blot analysis for alterations in level of p53 protein in the PBL of P, F1, F2
and F3 mice after exposure to AEBN.
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3.4.2. Brcal tumor suppressor protein:

As observed by slot-blot analysis (§ 3.2.1.2. & § 3.2.2.2), Western blot analysis
confirmed that exposure of P generation mice to AEBN resulted in rapid
upregulation of level of Brcal protein in the liver in comparison to age-matched
control level after 2 weeks of exposure, followed by decline below age-matched
control level, reaching 70 % control level after 16 weeks of exposure (Fig. 3.30). In
contrast, transgenerational exposure of mice to AEBN resulted in a decline in level
of Brecal protein below control level after 2 weeks of exposure onwards, followed
by a rapid decline to 70 % that of control level after 6-8 weeks of exposure, unlike
in P generation mice (Fig. 3.30). Loading of equal amounts of protein for all
samples was verified by staining replica blots with India ink, for total protein and
immunoprobing with anti-actin antibody (Fig. 3.30)
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Figure 3.30. Western blot analysis for alterations in level of Brcal protein in the liver of P, F1, F2
and F3 mice after exposure to AEBN.

Western blot analysis also confirmed that the p53 response in the SC (Fig. 3.31)

and PBL (Fig. 3.32) of P, F1, F2 and F3 mice mirrored the responses observed in
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the liver. Loading of equal amounts of protein for all samples was verified by

staining replica blots with India ink (Figs. 3.31 & 3.32).
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Figure 3.31. Western blot analysis for alterations in level of Brcal protein in the SC of P, F1, F2 and

F3 mice after exposure to AEBN.
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Figure 3.32. Western blot analysis for alterations in level of Brecal protein in the PBL of P, F1, F2

and F3 mice after exposure to AEBN.
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3.4.3. Brca2 tumor suppressor protein:
As observed by slot-blot analysis (§ 3.2.1.3. & § 3.2.2.3), Western blot analysis
confirmed that exposure of P generation mice to AEBN resulted in rapid
upregulation of level of Brca2 protein in the liver in comparison to age-matched
control level after 2 weeks of exposure, followed by decline below age-matched
control level, reaching approxiamtely 70 % control level after 16 weeks of
exposure (Fig. 3.33). In contrast, transgenerational exposure of mice to AEBN
resulted in a decline in level of Brca2 protein below control level after 2 weeks of
exposure onwards, followed by a rapid decline to 70 % that of control level after 6-
8 weeks of exposure, unlike in P generation mice (Fig. 3.33). Loading of equal
amounts of protein for all samples was verified by staining replica blots with India

ink, for total protein and immunoprobing with anti-actin antibody (Fig. 3.33).
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Figure 3.33. Western blot analysis for alterations in level of Brea2 protein in the liver of P, F1, F2
and F3 mice after exposure to AEBN.

Western blot analysis also confirmed that the p53 response in the SC (Fig. 3.31)
and PBL (Fig. 3.32) of P, F1, F2 and F3 mice mirrored the responses observed in
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the liver. Loading of equal amounts of protein for all samples was verified by

staining replica blots with India ink (Figs. 3.34 & 3.35).
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Figure 3.34. Western blot analysis for alterations in level of Brcal protein in the SC of P, F1, F2

and F3 mice after exposure to AEBN.
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Figure 3.35. Western blot analysis for alterations in level of Brcal protein in the PBL of P, F1, F2

and F3 mice after exposure to AEBN.
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3.5. PCR-AMPLIFICATION AND DIRECT DNA SEQUENCING OF
SELECTED REGIONS OF TUMOR SUPPRESSOR GENES

Selected regions of the mouse p53, Brecal and Breca2 genes were amplified from
DNA isolated from liver nodules of mice exposed to AEBN chronically and
transgenerationally for 24 weeks, as well as from solid tumors developing in F1
and F3 mice. The regions were also amplified from DNA isolated from
corresponding regions of liver of age-matched control mice, which served as
controls for this experiment. Following amplification, the amplicons were
sequenced by direct DNA sequencing. DNA sequencing was performed for each
sample using the forward and reverse primers independently. A nucleotide change
was considered to be significant only when complementary changes were observed

in corresponding postions of a sample following sequencing by both primers.

3.5.1. p53 tumor suppressor gene
3.5.1.1. Exon 5: Fig. 3.36 shows the electropherogram of the amplified 262 bp

fragment obtained by amplifying exon 5 of the mouse p53 gene.
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Figure 3.36. Electropherogram of the amplicons of exon 5 of the mouse p53 gene. Lanes 1, 2,3, 4
and 5 are the profiles of amplicons obtained from unexposed control (C), exposed P generation,
exposed F1 generation, exposed F2 generation and exposed F3 generation samples, respectively.
Lane M is the DNA molecular size marker (100 bp DNA ladder).

Upon analysis of the electropherogram by KDS1 software, no significant
difference was observed in size of the amplicons of exposed samples in
comparison to control. Direct DNA sequencing of the amplicons (Genbank
accession # EF570972, Appendix I), followed by alignment and analysis of the
sequences using Multalin software revealed no significant changes in the sequence

of amplicons of exposed samples in comparison to control (Fig. 3.37).
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p53exonSF2  TATCGTTACTCBGECTTGTCCCCGACCTCCGTTCTCTCTCCTCTCTTCCAGTACTCTCCTCCCCTCRAATARGE TRTTCTGCCAGE TR6CGARGRCGTGCCCTGTGCAGTTETHEGTCAGCGCCACACCT

PS3exonSF3 TTATCGTTACTC-BECTTGTCCCCGACCTCCETTCTCTCTCCTCTCTTCCAGTACTCTCCTCCCCTORARTARGC TATTCTGCCAGE TEGECGARGACG TRCCCTGTRCAGT TRTGE6TCAGCGCCRCACCT

P53exonSF1 CTARCTC-GTTCTCTCTCCTCTCTTCCAGTRCTCTCCTCCCCTCAATARGE TATTCTGCCAGC TEGCGARGACGTGCCCTRTGCAGTTGTGEGTCAGCGCCACACCT
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pP53enonSP CCAGCTGGEAGCCHTETCCGLGCCATEECCATCTRCANGAAG TCACAGCRCATGACGEAGETCH TGAGACEE TECCC-CCACCATERGCEC TGUACTGTG-G6CCCEEARACCTTCE

p53exonSF2 CCAGCTGGEAGCCGTGTCCGCGCCATEGECCATC TACARGARGTCACAGCACATGACGEAGLTCETEAGACGC TGCCCTACACCATEAGCGCTGTACTGATCGRGACGGARGCCTTCE

PS3exonSF3 CCAGCTGGGAGCCGTGTCCGCGCCATEECCATCTACARGARGTCACAGCACATEACTEAGGTCGTGAGACGC TGCCCTACAGCATGAGCGCTGTAGTATAGTCCRLGLEAGC—TCE

p53exonSF1 CCRGCTEGGAGCCGTETCCGLGCCRTEGCCRTCTACARGARG TCACAGCACRTGACGERGETCHEEAGACEL TELCC-CCACCRTEAGCECTGLTCCGRTGETGRTGETRARTTR
Consensus CCAGCTGGGAGCCGTGTCCGLGCCATEGCCATCTRCARGRAG TCRCAGCACATGAC gGRGGTCBLEAGACEC TECCC , cCCACCATEAGCGC Thcact gat.gg. gachh, Age. .tog
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pS3exonSP(R)  CHARGCATCCGCCGACTATAR-TACAGCGCTCATGRTG-G6GG6CAGCGTCTCACGACCTCCATCATRTGC-TRTGACTTCTTGTAGATGECCATGALGCGGACACGEC TCCCAGCTBGEAGGTGTBGCGE
pHIexonSF2(R)  CHA-GCTGCCGCGGACTATAC-TACAGCECTCATGCTRTAGGGCAGCGTCTCACGACCTCAGTCATETGL-TRTGACTTCTTGTAGATGECCATRGCGCHEACACGEC TCCCAGCTG6AGETARTGECEC
p53exonSF1(R)  CGRGGECBCCGGAGACGATAGATAGAGCGATCATTEEGTAGGECAGCGTCTCACGACCTTAGTCTTGTGCATGTGACTTCT TGTAGATGECCATGECGCEEACACEEL TCCCAGL TEGAGHTHTBECEL
pS3exonSF3(R)  CGAAGECTTCCETCTCGATCABTACAGCGCTCATBRTETRGGGCAGCGTCTCACBACCTCCETCATGTGC-TETGRCTTCTTGTRGATGECCATEECGCGGACACGEC TCCCAGCTRGAGETRTGECEE
Consensus ,CGAaGigtticgg,g.cefilce,LAgABLE, TeaTge, gtabeglablGTCTCACEACTTLAGTCATGTGE, TGTGACTTCTTGTRGATGECCATGGLGCGGACACGEL TCCCAGCTGGAGETGTGECEE
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PS3exonSC(R)  TGACCCACARCTGCACAGEGCACGTCTTCRCCAGCTGECRGARTAGL TTATTGAGEGERAGEAGRGT AL TGGARGAGRGGA
(R) TGACCCACRACTGCACAGGGCACETCTTCGCCAGC TGECAGRATAGC TTAT TGAGEGEAGGAGAGTAC TGEARGAGRGGAGAGAGARCGGAGET CGEEGACAAGLC-GAGT AACGATAA
pS3exonBF2(R)  TGACCCACRACTGCACAGEGCACGTCTTCACCAGL TGECAGARTAGC TTAT TGAGEGEAGEAGAGT AL TGGARGAGAGGAGRGAGRACGGAGET CGGLGACARGCC-GAGTARCGATAR
p53exonSF1(R)  TGACCCACRACTGCACAGBGCACETCTTCGCCAGCTGECAGARTRAGL TTAT TGAGGGEAGEAGAGTACTGERAGAGAGGAGAGRGARC GGAGETCGGGGACARGCC-GAGTARCGATA
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Consensus  TGACCCACRACTGCACAGEGCACETCTTCGCCAGCTGECAGRATAGL TTATTGRGGEEAGGAGAGT AC TGEARGAGAGGAgagagaacggagpt cggpgacaagee. gagtaacgata,

Figure 3.37. Alignment of sequences obtained after direct DNA sequencing of amplicons of exon 5
of the mouse p53 gene with (A) forward primer and (B) reverse primer.

In the obtained alignment (Fig. 3.37), the nucleotide changes observed towards the
beginning and end of the sequences (blue) were not considered significant as they
could be the result of errors in sequencing. Nucleotide changes were also observed
in position 187 in the amplicon from F3 sample and position 195 in the sample
from F1 sample, but the complementary changes were not observed in the
corresponding positions when the samples were sequenced with the reverse primer.
Hence, these nucleotide changes were not considered significant. Thus it can be
concluded that chronic as well as transgenerational exposure of mice to AEBN did

not induce mutation in exon 5 of the mouse p53 gene.

3.5.1.2. Exon 7: Fig. 3.38 shows the electropherogram of the amplified 202 bp
fragment obtained by amplifying exon 7 of the mouse p53 gene.
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Figure 3.38. Electropherogram of the amplicons of exon 7of the mouse p53 gene. Lanes 1, 2, 3, 4
and S are the profiles of amplicons obtained from unexposed control (C ), exposed P generation,
exposed F1 generation, exposed F2 generation and exposed F3 generation samples, respectively.

Lane M is the DNA molecular size marker (100 bp DNA ladder).

Upon analysis of the electropherogram by KDS1 software, no significant
difference was observed in size of the amplicons of exposed samples in
comparison to control. Direct DNA sequencing of the amplicons (Genbank
accession # EF634061, Appendix II), followed by alignment and analysis of the

sequences using Multalin software revealed no significant changes in the sequence

of amplicons of exposed samples in comparison to control (Fig. 3.39).
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p53exon7P GTCCCTGEATCCT-GTGTCTTCC-CCCAGGCCGE~CTCTGAGTATACCRCCATCCACTRCARGTACATGTGTARTAGCTCCTGCATGGGGEGCATGARCCGCCGACCTATCCTTACCATCATCAC
p53exon7F1 GGGARTTGETTCCTCTTGTTCTCTTCCCAGGCCGGECTCTGAGTATACCACCATCCACTACARGTACATGTGTARTRGE TCL TGCATEEGE6GCATGARCCGCCHACCTATTCTTRCCATCATCAC
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ACTGGAAGAC TCCAGETAGGARGGCGCGTGETAGGTTAGETTAGCCTGTTTCTTCCCCAGR
ACTGGARGAC TCCRGGTRGGARGECECG TG TRGGTTAGE T TRGCCTGTTTCTTCCCCAGA
RCTGGARGAC TCCAGG TAGGARGGCECGTGETAGGTTAGGTTAGCCTGTTTCTTCCCCAGA

P53exon7F3 ACTGGARGAC TCCAGETAGGARGGCECGTGETAGE TTAGGTTAGCCTGTTTCTTCCCCAGA
P53exon7F2 ACTGGARGAC TCCAGGTAGGARGGCECGTGETAGGTTAGETTAGCCTGTTTCTTCCCCAGA
RCTGGARGAC TCCAGG TRGGARGGCECGTGETAGGTTAGETTAGCCTETTTCTTCCCCAGA
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P53exon7C(R) ) CTRCCTAC-ACECECCTTCCTRCC-TGGAGTCTTCCAGTGTGATGATGG TARGGATAGE TCGECEGTTCATGCCCCCCATGCAGGAGC TRTTACACATGTACTTGTRAGTGGATGGTGGTRATRCTCAGA

p53exon7P(R) TCATAGCTACCACGCELCTTCCTRCC-TGGAGTCTTCCAGTGTGATGATGGTARGGATAGETCGECGGTTCATGLCCCCCATGCAGGAGC TRTTACACATGTACTTGTAGTGGATGGTGGTATACTCAGA

CRATRGCTGC-ACGCECCTTCCTRCC-TGGAGTCT TC-AGTGTGATGATGG TARGGATAGG TCHGCH6T TCATGCCCCCCATGCAGGAGC TAT TRCACATGTRCT TGTAGTGGATGG TGETATACTCAGA
ACAGCATGCCECYCCCCTTCTCACTRTGGAGTCT TCCAGTGTGATGATGGTARGGATAGE TCHECHGT TCATGLCCCCCATGCAGGAGC TATTACACATETACTTGTAGTGGATGGTGGTRTACTCAGA
TCRGCATATCGGTCCCCTTCTCACT-TGGAGTCTTCCAGTGTGATGATGG TRRGGATAGETCGECEET TCATGCCCCCCATGCAGGAGC TATTACRCATGTACT TGTAGTGGATGGTGGTRTACTCAGA

«octaccTaccacglgCCTTCctACe, TRGAGTCTTCcRGTGTGATGATGETARGGATAGG TCGRCGET TCRTGCCCCCCATGCAGGRGC TRTTRCACATGTRCTTGTRGTGGRATGETGGTATACTCAGR
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GCCGGCCTEEGEGARGACACAGEATCCAGGTGARGTCGCTCCCTRCCTCACTAR
GCCGGCCTGGEEGARGRCACAGGATCCRGE TGARGTCGCTCCCTRCCTCACTAA
GCCGGLC TGHEGGANGACACAGGATCCAGGTGARGTCGCTCCCTACCTCACTRA
GLCGECC TGHGEGARGACACAGEATCCAGETGARGTCGCTCACTACCTCACTAA
GCCEECC TGHGEEARGACACAGEATCCAGGTGARGTCGCTCCCTACCTCACTAR
GCCHECCTELGLERNGACACAGEATCCAGGTGARGTCGCTCcCTRCCTCACTARA

Figure 3.39. Alignment of sequences obtained after direct DNA sequencing of amplicons of

exon 7 of the mouse p53 gene with (A) forward primer and (B) reverse primer.
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In the obtained alignment (Fig. 3.39), the nucleotide changes observed towards the
beginning the sequences (blue) were not considered significant as they could be the
result of errors in sequencing. A nucleotide change was also observed in position
116 in the amplicon from F1 sample, but the complementary change was not
observed in the corresponding position when the sample was sequenced with the
reverse primer. Hence, this nucleotide change was not considered significant. Thus
it can be concluded that chronic as well as transgenerational exposure of mice to

AEBN did not induce mutation in exon 7 of the mouse p53 gene.

3.5.2. Brcal tumor suppressor gene
Exon 11 of the mouse Brcal gene was selected for this study. The exon is 1386 bp
long, and was divided into five overlapping regions which were amplified and

sequenced individually in order to ensure accuracy of sequencing (§ 2.32.2.).

3.5.2.1. Region A: Fig. 3.40 shows the electropherogram of the amplified 317 bp
fragment obtained by amplifying region A of exon 11 of the mouse Brcal gene.

¢ € gy <b €

Figure 3.40. Electropherogram of the amplicons of region A of exon 11 of the mouse Brcal gene.
Lanes 1, 2, 3, 4 and 5 are the profiles of amplicons obtained from unexposed control (C), exposed
P generation, exposed F1 generation, exposed F2 generation and exposed F3 generation samples,
respectively. Lane M is the DNA molecular size marker (100 bp DNA ladder).

Upon analysis of the electropherogram by KDS1 software, no significant
difference was observed in size of the amplicons of exposed samples in
comparison to control. Direct DNA sequencing of the amplicons followed by
alignment and analysis of the sequences using Multalin software revealed no
significant changes in the sequence of amplicons of exposed samples in

comparison to control (Fig. 3.41).
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ARGTCCCCARRRRGACT G-GCTCRCTCTE—CCCTCG~GARACTGAA
ARGTCCCCARMAGGAC TG-GCTCRCTCTETGCCCTCG-GARACTGRA
RAGTCCCCARRRGGAC TG-ACTCACT-GATGTECTCE-GARACTGAR
ARGTCCCCARRAGGAL T6-ACTCACT-GATGTECTCE—GRARGCTGR
ARGTCCCCARA-GGACTGTGCTCACTCTETGCCCTCARGGARC TGRARA
RAGTCCCC T6.gCTCACTctgtgecCTCg. GaRalT6Ra, o

Figure 3.41.
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TTCAGTTTCC-GAGEECA-~GRGTGAGC~CAGTCTTTTTGGEGACTTTRGGETTTAGETT T TGRAAATRARGCAART GACTGRCGCTT TEARRC TTGRAATGTATTCTGCARRTACTGAGTATCAAGTT
TTCAGTTTCC-GAGGECACAGAG TGRGC~CAGTCCTT TTGGEGACT TTAGETTTAGET 1T TGARRATARAGCARATGAC TGACGCTTTGARAC TTGARATGTATTCTGCRAARTACTGAGTATCARGTT
TTCAGTTTCC-GAGCACR=TCAG TGRGT-CAGTCCTTTTGGGGACT TTAGE T TTAGETT T TGARARTRARGCARATGAC TGACGC TTTGARAC TTGARRTGTATTC TECARATACTGAGTATCARGT T
TCAGCTTCC—GRAGCACR=-TCAGTGAGT~CRGTCCTTTTGGGEACT TTAGGTTTAGET TT TGARRATRARGCARATGAC TGRCGC TTTGARAC T TGAARRTGTATTCTGCRARTACTGAG TRTCARGTT
RCAGAG T GRGCACAG TCCT T T-GGGGACT TTAGG T TTRGETTT TGRARATARRGCAART GAC TGACGCTT TEARRC TTGARATGTATTCTGCARATACTGAGTRTCAAGT T

+otTCAGLTtCc .GRGgeCA, .gABTGAGC . CRETCcTTTLGGEERCTTTAGETTTRGETT T TGARARTARRGCARATGACTGACECTTTGARACT TGARATGTATTCTGCARATACTGAGTRTCARGTT
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CACTETCTTCCATTTCTACTTTCTCCTGACTGRGET TARGCECETGTC TCARGGHELGC T TGAGACCCTCTGATTGTTAGACC TRC TACTGCGAC TGAGGATGTGCBCTTCTEATEGTCEBACATCTACCA
CACTGTCTTCCATTTICTRCTTTCTCCTGACTGAGGT TRAGCGCGTGTC TCARGGEGGGE Y TGRGACCCTCTEGATTGT TAGACC TAC TACTECEAC TGAGGATGTGCGCTTCTGATGGTCGACATCTACCA
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) CRCTGTCTTCCATTTCTACTTTCTCCTGACTGRGGT TARGCECHTGTC TCRARGGHEGEC T TGRGACCCTCTGATTGTTAGACC TRCTAC TGCGAC TEAGGATGTECECTTCTGATGGTCGACATCTACCA

CACTGTCTTCCATTTICTACTTICTCCTGACTGRGET TARGLECETGTCTCARGGEGGEL TTGRGRCCCTCTGATTET TRGACCTRCTRCTGCGACTGRGGATGTGCRCTTCTHATGETCEGACATCTACCA
CACTGTCTTCCATTTCTACTTTCTCCTGACTGAGGT TARGCECETGTCTCARGGEEGEC T TGRGACCCTCTEATTGTTAGACC TAC TACTGCGAC TGAGGATGTGCGLTTCTEGATRG—ACATCTACCA
CACTGTCTTCCATTTICTRCTTTCTCCTGRCTGRGE T TRRGCGCETGTC TCARGGEEGEL T TGRGRCCCTCTEATTGTTAGACCTRC TRC TECEACTGAGGRTGTECEC TTCTGATgGLcgACATCTACCA

mm 280 290 300 = 309

GCAC
ATGCG~CAGTCECCATATCG-—CAGCGTACTTCARCAGAT
ATGCE=CAGTCECRACARCECACAGTGTRCA-CARCATRCGATCTCC
ATGCG.CAGTCgCcAt atcg. .ChgcgtACa.cRACA . ALGRggTCe. .

Alignment of sequences obtained after direct DNA sequencing of amplicons of region

A of exon 11 of the mouse Brcal gene with (A) forward primer and (B) reverse primer.

In the obtained alignment (Fig. 3.41), the nucleotide changes observed towards the

beginning and end of the sequences (blue) were not considered significant as they

could be the result of errors in sequencing. Nucleotide changes were also observed

in positions 56-72 in the amplicon from P sample, but the complementary changes

were not observed in the corresponding positions when the sample was sequenced

with the reverse primer. Hence, these nucleotide changes were not considered

significant. Thus it can be concluded that chronic as well as transgenerational

exposure of mice to AEBN did not induce mutation in region A of exon 11 of the

mouse Brcal gene.

3.5.2.2. Region B: Fig. 3.42 shows the electropherogram of the amplified 330 bp
fragment obtained by amplifying region B of exon11 of the mouse Brcal gene.
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Figure 3.42. Electropherogram of the amplicons of region B of exon 11 of the mouse Brcal gene.
Lanes 1, 2, 3, 4 and 5 are the profiles of amplicons obtained from unexposed control (C), exposed
P generation, exposed F1 generation, exposed F2 generation and exposed F3 generation samples,
respectively. Lane M is the DNA molecular size marker (100 bp DNA ladder).

Upon analysis of the electropherogram by KDS1 software, no significant difference
was observed in size of the amplicons of exposed samples in comparison to control.
Direct DNA sequencing of the amplicons followed by alignment and analysis of the
sequences using Multalin software revealed a significant change in the sequence of
amplicons of samples F1, F2 and F3 in comparison to control. In the obtained
alignment (Fig. 3.43), the nucleotide changes observed towards the beginning and
end of the sequences (blue) were not considered significant as they could be the
result of errors in sequencing. Nucleotide changes observed in positions 66 and 89
in the amplicons were not considered significant as the complementary changes
were not observed in the corresponding positions when the sample was sequenced
with the reverse primer. However, the nucleotide change (G—C) at position 180 in
transgenerationally exposed samples F1, F2 and F3 in comparison to control C, and
chronically exposed sample P was confirmed by a complementary (C—G) change
in the corresponding position i.e. at position 134 when the samples was sequenced

with the reverse primer (Fig. 3.43 B.).
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CCCTRTCARGARGGTARGC TAGC TR TGATACARTGTGTGATAG
CCCTGTCRAGARGGTARGCTRGCTGCTGATACAATGTGTGATA
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CCCTRTCRARGARGG TARGCTAGCTGC TERATACRATG TRTGATAGH

CCCTGTCRAGARGGTARGC TRGL TECTGATACARTETGTGATAGAY
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CRCATTTTARACRATCAGT TTCTCCCATCAGE TCATC TATARARAC TGRCAATAGGARACC TCCTGACAGAG
CRCATTTTARACARTCAGTTTCTCCCATCRGETCATC TATRARRACTGACAATRGGRRACT T TCTGACAGRGER
CACATTTTAAACAATCAGT TTCTCCCATCAGE TCATCTATAARAAC TGACAATAGGARACC TCCTGACAGAG
CACATTTTAAACARTCAGTTTCTCCCATCAGETCATCTATARARAC TGACAATAGGRARACC TC-TGACAGAGEA
CACATT=~ARACRATCAGT T=CTCCCATCRG-TCATCTRARAGEGARGET

CRCATTLLRARRCAATCAGT TLCTCCCATCAGE TCATCTALAA. Gacaat c.t »
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CTTGTCE—CTTTTTTGATGACCTGATGEEAGRA-CTGATTGTTTATARTGTGAGT TTTGTGARATTCCTGATTTACCTETGELECTEAGTCCATTCTCCCCRCTTCTGTARTERGATGATGGACRANGL
ATGTCE—-TT1 TTRAGATGACCTGATGGERAGAR-C TGAT IGTTTRRARATETGRGT T TTGTGARATTCCTGAT TTRCCTETBECEC TGAGTCCATTCTCCCCECT TCTRTAATGAGATGATGGRCARRGL
TGGTCERTTTT TRATAGATGACCTGATGEEAGARRCCGATTGTTTARAATGTGAGT TTTGTGARAT TCCTGATTTACCTGTEECECTGRGTCCATTCTCCCCRCTTCTETARTGAGAT GATGGACRARGL
ACCTTCCCT T T TAGATGAC-TGATGEERGAR-C TGRT TR T TTAR—TETGAGTTT TGTGARAT TCCTTATTTRCCTRTGECECTEAG TCCRTTCTCCCCRLTTCTETRATEAGAT GRTGGACARAGT
AATRTCTTCATT TTTAGATGACCTGATGEGAGAR=CTGATTGT TTRR—TGTGRGTTTTGTGAR=-TTCCTGATTTRCCTGTRELGCTERAGTCCATTCTCCCCGCTTCTRTARTGAGAT GRTGGACRRAGL
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CTRTCACACATTGTATCAGCAGC TRGCTTACCTTCT TGACAGGECACAGE TRRGCLCACTGTGGCCGCARCTECTTGTACETGACTGATTTCARRTTCTTCCTETCCCYGACGTTCTTTTT
(CTRATCACACATTGTATCAGCAGC TAGCTTRCCTTCT TGACAGEECACAGE TARGCCCACTGTGGCCGCARCTECTTETACGTGACTGATTTCARATTCTTCCTGTCCCTGACGTTCTTTTT
CTATCRCACAT TGTATCAGCAGL TRGC TTRCCTTCT TGACAGGGCACAGE TARGLCCACTGTEGCCGCARCTGCTTETRCGTGRCTGATTTCRRATTCTTCCTGTCCCTGACGTTCTYTTT
CTRGARCCHC TRTCRCACAT TGTATCAGCAGC TAGC T TRCCTTC T TGRCAGGGLACAGE TRARGCCCAC TG TGGCCGCARCTECTTGTRCG TGRCTGAT TTCRRATTCTTCCTGTCCCYGRCGTTCTTITTT
CTAGRACONCTATCACACATTGTRTCRGCAGL TRGL TTRCCTTCTTGACAGEGCACAGE TRRGCCCACTGTEGCCGCARCTECTTRTACGTGACTGATTTCARRTTCYTCCTETCCCTGACGTTCTTTTT
T TCTATCACACATTGTATCAGCAGE TRECTTRCCTTCTTGRCAGEGCACAGETARGCCCACTGTERCCGCARCTECTTETACGTGACTGRTTTCAARTTCTTCCTETCCCTGACGTTCTITTT
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GITTRCCTTTRGCTGTCRCCTTTGGRCTCAGTTCL
GTTTRCCTTTRGCTGTCACCTTTGGACTCAGT TCCTTTGARGGGGCACAGAGTA
GTTTACCTTTAGCTGTCACCTTTGGACTCAGT TCCTT TGA-—GGGCACAGRGTA
GTTTACCTTTAGCTGTCACCTTTGGACTCAGT TCCT T TGA-GGGGCACAGAGTA
GTTTRCCTTTRGCTGTCACCTTTGEACTCAGT TCCTTTGA-GGG-CACAGAGT
GTTTACCTYTAGCTGTCRCCTTTGGRACTCAGTTCCLLL ga .gggecacagagta

Figure 3.43. Alignment of sequences obtained after direct DNA sequencing of amplicons of region
B of exon 11 of the mouse Brcal gene, with (A) forward primer and (B) reverse primer showing the
G—C mutation in the forward strand and the complementary C—G mutation in the reverse strand

(circles)

The consensus nucleotide sequences obtained for control and transgenerationally

exposed samples were translated into the corresponding amino acid sequence. The

amino acid substitution corresponding to the mutation was found to be the

missense mutation cysteine (Cys) — serine (Ser) (TGT—TCT, Fig. 3.44). Thus,

the results indicate that transgenerational exposure of mice to AEBN induces

mutation in region B of exon 11 of the mouse Brcal gene.
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Figure 3.44. Sequencing electropherograms of control and AEBN exposed samples, showing the
TGT—TCT mutation in exon 11 of the Brcal gene of mice exposed transgenerationally to AEBN.
The corresponding amino acid substitution is Cys—Ser.

3.5.2.3. Region C: Fig. 3.45 shows the electropherogram of the amplified 313 bp
fragment obtained by amplifying region C of exonl1 of the mouse Brcal gene.

IR LR

Figure 3.45. Electropherogram of the amplicons of region C of exon 11 of the mouse Brcal gene.
Lanes I, 2, 3,4 and S are the profiles of amplicons obtained from unexposed control (C), exposed
P generation, exposed F1 generation, exposed F2 generation and exposed F3 generation samples,
respectively. Lane M is the DNA molecular size marker (100 bp DNA ladder).

Upon analysis of the electropherogram by KDS1 software, no significant difference
was observed in size of the amplicons of exposed samples in comparison to control.

Direct DNA sequencing of the amplicons followed by alignment and analysis of
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the sequences using Multalin software revealed no significant changes in the

sequence of amplicons of exposed samples in comparison to control (Fig. 3.46).
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M 310 32?
_—_.—.—_

1 10

BFI‘.‘MTW
GACARTAGGA
~CCARTAGGRARCCTCTGAC

gacaataggfeesseecess

Figure 3.46. Alignment of sequences obtained after direct DNA sequencing of amplicons of
region C of exon 11 of the mouse Brcal gene, with (A) forward primer and (B) reverse primer.

In the obtained alignment (Fig. 3.46), the nucleotide changes observed towards the
beginning and end the sequences (blue) were not considered significant as they
could be the result of errors in sequencing. Thus it can be concluded that chronic as
well as transgenerational exposure of mice to AEBN did not induce mutation in

region C of exon 11 of the mouse Brcal gene.
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3.5.2.4. Region D: Fig. 3.47 shows the electropherogram of the amplified 367 bp

fragment obtained by amplifying region D of exonl1 of the mouse Brcal gene.

- 100 bp
-

Figure 3.47. Electropherogram of the amplicons of region D of exon 11 of the mouse Brcal gene.
Lanes 1, 2, 3, 4 and S are the profiles of amplicons obtained from unexposed control (C), exposed
P generation, exposed F1 generation, exposed F2 generation and exposed F3 generation samples,
respectively. Lane M is the DNA molecular size marker (100 bp DNA ladder).

Upon analysis of the electropherogram by KDS1 software, no significant
difference was observed in size of the amplicons of exposed samples in
comparison to control. Direct DNA sequencing of the amplicons followed by
alignment and analysis of the sequences using Multalin software revealed no
significant changes in the sequence of amplicons of exposed samples in

comparison to control (Fig. 3.48).
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BrealenoniiDC(F) BCRGTEY T -CTGTA-GTEATR-GTATCT TGRARTACARRAGCAGGRGEE T GRGEL THTCTHTBCAGRCT TETCTELATGTCTRATTCTCAGRCCATLT TGRGCRATC TRTGRGTGEYRRGET T
{F) GCAGTGTT-CTGTR-GTGATA-GTATCTTGARATARAARRGCRGGAGGG TGAGECTGTCTGTRCAGACTTCTCTCCATGTCTATTCTCAGACCATCTTGAGCRATC TATGAGTGETARGETT
Brealexonl1OF1(¢F) TRAGTGT T=CTGTA=-GTGRTA-GTATCT IGARATCARAA-GCAGGAGEGTGAGBL TGTCTGTRCAGACT TCTCTCCATGTCTATTCTCAGACCATCTTGAGCAATC TRTGAGTGETARGGTT
Brealexonl10F2(F) RMACECAGTGT TACTGRATETGATAAGTATCT TGRAAATCARARAGCAGGAGEETBAGECTHTCTGTGCAGACT TCTCTCCATGTCTATTCTCAGACCATCT TGRGCAATC TATGAGTGETARGETT

Brcalexon110F3(F) GGGACRTCARGATGT T-CTGTA-GTEATA-GTATCTTGARTCARRGLAGEEAGAGE-TGAGECTGTCTGTRCRGACTTCTCTCCATGTCTRTTCTCAGACCATCT TRAGCARTC TATGAGTHETARGETT
Consensus  ........pcagl6TT,CTGLA,GTGATA, GTATCTTGARat asflasabeagGRGGE TGRGECTGTCYGTECAGACTTCTCTCCATGTCTATTCTCAGRCCATCTTRAGCARTC TATGAGTGETARGETT

i1 140 150 160 170 180 190 200 210 220 230 240 250 260

BrealexonttiiCCF) TTTCAGGTTTECTCTGAGRCACCTRRTGACCTGC TGERTGATGT TGRRATACAGEGACRTAC TAGCT T T66TGARGETGACRTARTGGAGAGRTCTECTGTCT T TARCGGARGCATCC TGAGRAGEERGT
(F) TTTCAGETTTGCTCTGAGACACCTEATGACCTGCTEGATGATET TGARATACAGEGACATAC TAGLTT T6GTGARGGTGACATART GHAGAGATCTECTRTCTT TARCGGARGCATCC TGAGARGEEAGY
Brealexonl1DFACF) TTTCAGGTTTGCTCTGRGACACCTGRATEGACCTGCTGEATGATET TGARATRCAGEGACATAC TRGCT T T66THAAGE TGACRTAATGGRGAGATCTECTGTC T TTARCGGARGCATCCTGAGRRGGGAGT
BrcalexonliDF2(F) TTTCAGGETTTGCTCTGAGRCACCTGATBACCTECTEGATGATGT TGARATRCAGGGACATAC TAGLTTTHG TEAAGETEACATRATGGAGAGATCTGCTRTCT TTARCEGARGCATCC TGAGARGEEAG Y
Brealexonl1DF3(F) TTTCAGGTTTGCTCTGAGACRCCTGATGACCTGCTGGATGATGTTGARATRCAGEGACRTACTAGCT TTEGTEAAGE TGACATARTGGAGAGATCTHCTRTCTTTARCGGARGCATCC TGAGRAGEGAGT
Consansus TTTCAGETTTGCTCTGAGACACC TEATRACC TECTEGATEATET TGARATACAGGEACATRC TAGC TTT6ETGRRGETGACATANT GGAGAGATL TELTRTCT T TARCEGARGCATLL TEAGANGEGAGT

261 270 280 290 300 310 320 330 340 350 36862

Brealenon11BC(F) CCAGTAGGAGCCT TRGTCCTETARCCCATGCATCGARGTCTCAGAGTC TCUACAGAGCE TC TRGGARAT TRGANTCGTCAGARGAGARGCGAC TCCAT
BrealexonliDP(F) CCAGTRAGGAGCCCTAGTCCTGYRRCCCATECATCHARGTCTCAGAGTCTCTACRGAGCE TCTAGGAAATTAGAATCS TCAGAR-AGARGCGRCTCCRTEET
Brealexonl1DFACF) CCAGTAGGAGCCCTAGTCCTGTARCCCATGCATCGARGTCTCAGAGTC TCUACAGAGCHTCTAGGRRATTAGAATCHTCAGRA-AGRAGCGACTCCATEET
(F) CCAGTAGEAGCCLTAGTCCTETARCCCRTECRTCGARGTLTCAGAGTCTCLACAGRGLETL TRGGANAT TAGRATCET CAGARGAGA-GL GAL TCLARARGA
Brealexonl1DFI(F) CCAGTAGGAGCCCTRGTCCTGTARCCCATGCATCGARGTC TCAGAGTC TCCACAGAGCETCTAGGARATTAGAATCETCAGRAGRGA-SCGACTCCA
Consensus CCAGTRAGGRGCCCTAGTCCTRTARCCCRTGLRTCGRRGTCTUAGAGTC TCCRCAGRGLETCTAGGRRATTAGRRTCETCRGRRgAGRaGLGRCTICAL , ...

B

1 10 20 3 L. 50 60 7 80 90 100 110 120 130

BrealexoniiDC(R) ACGA-TCTA~—TTTCCTAGACGCTCTGTGGAGACTCTGAGACTTCEATGCRATBGET TACAGEAC TAGGECTCCTACTGEACTCCCTYCTCAGGATECTTCCET TARRGACAGCAGATCTCTCCATTATGT
BrealexoniiF3(F) CAA-TCTA—ATTTCTAGACGCTCTGTGGAGACTCCGAGACTTCHATGLATEGE6T TRCAGGAC TRGGEC TCCTRCTGGACTCCCTTCTCAGGATECTTCCRT YRAAGACAGCAGATCTCTCORTTATGT
(R) ACEA-TCTA~—TTTCGTAGACGCTCTGTGGAGACTCTGAGACT TCGRATGCATGGET TACAGGAC TRGEECTCCTACTEGACTCCCTYCTCAGGATECTTCCE Y TARRGACAGCRGATCTCTCCRTTATET

(R) ACGARTCTARATTTAGTRGRCGL TCTGTGGAGACTCTGAGACTTCGATECATRGETTACAGEAC TRGEEL TCCTACTGGACTCCCTTCTCAGGATECTTCCHT TRRAGACAGCAGATCTCTCCATTATGT
Brealexon11DF2(F) CEA-TCTAGETCT-GTRGACGL TCTGTEGAGAC TCCGAGAC T TCERTELATEG6T TRCAGEAC TAGGECTCC TACTGEACTCCCTTCTCAGGATEL T TCCRT TRARRGRCAGCAGATCTCTCCRATTATET
Congensus  alef.TCTA, LLT gTRGACGCTCTRTGGAGACTCLGAGACTTCEATGCATGEET TACAGGAC TRGESC TCCTACTGEACTCCCTTCTCAGGATECTTCCET TRARGACAGCABATCTCTCCATTATET

1.31 140 150 160 170 180 19 200 210 220 230 240 250 25?

Brealexonl10C(R) &NITYmINYHTETIICTG TRTTTCARCATCATCCAGLAGETCATCAGETGTCTCAGAGCRAACL TGRAARACL TTRCCAC TCRTAGRTTGCTCARGRTEGTCTGAGRATAGRCATGGAGA
Brcalexonii0F3(F) CACCTTCACCARRGC TRAGTATGTCCCTGTATTTCARCATCATCCAGCAGE TCRTCAGETETC TCAGRGCRARCT TEAAARACC TTACCAC TCRTAGAT TGC TCARGATEETC TGAGARTAGACATGGAGA
BrecalenoniiDP(R) CACCTTCACCARAGC TAGTATGTCCCTGTATTTCARCATCATCCAGCAGETCATCAGETGTCTCAGRGCAARCE TGARRRACC TTRCCAC TCRTAGATTGCTCARGATGGTCTGAGAATAGACATGGAGA

CACCTYCACCRAAGL TRGTATGTCCCTGTATTTCARCATCATCCAGCAGETCATCAGGTGTCTCAGAGCARRCT TRARARRCC T TRCCRC TCATAGAT TGCTCARGATGGTCTGAGAAT AGACATGGAGR
261 27 280 290 300 310 320 330 340 35852

w(=) MTETEWWCTWCIECIE"" TTATTTCARGATRCTTATCACT TACAGGARCAC T TTGCTGARGRARCRCCAGEL TGA
BrcatexonilOF 3¢F)

GRAGTCTECACRGRCAGLC TCRCCCTCCTRCTTTT T TRTTTCARGRTRCTTRTCACT TACAGGARCAC T TTGE TGARGARCCRCCAGEL T6R
Brealexoni1DP(R) GARGTCTECACAGRCAGCCTCACCCTCCYBLTTTTTTATTTCARGATACTTATCACT TRCAGGRACAC TTTELTGR-GARRMACCAGELTGA
BrealexonliOF1(R) GAAGTCTECACAGACAGCC TCACCCTCCTGECTTTTITATTTCARGATACT TATCACTTACAGEAACAC TTTEL TGACGA--CACCAGEL TG
BrealexonllDF2(F) GARGTCTEURCAGACAGLCTCACCCTCCYGCTTTTTTATTTCARGATACTTATCACTTACAGEARCACTTTGL TGRCAGRACACCAGGLY
GAAGTCTGCACRGACAGCCTCACCCTCCYGCTTTTTTATTTCARGATACTTATCACTTRCAGGARCACTTTELTGRcgaaacACCRGEL T,

Figure 3.48. Alignment of sequences obtained after direct DNA sequencing of amplicons of
region D of exon 11 of the mouse Brcal gene, with (A) forward primer and (B) reverse primer.

In the obtained alignment (Fig. 3.48), the nucleotide changes observed towards the
beginning and end the sequences (blue) were not considered significant as they
could be the result of errors in sequencing. Thus it can be concluded that chronic as
well as transgenerational exposure of mice to AEBN did not induce mutation in

region D of exon 11 of the mouse Brcal gene.

3.5.2.5. Region E: Fig. 3.49 shows the electropherogram of the amplified 268 bp
fragment obtained by amplifying region D of exonl11 of the mouse Brcal gene.
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well as transgenerational exposure of mice to AEBN did not induce mutation in

region E of exon 11 of the mouse Brcal gene.

Thus, while the nucleotide sequence of exon 11 of the Brcal gene the P generation
mice was similar to that of control, that is the wild-type sequence (GenBank
Accession # FJ497232, Appendix III ), a G—C transversion mutation was found to
occur in the transgenerationally exposed F1, F2 and F3 mice (GenBank Accession
# FJ589202, Appendix IV ).

3.5.3. Brca2 tumor suppressor gene
Fig. 3.51 shows the electropherogram of the amplification products obtained by
amplifying a segment of exon 27 of the mouse Brca2 gene. Upon analysis of the
electropherogram by KDS1 software, no significant difference was observed in
size of the amplicons of exposed samples in comparison to control. The desired
365 bp amplification product was eluted out of the gel and re-amplified, and the

re-amplification product was sequenced.

365 bp

Figure 3.51. Electropherogram of the amplicons of a segment (NT 1-257) of exon 27 of the
mouse Brca2 gene. Lanes 1, 2, 3, 4 and 5 are the profiles of amplicons obtained from unexposed
control (C), exposed P generation, exposed F1 generation, exposed F2 generation and exposed F3
generation samples, respectively. Lane M is the DNA molecular size marker (100 bp DNA
ladder).

Direct DNA sequencing of the amplicons (Genbank accession # FJ825143)
followed by alignment and analysis of the sequences using Multalin software
revealed no significant changes in the sequence of amplicons of exposed samples in

comparison to control (Fig. 3.52).
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Brca2exon27UC TRTCCACARATCYC TGAGCCTCARRCCECCTCCAC-TTGLTTTGCCTCRCARCTCCTTGE T TCAGEEGATGEGACARGLCEGATTTCACCTRCTGGTCAGCARAGT TATCARAGTCCTTTATCACACT
Brea2enon27UFL ATTTACRAATCTCTGAGCT TCRARCCHCCTCCACAT TGLTTYGCCTCACARCTCCT TGG T TCAGEGGATGEGRCARGCCGGATTTCACCTRCTGGTCAGCARAGTTATCARAGTCCTTTATCACACT
BrcaZexon27UP MRARTC TCTGAGCC TCARACCECCTCCAC-TTRLTTTGLC TCACARCTLC T TGGT TCAGRGGRTGGGRCARGCCGGRT TTCACCTAC TGGTCAGCARAGT TRTCRARRGTCCY TTRTCACACT
Brealexon2?UF3 SCACRARTCTCTGRGCT TCARRCCBCCTCCAC-TTGCTT TGLC YCACARC TCLT T66T TCAGRGGRTGEGRCARGCLEGAT T TCRCCTRCTGGTCAGCARAGT TRTCRAAAGTCL YT TRTCACACT
Breca2exon27UF2  AGARTCCACRAARTC TC TGAGCL TCRARCCETATCLA———TGL TTTGCCTCACARC TCCTTGET TCAGEGAATGEGACARGCLEGAT T TCRCT TRC TG TCAGCARAG T TRTCARAGTCCT T TATCACACT
Consensus .. .at,cacARATCTCTGAGCCTCARACCGECCTCCRC L TGCTTTGLCTCRCARCTCCTTGET TCAGEEEATGEGACARGCCEGAT TTCACCTRCTGGTCAGCARAGT TATCARRGTCCTTTATCACACT

131 140 150 160 170 180 190 200 210 220 230 240 250 260

BreaZexon27UC  GCACACARCARCCCARC TCTATGCCCCTRECCECTE TCGUGAGEATEECAGCACCE TCACTEGETGATG TGRACGAGAT TGEEGGCCCARRARCC TG TCHGE TRCETEGABCCTTERATTTCCTARGTCE

Consensus GCRCACRRCARCCCARCTCTATGCCCCTGECCECTETCECGRGEATEECAGCACCETCACTGLGTGATGTGRARCGAGAT TGEELECCCARRAACCTETCGEETECETRGAGCCTTGEATTTCCTARGTcy
261 270 280 290 300 310 320 330 340 350 “g

Brealexon27UC  GCTGRCCT TGRGETCCCCGETCAGTGECRTCTETRCTGT TRTCTCTCUAGE TGCACRGARGEL T 1T TCCTCCGLCACGERGT T6TGGCRCEARATACGACEE
Brca2exon27UF)  GLTGRCCTTGAGETCCCCEGETCAGTGECATCTGTACTGT TRTCTCTCCAGE TECACAGAAGEL 1T T TCCTCCEECACGEAGE TETGECACGARATACGACET
Brca2exon27WP  GLTGRCCT TGAGETCCCCHGTCAGTBELATCTGETRCTGY TRTCTCTCCAGL TGCACAGARGEC T T TTCCTCCRCCACGERGE T6TGGCACGARATACGAC
Brca2exon27UF3  GCTGACCTTGAGETCCCCEGTCAGTRECATCTETRCTGYTGTCTCTCCABCTGCACAGRAGELT TTTCCTCCRCCACGERGL THTGGCACGARATAL
Brea2exon27UF2  GCTGACCTIGRGETCCCCEGETUAGTGECATCTETRCTET TGTCTCTCCABE TGCACRGARGEC T TTTCCTCCRCCACGEAGL T6TGECRCEARATRCGRCGA
Consensus GCTGACCTTGAGGTCCCCEGTCAGTGECATCTETACTGT TGTCTCTCCAGC TGCACAGARGECTTTTCCTCCRCCACGGAGL TGTGGCACGARATACzace .

B

1_. 10 20 30 L] 50 60 70 80 % 100 110 120 1’:
BreaZexon27C(D}  TTTTCGTATTTC~GT6CCACAGC TCCE TEGECEGAGGARARGCC TTCT6 TRCAGE TGGAGAGATARCAGTACAGA TGCCAC TRACCEEEGACC TCAAGE TCAGCCEAC T TRGGARATCCARGGC TCCACKT
BreaPexon?7F1(D) RCGANGTATTT(~GTGCCACABCTCCETGECOGAGETARAGCT TRRTETGCAGE TGEAGAGRCARCAG TACAGATGCTAC TGACCEGEGACE TCARGE TCAGT TTAC T TRGGARATCCARGGL TCCACEE
Brcalexon27F2(D) TCETRTTTC-GTGCCRCAGC T CCG TGELGGAGGARARGEL TTCTE TGLAGE TEGAGAGACARCAG TRCAGRTGELAC TRRCCHGGEACE TCARGG TCAGCCGAC T TAGGARRTCL ARG YCLACKT
Brca2exon27P (D) CBIATTTC=GTRCCACARCTCCGTBECEGAGGARARGCL TTL 16T GCAGL TEEACCHACARCAGTACAGRTGLLAC THACCEGEEALE YCARGGT CAGCLGAL T TRGHARATCLARGGL TLCACSE
BreaZexon?7F3(D) GTATTTCCET6CCACAGCTCCE T6GCGEAGEARAAGLCEE= 16 TGCAGE TGEAGAGACARCAGTACAGATGCCAC TGACCEEEEACCTCRAGETCAGCCEAC T TRGGARATCLARGGL TCLACKL

Consensus ... .cGTATTTC.6TgCCACAECTCCETEECEGAGGARRRGCCLLc TETGCRAGL T66AgaGACARCHGTRCAGATGCTAL TGACCEEEEACC TCRAGETCRGCcgAC T TRGGARATCCARGEL TCCACEE

1‘.31 140 150 160 170 180 190 200 210 220 230 240 250 260
Brcalexon27C(B? ACCCGACAGGT TTTTEGECCCCCARTCTCRT TCACATCACCCAGTBRCEGTGC TGCCRTCCTCECGRCAGCERCCAGEGECRTAGAGT TGEGTTRTT6TGTGCAGTETGRTRARGGACTTTGRTRACTTT
Brea2exon27F1(D)  ACCCGACAGGTTTT TGRGCCCCCRARTCTCRT TEACATCACCCRGTBACEGTGCT6LCATLL TCECEACAGCEECLABEGECATAGAGT T666TT6T TG TGTRCAGTETGATRARGGAC Y TTGATARCTTT
Brea2enon27F2(D)  ACCCGACRBGT T T TEEGLCCCCAATCYCHT TCACATCACCCAGTBACEGTHL Y GLCATCL T CHCGRCABLEGLLARGEECATAGAGT TEE6TTGT THTGTGLAGTGTGATRANGGACT T TGATARCTTT
Brcalexon27P(D)  ACCCGACAGGTTTT TGGGCCCCCAATCTCETTCACATCACCCAGTGACGGTGCTGLCATCC TCRUGRCAGCEGCCABGGECATAGAGT TGEGTTGT TGTGTGCAGTETGATRARGGACTTTGATRACTTT
Brea2enon27F3(D)  ACCCGACAGGTTTTTEEGCCCCCARTCTCHTTCACATCACCCAGTBACKGTGLTGCCATCC TCRCRACRGCEELAGEGECATAGAGT TREETTGTTGTGTRCAGTETGATARRGGACTTTGATAACTTT
Consensus  ACCCERACAGGTTTTTGEGLCCCCARTCTCET TCACATCACCCRGTGACEGTGCTECCATCCTCHCRRCAGCGECCAGEAECATAGRGT TEEGTTGT TRTGTECAGTETGATARRGEACTTTGATARCTTT

;ﬁl 270 280 290 300 310 320 33 3490 350 366 364

Brcalexon27C(D)  GLTGACCAGTAGETGARATCCGGC T TETCCCATCCOC T GRRCCARGGAGT 15T GAGGLARAGLL ——1 GEAGGLEGT ) TGAGEL TLAGEAGATY THTREG66
BreaZenon2?FA(D)  GCTGACCAGTAGETGARATCCEGCTTETCCCATCCCCTGRACCARGGAGT T GTGAGECAARGCAATG TEEAGELEGT T TGRAGEC TCAG-AGATT TRTAGCT
BrcaZexon27F2(D)  GCTGACCAGTAGGTGAAATCCGGCTTRTCCCATCCCCTGRAACCARGGAGT T GTGAGGCAARGCAATGTERAGGLEGTT TGRGECTCAT-AGAT T TGTGGATARA

Brealeson27P(D)  GCTGACCAGTAGGTGARATCCHGC TTRTCCCATCLCCTGRRCCAAGGAGT T6TGAGGCARAGCAATE TGRAGECEGTT TGRGLL TCAG-AGATTTY
Brealexon2ZF3(0)  GCTGACCAGTAGETGARATCCEGC TTETCCCATCCCCTGARCCARGGRET TGTGAGHCARAGCRA~G TGEAGGLEGT T TERGEC TCRGAATETRC

Consensus  GCTGACCRGTAGETGAAATCCEGCTTETCCOATCCCCTGRACCAAGGAG T TGTGAGGCAANGC aat g TEGAGGCGGTT TEAGRCTCAg. AgaTtigt geeaa.

Figure 3.52. Alignment of sequences obtained after direct DNA sequencing of amplicons of a

segment (NT 1-257) of exon 27 of the mouse Brca2 gene, with (A) forward primer and (B) reverse
primer.

In the obtained alignment (Fig. 3.52), the nucleotide changes observed towards the
beginning and end the sequences (blue) were not considered significant as they
could be the result of errors in sequencing. Nucleotide changes were also observed
in positions 259 and 260 in the amplicon from F2 sample, but the complementary
changes were not observed in the corresponding positions when the sample was
sequenced with the reverse primer. Hence, these nucleotide changes were not
considered significant. Thus it can be concluded that chronic as well as
transgenerational exposure of mice to AEBN did not induce mutation in the

amplified region of the mouse Brca2 gene.
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However, in rotamer 2, the bond length was found to be altered from 2.19 A in the

wild-type protein to 2.34 A in the mutant protein (Fig. 3.55).

Figure 3.55. Difference of H-bond length between —SH group of Cys 41 in wild-type (A) and
—OH group of Ser 41 in mutant (B) with the backbone oxygen of Asp 38 in rotamer 2.

The bond angle in rotamer 2 was also found to be altered from 66.07° in the wild-

type protein to 70.70° in the mutant protein (Fig. 3.56).
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Figure 3.56. Difference of H-bond angle between —SH group of Cys 41 in wild-type (A) and
—OH group of Ser 41 in mutant (B) with the backbone oxygen of Asp 38 in rotamer 2.

In the third rotamer, the —SH group of Cys in the wild-type protein was not found to
be involved in hydrogen bonding with the backbone oxygen of the neighboring Cys
37, while the —OH group of Ser formed a hydrogen bond with the backbone oxygen
of the Cys 37 residue (Fig. 3.57).

Figure 3.57. Difference in H-bonding of the —SH group of Cys 41 in wild-type (A) and the -OH
group of Ser 41 in mutant (B) with the backbone oxygen of Cys 37 in rotamer 3.
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3.6. SLOT-BLOT ANALYSIS OF EXPRESSION OF P53, BRCAIl
AND BRCA2 PROTEINS IN SELECTED HUMAN CANCERS

Slot-blot analysis was used to study the expression of P53, Brcal and Brca2 proteins
in BL of patients suffering from various cancers, in comparison to the levels of
expression of these proteins in samples obtained from healthy volunteers who
served as controls for this study. The slot-blot analysis of the proteins in cancer and
control samples was performed independently, unlike in samples from control and

AEBN exposed mice (§ 3.2.) which were performed simultaneously.

3.6.1. p53 tumor suppressor protein
Densitometric analysis of India ink stained slot-blots of control and cancer samples
did not reveal significant differences between the two, thus confirming equal
loading of protein. However densitometric analysis of immunoprobed slot-blots
revealed differences in level of expression of P53 protein between different cancers

and controls.

3.6.1.1. Head and neck cancer: On the average, P53 protein was found to be

upregulated in head and neck cancers (1.7 fold) in comparison to control (Fig. 3.58).
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Figure 3.58. Densitometric plot (mean + SD) showing upregulation of p53 protein in PBL of
patients suffering from head and neck cancer in comparison to control. n- number of samples;
*** indicates significant increase at P <0.001.

However the level of p53 protein varied with the site of cancer among head and
neck cancers (Figs. 3.59 & 3.60). Cancers of the tongue and base of tongue, lower
lip, buccal mucosa, pre-epiglottis and epiglottis, pyriform sinus and external mouth

cavity exhibited a level close to that of controls, while cancers of the oesophagus,
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larynx, vocal chord, throat and nasopharynx and secondary cancer of neck nodes
exhibited elevated levels (Figs. 3.59 & 3.60).

Head and neck cancers

C i i iii iv v Vi vii il ix X Xi Xii

Figure 3.59. Slot-blot analysis of expression of p53 protein in head and neck cancers at various sites,
in comparison to control. A- slot-blots immunoprobed with anti-p53. B- replica slot-blots stained
with India ink for total protein. C-control, i-tongue and base of tongue, ii-lower lip, iii-buccal
mucosa, iv-pre-epiglottic region/ epiglottis, v-pyriform sinus, vi-external mouse cavity, vii-
oesohagus, viii-larynx, viii-secondary neck node. ix-vocal chord. x-throat. xi-nasopharynx
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Figure 3.60. Densitometric plot (mean + SD) showing variation in expression of p53 protein in PBL
of patients suffering from head and neck cancer at various sites in comparison to control. n- number
of samples; *** indicates significant increase at P < 0.001.

3.6.1.2. Breast cancer: P53 protein was found to be upregulated in all cases of breast

cancer studied (1.7 fold) in comparison to control (Figs. 3.61 A & B).
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Figure 3.61. Upregulation in expression of p53 protein in PBL of patients suffering from breast
cancer in comparison to control. A- slot-blots immunoprobed with anti-p53 antibody (1) and
stained with India ink for total protein (II). B-densitometric plot (mean + SD) obtained . n- number
of samples; *** indicates significant increase at P < 0.001.

3.6.1.3. Cervix cancer: P53 protein was found to be upregulated in all cases of cervix

cancer studied (2.9 fold) in comparison to control (Figs. 3.62 A & B).
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Figure 3.62. Upregulation in expression of p53 protein in PBL of patients suffering from cervix
cancer in comparison to control. A- slot-blots immunoprobed with anti-p53 antibody (I) and
stained with India ink for total protein (II). B-densitometric plot (mean + SD) obtained. n- number
of samples; *** indicates significant increase at P < 0.001.

3.6.2. Brcal tumor suppressor protein
Densitometric analysis of India ink stained slot-blots of control and cancer samples
did not reveal significant differences between the two, thus confirming equal

loading of protein. However densitometric analysis of immunoprobed slot-blots
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revealed differences in level of expression of Brcal protein between different

cancers and controls.

3.6.2.1. Head and neck cancer: Brcal protein was found to be upregulated in all cases
of head and neck cancer studied, however the average increase (1.4 fold) was non-

significant in comparison to control (Fig. 3.63 A & B).
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Figure 3.63. Upregulation in expression of Brcal protein in PBL of patients suffering from head and
neck cancers in comparison to control. A- slot-blots immunoprobed with anti-Brcal antibody (I) and
stained with India ink for total protein (II). B-densitometric plot (mean + SD) obtained. n- number of
samples.

3.6.2.2. Breast cancer: Brcal protein was found to be significantly downregulated in all

cases of breast cancer studied (82 %) in comparison to control (Fig. 3.64 A & B).

1
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Figure 3.64. Downregulation in expression of Brcal protein in PBL of patients suffering from breast
cancer in comparison to control. A- slot-blots immunoprobed with anti-Brcal antibody (I) and
stained with India ink for total protein (II). B-densitometric plot (mean + SD) obtained. n- number of
samples; AAA indicates significant decrease at P < 0.001.
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3.6.2.3. Cervix cancer: Brcal protein was found to be significantly upregulated in all

cases of breast cancer studied (1.8 fold) in comparison to control (Fig. 3.65 A & B).

- 70000 - ¥k ok B Control
60000
50000
40000 4
30000 -
20000 -
10000

04

@ Cervix cancer

11

e
Mean net intensity + SD

n= 54 34
control + cervix cancer

Figure 3.65. Upregulation in expression of Brcal protein in PBL of patients suffering from head and
neck cancers in comparison to control. A- slot-blots immunoprobed with anti-Brcal antibody (I) and
stained with India ink for total protein (II). B-densitometric plot (mean + SD) obtained. n- number of
samples; *** indicates significant increase at P < 0.001.

3.6.3. Brca2 tumor suppressor protein
Densitometric analysis of India ink stained slot-blots of control and cancer samples
did not reveal significant differences between the two, thus confirming equal loading
of protein. However densitometric analysis of immunoprobed slot-blots revealed
differences in level of expression of Brca2 protein between different cancers and

controls.
3.6.3.1. Head and neck cancer: Brca2 protein was found to be upregulated in all cases

of head and neck cancer studied, however the average increase (150 %) was non-

significant in comparison to control (Fig. 3.66 A & B).
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3.6.3.3. Cervix cancer: Brca2 protein was found to be significantly upregulated in all

cases of breast cancer studied (1.8 fold) in comparison to control (Fig. 3.68 A & B).
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Figure 3.68. Upregulation in expression of Brca2 protein in PBL of patients suffering from cervix
cancer in comparison to control. A- slot-blots immunoprobed with anti-Brca2 antibody (I) and
stained with India ink for total protein (II). B-densitometric plot (mean + SD) obtained. n- number of
samples; *** indicates significant increase at P < 0.001.
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DISCUSSION




The carcinogenicity of betel nut (BN) is well documented, and, the habit of BN
chewing is strongly associated with various cancers in humans (Sharan, 1996). Tumor
suppressor genes contribute significantly towards the suppression of tumorigenesis, and
have been classified into two categories-“gatekeepers™ and “caretakers” based on the
difference in their mode of functioning (Kinzler and Vogelstein, 1997). The p53 gene is
a critical tumor suppressor gene known to be mutated in a variety of human cancers
(Hollstein et al., 1991), and its involvement in BN associated cancer in different human
populations has been widely studied (Ranasinghe et al,, 1993; Thomas et al., 199%4;
Kuttan et al., 1995; Chiba et al., 1998; Kannan ef al., 1999; Ralhan ef al., 2001; Hsieh
et al, 2001; Goan ef al., 2005). Since cancer is a multistep, multifactorial disorder
involving several discrete genetic alterations (Pitot et al., 1991), it is therefore likely
that BN-induced carcinogenesis involves the loss of function of more than one critical
tumor suppressor gene. One objective of this study was thus to elucidate the dose-
dependent response of the “gatekeeper” p53 protein and the “caretaker” BRCAI1
(murine Brcal) and BRCA2 (murine Brca2) proteins during chronic exposure to BN,
beginning with onset of exposure and culminating ultimately in the discernable

development of cancer.

The carcinogenic potential of the aqueous extract of betel nut (AEBN) is well
established (Wary and Sharan, 1988; Sharan and Wary, 1992; Sharan, 1996) and
previous studies in Swiss Albino mice have shown that AEBN induced DNA damage,
affected cell cycle characteristics and induced qualitative changes in mice liver high
mobility group (HMG) proteins similar to that induced by the hepatocarcinogen,
diethylnitrosamine (DEN), leading to the development of preneoplastic nodules in the
liver (Wary and Sharan, 1988; Pariat and Sharan, 1998). Swiss Albino mice chronically
exposed to AEBN were therefore selected as a model for this study.

The effect of a carcinogen may be transmitted multigenerationally or
transgenerationally by in ufero exposure or by exposure of parents prior to mating
(Tomatis et al., 1992). The habit of BN chewing is inherent in the social milieu of
various populations, and approximately 600 million individuals worldwide are exposed
to it (Sharan, 1996). The frequency of transgenerational exposure to BN, therefore, may

be expected to be high. There is, however, no report on the effect of transgenerational
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exposure to BN on carcinogenic risk. Thus, this study also aimed to determine if BN
has a transgenerational carcinogenic effect. For this purpose, the study was designed
taking the significance of postnatal carcinogen exposure into consideration (Mohr et
al., 1991; Tomatis et al., 1992; Nomura et al., 2006). The progeny of parents exposed
to AEBN were, therefore, exposed to the same dose of AEBN as their parents, and
subsequently assessed for increased susceptibility to cancer. Three generations of

progeny were examined in this manner.

The p53, Brcal and Brca2 tumor suppressor genes were investigated for mutations in
critical areas of the genes, under both chronic as well as transgenerational exposure
regimens. Exon 5 and exon 7 of the p53 gene were selected for the study because they
are part of the region that codes for the DNA-binding domain of the p53 protein (Bai
and Zhu, 2006). Moreover, exon 7 of the pS3 gene is reported to be frequently mutated
in hepatocellular carcinoma in humans (Staib et al, 2003). Exon 11 of the Brcal gene
was selected because it codes for the vital RADS51 interaction domain of the Brcal
protein (Welsch et al., 2000), and deletion of exon 11 of murine Brcal has been
reported to cause impaired DNA damage (Huber ef al., 2001). Similarly, exon 27 of the
Brca?2 gene was selected because it codes for the COOH- terminus of the Brca2 protein
which directly interacts with RADS51 and contains a nuclear localization signal.
Deletion of exon 27 of the Brca2 gene was reported to result in a significantly
increased overall tumor incidence in mice (McAllister ef al, 2002), and to cause
hypersensitivity to DNA crosslinks, increased chromosomal instability, and reduced
life span in mice (Donoho ef al, 2003). Studies of mouse embryonic stem cells
expressing Brca2 gene which lacked exon 27 also revealed two fold, and five to six fold

reduction in homologous recombination repair (Lu et al., 2005).

The body weight and orgén weight are important indicators of the health status of
laboratory mice (Culleré-Ullman and Foltz, 1999). Mice exposed chronically and
transgenerationally to AEBN, as well as the age-matched control mice were therefore
monitored regularly for consumption of food and water. Body weight and relative
weight of liver and spleen of the sacrificed mice were determined (Table 14). No
significant change was observed in the body weight of the AEBN-exposed mice
belonging to the chronically exposed P generation, or the transgenerationally exposed

F1, F2 and F3 generations, in comparison to the respective age-matched controls
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throughout the exposure periods. However, significant alterations were observed in the
relative weight of both liver and spleen. The relative weight of liver of the P generation
mice declined significantly with respect to that of age-matched control mice from 4
weeks to 8 weeks of exposure to AEBN, indicating retardation in cellular proliferation
and growth of the liver, during this period. The decline in relative weight was also
observed in the spleen of P generation mice exposed to AEBN for 2 weeks.
Subsequently, the relative weight of both liver and spleen of AEBN-exposed mice
increased in comparison to the relative weight of these organs in the age-matched
control mice, recording the greatest increase after 24 weeks of exposure. It thus appears
that exposure of P generation mice to AEBN resulted in an inhibition of cellular
proliferation during the early periods of exposure, followed by uncontrolled and
excessive cellular proliferation on prolonged exposure to AEBN, which resulted in
increase in relative organ weight of AEBN-exposed mice in comparison to respective

age-matched controls.

In contrast, in the F1, F2 and F3 mice exposed transgenerationally to AEBN, significant
increase in relative weight of both liver and spleen in comparison to the age-matched
control mice was observed immediately after exposure to AEBN for 2 weeks or 4
weeks (Table 14), and was maintained almost during the entire period of exposure.
Thus, transgenerational exposure of mice to AEBN appeared to induce uncontrolled
cellular proliferation in the liver and spleen from the onset of exposure onwards, and
the suppression of growth during the initial period of exposure of P generation mice,

was not observed in this case.

Exposure of mice to AEBN was found to induce the formation of preneoplastic nodules
in the liver as reported earlier (Wary and Sharan, 1988; Pariat and Sharan, 1998). The
period of appearance of preneoplastic nodules was found to be significantly advanced
in mice exposed transgenerationally to AEBN, in comparison to P generation mice
(Table 15). The P generation mice developed nodules after 16 weeks of exposure to
AEBN, primarily in the right and caudate lobes of the liver (Fig. 3.1 ¢ & d). However,
the F1 mice developed nodules after 8 weeks of exposure (Fig. 3.1 g & h), the F2 mice
(Fig. 3.1 1 & j) after 6 weeks of exposure and the F3 mice after 4 weeks of exposure to
AEBN (Fig. 3.1 k & ). The frequency of nodulation also increased from 1-2 nodules

per liver of the P generation mice, to 3-4 nodules per liver of the the F1, F2 and F3
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congestion of misfolded proteins (Shiraishi er al., 2006). The extensive disruption of
the ER observed upon chronic exposure to AEBN (Fig. 3.3 Il b & ¢), could lead to
calcium release from the ER lumen. Aberrant Ca** regulation in the ER may cause
protein unfolding because of the Ca’'-dependent nature of the molecular chaperones
Grp78, Grp94, and calreticulin (Xu et al,, 2005) Prolonged stress resulting in the
inappropriate folding of proteins has been reported to result in apoptosis of cells
(Shiraishi ef al, 2006). The mice exposed to AEBN under the chronic or
transgenerational exposure regimes are subject to cellular strain for an extensive
postnatal period of 24 weeks during which extensive cellular injury is incurred as
revealed by TEM studies. It is thus expected that the exposed and damaged cells may
proceed to apoptosis. However, data pertaining to the weight and gross morphology of
the organs of AEBN-exposed mice (Table 14 and Fig 3.1.) suggests excessive
proliferation of cells rather than cell death. These results may perhaps be explained by
the significant alterations observed in the ultrastructure of mitochondria (Fig. 3.4 b
through e). The hepatocytes of control mice had abundant mitochondria with an intact
double-layered membrane which encompassed an extensive network of cristae (Figs.
3.4 1I-a and I-a). However, the hepatocytes of P generation mice exposed chronically to-
AEBN exhibited fewer and smaller mitochondria, with irregular arrangement of cristae
and cristolysis (Figs. 3.4 I-b and II- b). The mitochondria of transgenerationally
exposed mice showed extensive cristolysis with electron-lucent matrix, and progressive
decline in size (Figs. 3.4 I c¢ through ¢) and number (Fig. 3.4 II-c through €) of
mitochondria. Such alterations have been reported in the mitochondria of human
astrocytic tumors (Morillo-Arismendi and Catellano-Ramirez, 2008). It has also been
reported that the mitochondria of rapidly growing tumors tend to be fewer in number,
smaller and have fewer cristac (Modica-Napolitano and Singh, 2002). The
mitochondrial index, calculated as a measure of mitochondrial function, was found to
decrease progressively and significantly from the P through the F3 generation, in
comparison to control (Fig. 3.5.), thus indicating a progressive loss of mitochondrial
function. One important function of the mitochondria is to act as an integrating sensor
of multiple death insults by releasing cytochrome ¢ into the cytosol, where it triggers
caspase activation (Evan and Vousden, 2001). Cytochrome ¢ is enriched in the
intermembrane space encased by the cristac membranes, and the regulated opening of
cristae junctions might be important for its relocalization during apoptosis (Detmer and

Chan, 2007). A gross reduction of mitochondrial index, and concomitant cristolysis
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would therefore compromise this essential function, possibly leading to evasion of
apoptosis, which is characteristic of cancer. Further, the progressive decline in
mitochondrial index indicates a progressive loss of apoptosis from the P through F3
generations, thereby resulting in an increased risk of cancer in mice exposed

transgenerationally to AEBN.

In multigeneration/ transgenerational carcinogenesis, it is assumed that heritable
changes induced in germ cells will be present in all somatic cells of offspring.
Therefore, multiple tumors may be expected to occur more frequently in
multigeneration cancer than in sporadic cases. It has, in fact, been suggested that tumor
multiplicity is a multigeneration effect of carcinogens (Tomatis et al, 1992). In
addition to the enhancement in period of appearance of preneoplastic nodules of the
liver, and the increase in multiplicity of these nodules, the mice exposed
transgenerationally to AEBN developed various anomalies which were not seen in the
chronically exposed mice. These anomalies comprised solid tumors, pus-filled sacs,
enlarged neck nodes, necrosis of the liver and spleen deformities including enlargement
and protrusion of spleen (Fig. 3.2 & Table 16). The propensity of transgenerationally
exposed mice to develop these anomalies, as well as their greater susceptibility to
cancer in comparison to chronically exposed mice may be regarded as a manifestation
of alterations induced due to transgenerational exposure, which, in this study, includes
exposure of parents prior to mating as well as prenatal and pre-weaning exposure of

offsprings.

Chronic exposure to AEBN was found to induce an immediate response of the p53,
Brcal and Brca2 tumor suppressors with respect to the cellular levels of these vital
proteins. The level of the p53 protein was elevated in comparison to age-matched
control level after 2 weeks of exposure to AEBN onwards, recording a 2.5-fold increase
in the liver after 6 weeks of exposure (Fig. 3.6). A 2-fold increase in the level of the
p53 protein was also recorded in the spleen cells (SC) after 8 weeks of exposure (Fig.
3.7) and in the peripheral blood lymphocytes (PBL) after 4 weeks of exposure to
AEBN in comparison to the respective age-matched controls (Fig. 3.8). Similarly, the
levels of both Brcal and Brca2 proteins were elevated to about 1.4-fold the age-
matched controls in the liver after 2 weeks of exposure to AEBN (Figs. 3.9 & 3.12,

respectively). The levels of Brcal and Brca2 proteins were also elevated after 2 weeks
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of exposure to approximately 1.3-fold the age-matched control levels in the spleen
(Figs. 3.10 & 3.13, respectively) and approximately 1.4-fold the age-matched control
levels in the PBL (Figs. 3.11 & 3.14, respectively). These results indicate that exposure
to AEBN elicits an immediate protective effect by inducing a rise in the level of the
tumor suppressor proteins above the basal level maintained in the age-matched control
mice. One consequence of such a rise in the level of the p53 protein would be the arrest
of cells which have incurred AEBN-induced damage, the suppression of cellular
proliferation, and the likely induction of apoptosis of cells with irreparable damage
(Stewart and Pietenpol, 2001; Moll and Petrenko, 2003). Elevation of the levels of
Breal and Brca?2 proteins would be expected to evoke a similar response, in addition to
facilitating the DNA repair processes (Welsch et al, 2000; Scully and Livingston,
2000; Venkitaraman, 2002). Thus, the decline in the relative weight of the liver and the
spleen observed during the early periods of exposure to AEBN (Table 14) may be

explained on the basis of the tumor-suppressive responses elicited during these periods.

Continued exposure to AEBN, however, resulted in a decline in the cellular Ievel of
p53, Brcal and Brca2 tumor suppressor proteins. The level of p53 protein gradually
declined after 6 weeks of exposure in the liver (Fig. 3.6), 8 weeks of exposure in the SC
(Fig. 3.7) and 6 weeks of exposure in the PBL (Fig. 3.8), reaching the age-matched
control Ievel after 16 weeks of exposure to AEBN (Figs. 3.6, 3.7 & 3.8). The decline of
p53 protein in the liver, SC and PBL of AEBN-exposed mice was thus concomitant
with the appearance of preneoplastic nodules in the liver (Fig. 3.1 ¢ & d) and an
increase in the relative weight of the liver of AEBN-exposed mice (Table 14). The
rapid upregulation of p53 protein by various types of stress prevents the proliferation of
cells carrying damaged DNA with potentially oncogenic mutations (Moll and Petrenko,
2003). Thus, loss either of the ability to activate p53 or of p53 function is an important
step in carcinogenesis (Evan and Vousden, 2001). The inability to maintain upregulated
status of p53 in response to DNA damage may lead to carcinogenesis by disruption of
p53-mediated cell cycle arrest and/or apoptosis of damaged cells. The gradual, dose-
dependent downregulation of p53 could thus be viewed as an adaptive mechanism by
which cells evade the growth suppressive activities of p53 and continue to survive
under conditions of continuing AEBN exposure. Further exposure to AEBN beyond 16
weeks did not upregulate p53, indicating a lack of p53 response. The preneoplastic

nodules observed after 24 weeks of exposure were larger than those formed after 16
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weeks of exposure, and the level of p53 in the liver was significantly lower than that
after 16 weeks (Figs. 3.1 e & f, and 3.6). These findings may be explained on the
premise that maintenance of p53 level at or below control level allows cells to undergo
uncontrolled proliferation, leading to the development and subsequent enlargement of
preneoplastic nodules as well as an overall increase in the relative weight of the liver
(Table 14). The cause of decline in the cellular level of the p53 protein was not
investigated in this study. It may be the result of ubiquitin-mediated proteasomal
degradation due to overexprerssion of the MDM2 protein, as reported in some instances
of BN-associated cancer (Shwe ef al., 2001). This aspect may be the subject of future

investigations.

The levels of both Brcal and Brca2 proteins were found to decline below age-matched
control level after 4 weeks of exposure onwards. The level of Brcal was 70 % that of
age-matched control level in the liver, SC and PBL after 16 weeks of exposure to
AEBN (Figs. 3.9, 3.10 and 3.11), and the corresponding level of Brca2 protein was
approximately 60 % that of age-matched control level (Figs. 3.12, 3.13 & 3.14). After
24 weeks of exposure to AEBN both Brcal and Brca2 proteins declined to
approximately 50 % that of age-matched control level in the liver (Figs. 3.9 & 3.12),
SC (Figs. 3.10 & 3.13) and PBL (Figs. 3.11 & 3.14) of AEBN-exposed mice. Thus,
continued exposure to AEBN resulted in a rapid decline in the levels of both Brcal and
Brca2 proteins below the basal level maintained in age-matched control mice. The
pattern of alteration in cellular levels of Brcal and Brca2 proteins is, therefore, nearly
identical. This observation may be explained on the basis of a previous report that

Brcal and Brca?2 are coordinately regulated (Rajan et al., 1996).

The Brcal and Brca2 proteins are required for the preservation of genomic stability
(Venkitaraman, 2002). A decline in the levels of these proteins in the event of DNA
damage would, therefore, compromise the efficiency of DNA repair and probably result
in erroneous repair of damaged DNA (Wang et al., 2000; Venkitaraman, 2002; Powell
and Kéchnic, 2003), leading to instability of the genome. In fact, it has been reported
that cells deficient in the murine homolog of BRCA?2 sustain spontaneous aberrations in
chromosome structure; gross chromosomal aberrations have also been reported in
Brcal-deficient mouse cells, and in BRCAI or BRCA2 deficient human cancer cells

(Venkitaraman, 2002). Thus, the ability of AEBN to induce a decline in the cellular
161



level of the Brcal and Brca2 proteins, would explain the previously reported induction
of chromosomal aberrations and sister chromatid exchange upon exposure to AEBN
(Kumpawat ef al., 2003). The resultant genomic instability would also contribute to the
appearance and development of preneoplastic nodules of the liver, as reported earlier
(Wary and Sharan, 1988; Pariat and Sharan, 1998), and also observed in the current
study. Moreover, the high frequency of binucleate cell formation induced by exposure
to AEBN (Fig. 3.3 I b) may be attributed to the decline in cellular level of Brca2
protein, which leads to delayed or defective cytokinesis, as previously reported
(Daniels et al., 2004).

Global gene expression profiling in human gingival fibroblasts (HGF) exposed to
arecoline revealed that BRCAI was repressed in a dose-dependent manner (Chiang et
al., 2007). A previous study reported that the treatment of cultured cells with the DNA-
damaging agents adriamycin and mitomycin C resulted in an initial upregulation of
BRCA1 RNA as well as protein, followed by a reduction to below basal levels
(MacLachlan et al, 2000). It was suggested that BRCAIl participates in the
accumulation of p53 during the early periods of DNA-damage, and subsequently, p53
may be responsible for the reduction of BRCA1 to or below basal level after the initial
treatment by repressing BRCA1 at its promoter (MacLachlan et al., 2000). Another
study revealed that adriamycin and mitomycin C repress BRCA2 promoter activity in a
dose- and time-dependent manner by inhibiting binding of an upstream stimulatory
factor protein complex to the promoter, and also reduce BRCA2 mRNA and protein
levels by altering the stability of both BRCA2 mRNA and protein. Both these processes
require the presence of wild-type p53 (Wu et al.,, 2003). The alterations in Brcal and
Brca2 levels observed in the current study are, thus, consistent with these previous
reports (MacLachlan et al., 2000; Wu et al., 2003).

Mutations in the p53 gene are observed in a variety of cancers in mice, but are rarely
found in murine liver tumors, suggesting an alternate route of p53 inactivation in
murine hepatocarcinogenesis (Jaworski ef al., 2005). Amplification and sequence
analysis of the DNA samples obtained from liver preneoplastic nodules of chronically
exposed mice indicate that the exons 5 and 7 of the p53 gene were not mutated under
the chronic exposure regimen (Appendices I and II and Figs. 3.37 & 3.39) respectively.

Similarly, mutations in exon 11 of the BRCAI gene have been widely reported in breast
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and ovarian cancers (Risch et al, 2001; Ciernikova ef al, 2003; Byrski, 2003;
Valarmathi et al., 2004; Muller et al., 2004; Tommasi et al., 2005 and Saxena ef al.,
2006). However, exon 11 of the murine Brcal gene (Appendix III and Figs. 3.41, 3.43,
3.46, 3.48 and 3.50), and a segment of exon 27 of the murine Brca2 gene (Fig. 3.52)
were not found to be mutated after chronic exposure to AEBN. Thus, AEBN induced
carcinogenesis in Swiss Albino mice does not involve mutations of exons 5 and 7 of the
P33 gene, exon 11 of the Brecal gene, and exon 27 of the Brca2 gene, though we cannot
exclude the possibility of mutations occurring in other regions of the genes that have
not been included in this study. It, thus, appears that upon chronic exposure to AEBN,
wild-type p53 mediates the decline in the levels of Brcal and Brca2 proteins, by a
mechanism as previously described (MacLachlan et al., 2000; Wu ef al., 2003).

AEBN-induced carcinogenesis, therefore, proceeds through a series of distinct
responses of the p53, Brcal and Brea2 proteins. The immediate response triggered by
exposure to AEBN is the upregulation of the Brcal and Brca2 proteins, as well as the
p53 protein, evoking both “carectaker” as well as “gatekeeper” tumor suppressor
response against DNA damage induced by AEBN. The initiation of carcinogenesis
involves continued upregulation of the p53 protein in a dose- or exposure period
dependent fashion, while the Brcal and Brca2 proteins are concomitantly
downregulated to below basal level. At this stage, “caretaker” response is thus,
abrogated, probably leading to genomic instability, but “gatekeeper” response
continues to be maintained. Subsequently, the p53 protein is downregulated to control
level, while Breal and Brca2 proteins continue to be suboptimal. Final progression to
cancer requires loss of both “caretaker” as well as” gatekeeper” responses, with the
maintenance of p53 protein at or below control level, and Brcal and Brca2 proteins
well below control level (Fig. 4.1). Under such circumstances, the cells would have
accumulated significant damage due to chronic exposure to AEBN and compromised
DNA repair, and would also be able to evade cell-cycle arrest and/or apoptosis, thereby

progressing to cancer.
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Figure 4.1. Representative line diagram showing alterations in the cellular levels of p53, Breal and
Brca2 proteins upon chronic exposure of Swiss Albino mice to AEBN, in comparison to the levels in
age-matched controls. The alterations are hypothesized to correspond to a multistage modet of
AEBN-induced carcinogenesis (Levels of the tumor suppressor proteins in all age-matched control
mice are taken as 100 percent, and experimentally derived data has been plotted).

Identical patterns of alteration in levels of p53, Brcal and Brca2 proteins were also
observed in the SC and PBL of chronically exposed mice with noticeable increase in
the relative weight of the spleen (Table 14), indicating uncontrolled proliferation of
splenic cells upon AEBN exposure. The results obtained from studies with the SC and
PBL support our oft-expressed contention that AEBN is a general, rather than tissue-
specific carcinogen (IARC, 1985; Sharan, 1996; Pariat and Sharan, 1998).

The chronic exposure study revealed that one mechanism of AEBN-induced
carcinogenesis in Swiss Albino mice primarily involves alterations in the cellular level
of the p53, Breal and Brea2 tumor suppressor proteins. It was, therefore, of interest to
determine whether transgenerational exposure to AEBN modulated carcinogenic risk
by the same mechanism. The levels of the p53, Brcal and Brca2 tumor suppressor
proteins were, therefore, determined in transgenerationally exposed mice for the
periods of treatment after which significant alterations were observed in the chronic
exposure regimen. The responses of the p53, Brcal and Brca2 tumor suppressors
elicited by transgenerational exposure to AEBN were found to be in striking contrast to

those elicited by chronic exposure.
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It was observed that the cellular level of the p53 protein in transgenerationally exposed
mice remained largely invariant in comparison to age-matched control level throughout
the period of postnatal exposure to AEBN. This observation was true for the liver, SC
and PBL of F1 (Fig. 3.15), F2 (Fig. 3.16) as well as F3 mice (Fig. 3.17). Unlike in the
chronic exposure study, the level of the p53 protein was not upregulated throughout the
period of exposure. It thus emerges that the protective response evoked by an elevation
of the p53 protein above the basal level observed in the chronic exposure study was
completely abrogated during transgenerational exposure to AEBN, as reported earlier
(Choudhury and Sharan, 2009). Similarly, the Brcal and Brca2 responses were also
drastically altered. The levels of both these proteins were again not elevated during the
entire period of exposure, and instead declined rapidly below age-matched control level
from the second week of postnatal exposure to AEBN onwards. This observation was
again true for the liver, SC and PBL of F1 (Figs. 3.18 & 3.21), F2 (Figs. 3.19 & 3.22)
and F3 mice (Figs. 3.20 & 3.23). Thus, as in case of the p53 protein, the protective
response elicited by an upregulation in the levels of the Brcal and Brca2 proteins,
which functioned during the early period of the chronic exposure regimen was also lost

during transgenerational exposure to AEBN.

The rapid decline in the cellular level of Breal and Brea2 proteins of the F1, F2 and F3
mice below basal level from the very onset of postnatal exposure to AEBN, would
severely compromise the repair of AEBN-induced DNA damage in these mice. Such a
shortcoming would lead to increasing genomic instability, causing the cells to
accumulate damage with continued exposure to AEBN. The cumulative damage
should, in turn, impair the chances of survival of the cells by inducing their cell cycle
arrest, or alternately cell death via apoptosis. However, the complete abrogation of the
p53 response to AEBN, and maintenance of p53 protein at control level, would, at best
induce a p53-mediated “gatekeeper” response at the basal level, which would be
insufficient to deal with the increasing gamut of cells with damaged DNA. This would
result in uncontrolled proliferation of cells as well as inefficient cell death, leading to
the early and significant increase in the relative weight of the liver and spleen observed
in the F1, F2 and F3 mice (Table 14). Moreover, while preneoplastic nodules of the
liver developed in P generation mice after 16 weeks of exposure, they developed in F1

mice after 8 weeks, F2 mice after 6 weeks and in F3 mice after 4 weeks of exposure to
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AEBN (Figs. 3.1 g, i & k). Thus, the development of preneoplastic nodules of the liver
was significantly advanced in exposed F1 mice by 50 %, F2 mice by 62.5 % and F3
mice by 75 % of the period of AEBN exposure required for initiation of nodulation in
exposed P generation mice (Table 15). Mice exposed transgenerationally to AEBN also
exhibited an increase in the frequency of nodulation in comparison to P generation
mice. These differences between P mice and transgenerationally exposed mice reflect
an increased predisposition of transgenerationally exposed mice to cancer, and may be
attributed to an early onset of uncontrolled cell proliferation in transgenerationally
exposed mice, thereby enabling progression of carcinogenesis to a greater degree than

in the P generation mice.

A comparison was drawn between the pattern of alteration in the levels of p53 (Fig.
3.24), Brcal (Fig. 3.25) and Brca2 (Fig. 3.26) proteins in the liver, SC and PBL of P,
F1, F2 and F3 mice during postnatal exposure to AEBN, in terms of percentage of the
age-matched control level. It appears that the first exposure event of the previously
unexposed P generation is crucial, and a memory of this exposure is subsequently
transmitted to the future generations. Previous studies have shown that following the
exposure of germ cells to a mutagen or carcinogen, an initiating event could be
inherited by subsequent generations and revealed after postnatal exposure to mutagens,
carcinogens or non-genotoxic agents (Nomura, 1983; Tomatis et al., 1992). With
respect to AEBN, the pattern of p53, Brcal and Brea2 response during AEBN-induced
carcinogenesis as elucidated by the chronic exposure study is vital in this regard. The
chronic exposure study reveals that the p53 protein is upregulated to elicit tumor-
suppression during the initiation of AEBN-induced carcinogenesis, while the Breal and
Brca2 proteins are downregulated below control level; the promotion stage involves
downregulation of pS53 protein to control level, and the Brcal and Brca2 proteins
continue to be downregulated further below control level (Fig. 4.1). Since AEBN is a
general carcinogen capable of affecting various tissues, it is likely that exposure of P
generation parental mice causes an alteration in p53, Brcal and Brca2 protein levels of
their germ cells. The previously reported genotoxic potential of arecoline in mouse
germ cells (Sinha and Rao, 1985a; Sinha and Rao, 1985b) supports this assumption.
The P generation mice were exposed to AEBN for 6 weeks prior to mating to raise the
F1 mice. Thus, AEBN-induced carcinogenesis would have been initiated during the 6

weeks of exposure prior to mating (Wary and Sharan, 1988; Wary and Sharan, 1991),
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and the initiating event could be inherited by F1 progeny through the germ cells.
Subsequent exposure of the F1 progeny to AEBN postnatally would immediately
induce promotion followed by progression, leading to the observed 50 % advancement
in the period of preneoplastic nodule appearance from the P to the F1 generation (Table
15). Similarly, the germ cells of the F1 and F2 mice would inherit a promoting event,
hence, the progressive advancement of period of preneoplastic nodule development
from F1 to F2 generations, and from F2 to F3 generations (Table 15). Keeping in view
the reported transplacental effect of arecoline (Sinha and Rao, 1985b) another plausible
explanation for the observed reults would be the transplacental exposure of the F1 fetus
to AEBN, or, components derived from AEBN, leading to the initiation of AEBN-
induced carcinogenesis at the fetal stage, and consequently an advancement in the
period of preneoplastic nodule appearance in the successive generations of

transgenerationally exposed mice.

PCR amplification and analysis of the DNA sequences thus obtained revealed that
exons 5 and 7 of the p53 gene (Figs. 3.37 & 3.39; Appendices I and II), and the targeted
segment of exon 27 of the Brca2 gene (Fig. 3.52; Genbank accession # FJ825143)
continued to remain unmutated in the F1, F2 and F3 mice exposed transgenerationally
to AEBN. However, exon 11 of the Brcal gene was found to be mutated in the solid
tumors as well as liver nodules developing in mice exposed transgenerationally to
AEBN (Fig. 3.43; Appendices III and IV). Exon 11 of the Brcal gene codes for the
RAD51-interaction domain of the BRCA1 protein which is pivotal in its role in DNA
repair (Welsch et al., 2000; Huber et al., 2001). The mutation observed was the base-
substitution mutation G—C, with the corresponding codon change TGT — TCT (Fig.
3.44) and the resultant amino acid-substitution cysteine (Cys) 41 — serine (Ser) 41
(Appendix IV). Molecular modeling was used to study the bonding/s of the thiol (-SH)
group of Cys, and the hydroxy (-OH) group of Ser, with the neighboring amino acids in

the Brcal protein. The Cys and Ser residues assumed three different orie\ntations known
' as rotamers (Figs. 3.53 through 3.57). The hydrogen bonding specificities were found
to be altered between the wild-type and mutant proteins in rotamers 2 and 3 of the

model as summarized in Table 17.
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Table 17: Alterations in hydrogen bonding specificities between wild-type and mutant Brcal proteins as
revealed by molecular modeling

Rotamer | Protein H-bond Bond Jength { Bond angle [1
2 Wild-type | Cys41-Asp38 |{2.19 A 66.07°

Mutant Ser41-Asp38 234 A 70.70°
3 Wild-type | Cys41- Cys37 Bond absent

Mutant Ser41-Cys37 Bond present

In rotamer 2, the bond length (Fig. 3.54) and bond angle (Fig. 3.57) were altered
between the wild-type and mutant proteins (Table 17), and in rotamer 3 a hydrogen
bond was formed only by the -OH group of Ser in the mutant protein, and not the ~SH
group of Cys in the wild-type (Fig. 3.56 and Table 17). These alterations suggest a
conformational change in the RADS51-interaction domain of the mutant Brcal protein,
which could possibly alter its interaction with RAD51, and hence, its role in DNA
repair. It is, therefore, likely that the mutation in exon 11 of the Brcal gene observed in
mice exposed transgenerationally to AEBN could contribute to a disruption of Brcal
function in these mice. The mutation would also be transmitted by the germ cells of the

mice to the future generations, resulting in the transmission of carcinogenic risk.

It can, thus, be hypothesized that the abrogated tumor-suppressor responses of the p53,
Brcal and Brca2 proteins, as well as mutation of exon 11 of the Brecal gene are
responsible for the increased predisposition to cancer of mice exposed prenatally/
transgenerationally to AEBN, when they are postnatally challenged with the same dose

of AEBN as the previously unexposed P generation mice.

In the chronic exposure as well as transgenerational exposure studies, alterations in the
levels of the p53, Brcal and Brca2 tumor suppressor proteins were determined by slot-
blotting in order to ensure accuracy of quantitative densitometry analysis. However,
slot-blotting involves the blotting of total cellular protein, and it was essential to verify
whether the results obtained indeed pertained to the respective proteins in question.
Thus, Western blotting was performed for the p53, Brcal and Brca2 proteins (Figs.
3.27 through 3.35). The alterations observed by Western blotting were found to agree

with those determined by slot-blotting. Thus, the results obtained by slot-blotting could
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be verified by Western blotting. It was also essential to support the results obtained for
p53, Brecal and Brca2 proteins by the use of appropriate and sensitive loading control/s.
The use of India-ink for staining total protein, and, as a loading control has been
reported previously (Sharan ef al, 2005; Kma and Sharan, 2006). India-ink was,
therefore, used as a loading control for the slot-blotting and Western-blotting
experiments performed in this study. AEBN-induced carcinogenesis was primarily
manifested by the appearance of prencoplastic nodules of the liver, which was closely
associated with crucial alterations in the levels of p53, Brcal and Brca2 proteins in the
liver. Thus, these alterations were verified by employing the use of actin as a loading

control, in addition to the India-ink.

The use of the p53, BRCAI and BRCA2 tumor suppressor genes as biomarkers of
various cancers in humans have been widely reported (Harris and Hollstein, 1993; Pich,
1998; Wilson et al., 1999; Yoshikawa et al., 1999; Zheng et al., 2000; Beger et al.,
2004). The methods currently used include serological tests, genetic analysis and
immunohistological detection in cytologic specimens, exfoliated cells, needle-biopsy
specimens and fixed tissues (Harris and Hollstein, 1993; Pich, 1998). Most of these
methods involve an invasive procedure of obtaining samples for the relevant tests.
Results obtained through our study with mice indicate that the levels of the p53, Breal
and Brca2 proteins were altered from the early stages of carcinogenesis onwards, and
varied as the cancer progressed. While the cancer primarily affected the liver, the
alterations in the levels of these tumor suppressor proteins were also reflected by the
PBL. It was evident that alterations in the levels of the p53, Brcal and Brca2 proteins in
the PBL of mice could serve as an indicator of the progress of a cancer. The use of PBL
seperated from whole blood ensures that the method is minimally invasive, while the
slot-blotting technique employed is fairly rapid. Therefore, it was of interest to
determine whether a similar approach could be used for detecting alterations in the
levels of p53, BRCA1 and BRCA2 proteins in cancer patients. This would raise the
possibility of potentially developing a rapid, blood-based technique for the use of the
p53, BRCA1 and BRCA2 tumor suppressor proteins as biomarkers of different human

Cancers.

Our results show significant upregulated level of p53 protein in PBL of all breast

cancer patients (Fig. 3.61), cervix cancer patients (Fig. 3.62) and on average, for all
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head and neck cancer cases studied (Figs. 3.59 and 3.60). However, the head and neck
cancers displayed variability in the level of p53 protein, concurrent with the site of the
cancer. Cancer at some sites in the head and neck cancer category resulted in an
elevated level of p53 protein in comparison to healthy controls, indicating an
upregulation of p53 in these patients (Figs. 3.59 & 3.60). Though not experimentally
verified, cancers showing an increase in p53 protein in comparison to control level may
involve mutation of the p53 gene, as accumulation of p53 protein has been reported to
be consistent with mutant forms of p53 (Harris and Hollstein, 1993). However, patients
included in our study with head and neck cancer at other sites showed control levels of
p53 (Figs. 3.59 and 3.60). All these patients presented with advanced cases, suggesting
an alternate route of p53 inactivation in these cases, such as MDM2 overexpression
(Shwe et al., 2001) or loss of heterozygosity. We observed a downregulation of
BRCAL1 protein in comparison to control, only in PBL of breast cancer patients (Fig.
3.64), while patients with head and neck cancer (Fig. 3.63) and cervix cancer showed
an elevation of BRCA1 (Fig. 3.65). A similar pattern of response was also observed in
case of BRCA2 protein, with downregulation of BRCA2 in PBL of breast cancer
patients (Fig. 3.67), and elevation in head and neck cancer (Fig. 3.66) and cervix cancer
(Fig. 3.68). Our results, therefore, indicate a tissue-specific response of the BRCA1 and
BRCA?2 proteins. The alterations observed in this study pertaining to the levels of p53,
BRCA1 and BRCA2 proteins in different human cancers, in comparison to the

respective control level may thus be summarized as follows (Table 18).

Table 18: Summary of alterations in the levels of P53, BRCA1 and BRCA2 proteins observed in different

cancers

Cancer | P53 | BRCA1 | BRCA2

Head & neck (class I) ' 1. ‘ -'-
Head & neck (class II) - .',. j' t

Breaft 1,. l ‘
Cervix 1. t 4'.

> indicates invariant from control level

1 indicates upregulation in comparison to control level
| indicates downregulation in conparison to control level
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The study of the p53, BRCA1 and BRCA2 tumor suppressor proteins is especially
relevant because they are intricately involved not only in the process of carcinogenesis,
but also in the response to various modes of cancer therapy. The presence of a p53
missense mutation indicated by an overabundance of p53 protein is considered as an
unfavorable prognostic factor for various cancers, such as cancer of the breast, lung and
gastric cancer (Harris and Hollstein, 1993). It has been reported that p53 can regulate
the sensitivity to cancer therapies by affecting the expression of drug targets, the access
of drugs to intracellular targets, and the response to DNA damage. The two major types
of microtubule-interfering agents are the Vinca alkaloids, including vinorelbine and
vincristine, which act to destabilize microtubules, and the taxanes paclitaxel and
docetaxel which promote microtubule polymerization and stabilization, ultimately
leading to the disruption of mitosis and subsequent apoptosis. Mutations in the p53
gene were reported to simultaneously increase the sensitivity to taxanes and decrease
the sensitivity to vinca alkaloids by transcriptional regulation of MAP4 and stathmin
which change the polymerization dynamics of tubulin, thereby, affecting the binding of
drugs to microtubules (Hait and Yang, 2006). p53 also regulates the expression of
multidrug resistance protein-1 (MRP1), a transporter that mediates the sensitivity to
Vinca alkaloids and anthracycline drugs such as doxorubicin. p53 mutation increased
the expression of MRP1, thereby producing significant resistance to vinblastine and
doxorubicin. Mutation of p53 has also been reported to cause resistance to cisplatin
(Perego et al., 1996). DNA-damaging drugs cause DNA double strand breaks either
directly or indirectly, and it is widely accepted that the absence of BRCAI expression
leads to hypersensitivity of cells to DNA-damage based chemotherapy. Thus,
abrogation of BRCAI protein expression in HBL100 breast cancer cells resulted in
increased sensitivity to both cisplatin and etoposide. The presence of BRCAI has been
reported to promote an increase in sensitivity to antimicrotubule agents (James ef al.,
2007). Tumors that carry BRCA1 mutations have frequently been found to also carry
p53 mutations. Moreover, mouse embryos with a conditional knockout of the Brcal
gene and with wild-type p53 genes die via a p5S3-dependent mechanism suggesting that
loss of p53 ﬁmction is required for a cell to tolerate loss of BRCA1 function, an
observation that may be important when considering the response of cancer cells to

DNA-damaging drugs (Kennedy et al., 2004).
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In light of the available information, the cancer of cervix and some sites (class I) of
head and neck cancer studied (Table 18) had elevated level of pS3 protein that is an
indicator of resistance to cisplatin, doxorubicin and vinblastine. The same cancers also
had elevated BRCA1 leading to resistance to DNA-damage based chemotherapy using
agents like cisplatin. Thus, these cancers are likely to respond better to taxanes. Cancers
of other sites of the head and neck region (class II) displayed control level of p53,
which would indicate increased sensitivity to cisplatin, doxorubicin and vinblastine.
These cancers, however, also had an elevated level of BRCA1 suggesting resistance to
DNA-damaging agents. Thus, if the p53 protein level or BRCA1 protein level are taken
individually as a biomarker, they give rise to a conflict with regards to the mode of
therapy which is likely to be effective. Similarly, the breast cancer cases studied
displayed elevated level of p53 indicating resistance to cisplatin, doxorubicin and
vinblastine, while their BRCA1 levels were downregulated, suggesting increased
sensitivity to cisplatin and other DNA-damage-inducing cheomotherapeutic agents.
Thus, in these cases too, the p53 level or the BRCA1 level taken individually, cannot
serve as a biomarker to assess an effective mode of therapy. It, therefore, follows that
while the level of a tumor suppressor protein in PBL can serve as a good biomarker, a
combination of more than one tumor suppressor would permit a more comprehensive
understanding of the potential response of a cancer to different therapeutic agents,

rather than the use of a single tumor suppressor.

The following conclusions can thus be drawn from the current study:-

Features of the study of chronic exposure of Swiss Albino mice to AEBN

1. Chronic exposure of Swiss Albino mice (P generation) to AEBN at a dose of 2 mg
m!l™ in drinking water resulted in the formation of preneoplastic nodules in the liver

after 16 weeks of exposure.

2. AEBN-induced carcinogenesis intricately involved coordinated alterations in the
cellular level of p53, Brcal and Brca2 tumor suppressor proteins. The p53 protein was
upregulated to 2.5-fold over the age-matched control level after 6-8 weeks of exposure
and Brcal and Brca2 proteins were upregulated to 1.4 fold over the age-matched
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control level after 2 weeks of exposure, indicating an initial protective response against
the DNA damage induced by AEBN exposure.

3. Subsequently, the p53 protein declined to control level, and Brcal and Brca2
proteins declined below control level indicating a loss of tumor suppressor functions.

4. The appearance of preneoplastic nodules of the liver was concomitant with the
decline of p53 protein to control level, and the Brcal and Brea2 proteins below control

level indicating a loss of the protection tendered by these tumor suppressors.

5. Exons 5 and 7 of the p53 gene, exon 11 of the Brcal gene and the amplified
segment of exon 27 of the Brca? gene were not mutated in the liver nodules formed
after 24 weeks of exposure to AEBN indicating that the loss of the function of these
tumor suppressors upon chronic exposure to AEBN does not involve mutation of these

critical regions of the gene

6. The liver nodules formed after 24 weeks of exposure to AEBN exhibit extensive
disruption of the integrity of subcellular organelles, namely the nucleus, endoplasmic

reticulum and mitochondria.

7. Thus, chronic exposure to AEBN led to carcinogenesis due to

a. loss of control over cellular proliferation through loss of p53 function; and

b. genomic instability because of loss of Brecal and Brea2 functions.
8. Alterations in the levels of p53, Brcal and Brca2 proteins observed in the liver
were mirrored by the SC and the PBL.

Features of the study of transgenerational exposure of Swiss Albino mice

to AEBN

1. The responses of p53, Brcal and Breca2 tumor suppressors in F1, F2 and F3 mice
subjected to transgenerational exposure to AEBN differed from that in P g/eneration

mice subjected to chronic exposure to AEBN.
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2. In F1, F2 and F3 generations, the level of p53 protein remained at control level
throughout the exposure period, while the levels of Brcal and Brca2 proteins rapidly
declined below control level after 2 weeks of exposure to AEBN without recording an

initial increase.

3. The appearance of preneoplastic nodules of the liver was significantly advanced in
transgenerationally exposed mice, appearing in F1 mice after 8 weeks of exposure, in
F2 mice after 6 weeks of exposure, and in F3 mice after 4 weeks of exposure to AEBN.
At these periods, the p53 protein was maintained at control level, while the Brcal and

Brca2 proteins were well below control level, as in the chronic exposure regime.

4. F1, F2 and F3 mice developed various anomalies including solid tumors which

were observed in the P generation mice.

5. Exons 5 and 7 of p53 gene, and the amplified segment of exon 27 of the Brca2
gene were not mutated upon transgenerational exposure to AEBN in both liver nodules

as well as solid tumors.

6. Exon 11 of Brcal gene was, however, mutated in F1, F2 and F3 mice. The

mutation observed was a G—C transversion mutation.

7. Liver nodules of transgenerationally exposed mice exhibited extensive alteration of
the ultrastructure of subcellular organelles. The mitochondrial index progressively
decreased from P, F1, F2 through F3 generations, and also in comparison to control

indicating progressive loss of apoptosis.

8. Transgenerational exposure to AEBN, thus, led to predisposition to cancer
manifested by early appearance of liver preneoplastic nodules, loss of apoptosis and

development of anomalies including solid tumors.

9. This predisposition to cancer was caused by abrogation of p53 response, and
increasing genomic instability due to progressively rapid decline of Brcal and Brca2

proteins, as well as mutation of Brcal gene.
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10. Alterations in the levels of p53, Brcal and Brca2 proteins observed in the liver
were also mirrored by the SC and the PBL.

Features of the study of p53, BRCAl and BRCA?2 proteins as a potential

biomarkers of cancer

1. Determination of levels of p53, BRCAl and BRCA2 proteins in PBL as a
biomarker of cancer can provide a fast, non-invasive, blood based test for the clinical

management of cancer.

2. A combination of all three tumor suppressors is more effective as a biomarker of

cancer, rather than the use of a single tumor suppressor.

175



REFERENCES




Al Rashid, S.T., Dellaire, G., Cuddihy, A., Jalali, F., Vaid, M., Coackley,C., Folkard,
M., Xu, Y., Chen, B.P.C., Chen, D.J., Lilge, L.,Prise, K.M., Jones D.P.B., and
Bristow,R.G. (2005) Evidence for the direct binding of phosphorylated p53 to sites of
DNA breaks in vivo, Cancer Research, 65, 10810-10821.

Altschul, Stephen, F., Madden, T. L., Schiffer, A. A., Zhang, J., Zhang, Z., Miller, W.,
Lipman, D. J., (1997) Gapped BLAST and PSI-BLAST: a new generation of protein
database search programs, Nucleic Acids Research, 25, 3389-3402.

American Cancer Society. Cancer Facts & Figures 2008, Aflanta: American Cancer
Society; 2008.

Anderson, M. W., Reynolds, S. H., Ming, Y. and Maronpot, R. M. (1992),
Environmental Health perspectives, 98, 13-24.

Asotra, K. and Sharan, R.N. (2008) Health hazards of chewing Areca nut, betel quid
and Gutkha. TRDRP Newsletter, 10, 6-8. (also in “Burning Issues” available online at

www.trdrp.org/publications/Newsletters.asp)

Ausubel, F., Brent, R., Kinston, R. E., Moore, D. D., Seidman, J. G., Struhl, K. and
, Smith, J. A. (1995). Short Protocols in Molecular Biology, John Wiley & Sons, USA.

Autrup, H. (1993) Transplacental transfer of genotoxins and transplacental

carcinogenesis, Environmental Health Perspectives Supplements, 101, 33-38.

Bai, L. and Zhu, W-G. (2006) p53: Structure, functions and therapeutic applications,
Journal of Cancer Molecules, 2, 141-153.

Balachandran, B., and Sharan, R. N. (1995) Induction of mutations by different extracts
of betel nut and radiation: Their implication in Carcinogenesis. In, Radiation Research
1895-1995, Hagen, U., Jung, H., and Streffer, C. (eds) pp 165, vol. 1, Wiirzburg,

Germany.

176



Balmain, A., Gray, J. and Ponder, B. (2003) The genetics and genomics of cancer,
Nature Genetics supplement, 33, 238-244.

Barrett, J.C. (1993) Mechanisms of multistep carcinogenesis and carcinogen risk

assessment, Environmental Health Perspectives, 100, 9-20.

Beger, C., Ramadani, M., Meyer, S., Leder, G., Kriiger, M., Welte, K., Gansauge, F.
and Beger, H.G. (2004) Down-regulation of BRCA1 in chronic pancreatitis and

sporadic pancreatic adenocarcinoma, Clinical Cancer Research, 10, 3780-3787.

Bettendorf, O., Schmidt, H., Staebler, A., Grobholz, R., Heinecke, A., Boecker, W.,
Hertle, 1. and Semjonow, A. (2008) Chromosomal imbalances, loss of heterozygosity,
and immunohistochemical expression of TP53, RB1, AND PTEN in intraductal cancer,
intraepithelial neoplasia, and invasive adenocarcinoma of the prostrate, Genes
Chromosomes Cancer, 47, 565-72.

Bobba, R. and Khan, Y. (2003) Cancer in India-an overview, GOR Vol.5 No.4.

Boucher, B. J., and Mannan, N. (2002) Metabolic effects of the consumption of 4reca
catechu, Addiction Biology, 7, 103-110.

Boyum, A. (1968) Isolation of leucocytes from human blood-further observations.
(Paper 1I),Scandinavian Journal of Clinical Laboratory Investigation 21 Supplement,
97, 31-50.

Bayum, A. (1968) Isolation of mononuclear cells and granulocytes from human blood.
(Paper 1V), Scandinavian Journal of Clinical Laboratory Investigation 21 Supplement,
97, 77-89.

Bradford, M. M., 1976. A rapid and sensitive method for quantification of microgram

quantities of proteins using the principle of dye binding, Analytical Biochemistry, 72,
248-254.

177



Byrski, T. (2003) Germline mutation of BRCA1 gene in Polish families with strong
aggregation of breast and/or ovarian cancer based on coding sequence ananlysis using
the SSCP method, 4nnales Academiae Medicae Stetinensis, 49, 27-43.

Califano, J., van der Riet, P., Westra, W., Nawroz, H., Clayman, G., Piantadosi, S. et
al. (1996) Genetic progression model for head and neck cancer: implications for field

cancerization, Cancer Research, 56, 2488-92.

Cano, A., Calasanz, M.J., Colomer, D., Piris, M.A., Ahn, N., Imhof, A., Caldas, C.,
Jenuwein, T. and Esteller, M. (2005) Loss of acetylation at Lys16 and trimethylation at

Lys20 of histone H4 is a common hallmark of human cancer, Nature Genetics, 37, 391-
400.

Center for Biomarkers in Imaging. www. biomarkers.org

Cetin-Atalay and Ozturk, M. (2000) p53 mutations as fingerprints of environmental
carcinogens, Pure and Applied Chemistry, 72, 995-999.

Chang, B., Liao, M., Kuo, M. Y., and Chen, C. (2001). Developmental toxicity of
arecoline, the major alkaloid in betel nuts, in zebrafish embryos, Birth Defects
Research, Part A, 70, 28-36.

Chiang, S., Jiang, S., Wang, Y., Chiang, H., Chen, P., Tu, H., Ho, K., Tsai, Y., Chang,
L., and Ko, Y. (2007) Characterization of arecoline-induced effects on cytotoxicity in

normal human gingival fibroblasts by global gene expression profiling, 7oxicological
Science, 100, 66-74.

Chiba, 1., Muthumala, M., Yamazaki, Y., Zaman, A. U., lizuka, T., Amemiya, A.,
Shibata, T., Kashiwazaki, H., Sugiura, C., and Fukuda, H. (1998) Characteristics of
mutations in the p53 gene of oral squamous-cell carcinomas associated with betel-quid

chewing in Sri Lanka, International Journal of Cancer, 77, 839-842.

Cho, W. C. S. (2007) Contribution of oncoproteomics to cancer biomarker discovery,

Molecular Cancer, 6, 25.
178



Choudhury, Y. and Sharan, R.N. (2009) Altered p53 response and enhanced
transgeneration transmission of carcinogenic risk upon exposure of mice to betel nut,

Environmental Toxicology and Pharmacology, 27, 127-138.

Ciernikova, S., Tomka, M., Sedlakova, O., Reinerova, M., Stevurkova, V., Kovac, M.,
Cente, M., llencikova, D., Bella, V. and Zajac, V. (2003) The novel exon 11 mutation
of BRCA1 gene in a high-risk family, Neoplasma, 50, 403-407.

Cimino, G., Rapanotti, M. C., Sprovieri, T. and Elia, L. (1998) ALL1 gene alterations

in acute leukemia: biological and clinical aspects, Haemarologica, 83, 350-357.

Coleman, W.B. and Tsongalis, G.J. (1995) Multiple mechanisms account for genomic
instability and molecular mutation in neoplastic transformation, Clinical Chemistry,
41/5, 644-657.

Corpet, F. (1988) Multiple sequence alignment with hierarchical clustering, Nucleic
Acids Research, 16, 10881-10890.

Croce, C. M. (2008) Molecular origins of cancer ~Oncogenes and cancer. New England
Journal of medicine, 358, 502-511.

Culleré- Ullman, M.H. and Foltz, C.J. (1999) Body condition scoring: A rapid and
accurate method for assessing health status in mice, Laboratory Animal Science, 49,
319-323.

Czernin, J. and Phelps, M.E. (2002) Positron emission tomography scanning: current

and future applications, Annual Review of Medicine, 53, 89-112.

Daniels, M.J., Wang, Y., Lee, M. and Venkitaraman, A.R. (2004) Abnormal
cytokinesis in cells deficient in the breast cancer susceptibility protein BRCA2,
Science, 306, 876-879.

Das, B.C., Gopalkrishna, V., Hedau, S. and Katiyar, S. (2000) Cancer of the uterine

cervix and human papillomavirus infection, Current Biology, 78, 52-63.
179



Deleo, A.B., Jay, G., Apella, E., Dubois, G.C., Law, L.W., and Old, L.J. (1979)
Detection of a transformation-related antigen in chemically induced sarcomas and other

transformed cells of the mouse, Proceedings of the National Academy of Science,
U.S.4, 1979, 76, 2420-2424.

Deng, C-X (2006) BRCAI1: cell cycle checkpoint, genetic instability, DNA damage

response and cancer evolution, Nucleic Acids Research, 34, 1416-1426.

Detmer, S.A. and Chan, D.C. (2007) Functions and dysfunctions of mitochondrial
dynamics, Nature Reviews Molecular Cell Biology, 8, 870-879.

Diwan, B. A., Anderson, J. M., Ward, L. M., Henneman, J. R. and Rice, J. M. (1995)
Transplacental carcinogenesis by cisplatin in F344/NCr rats: promotion of kidney
tumors by postnatal administration of sodium barbital. Toxicology and applied
pharmacology, 132, 115-121.

Diwan, B. A., Kasprzak, K. S., and Rice, J. M. (1992) Transplacental carcinogenic
effect of nickel (II) acetate in the renal cortex, renal pelvis and adenohypophysis of
F3477/ NCr rats, Carcinogenesis. 13, 1351-1357.

Diwan, B. A., Ohshima, M., and Rice, J. M. (1989) Effect of postnatal administration
of tumour-promoting barbiturates on the development of tumours initiated by prenatal
exposure of fetal rats and mice to N-alkylnitrosoureas. In: Perinatal and
Multigeneration Carcinogenesis. Napalkov, N. P., Rice, J. M., Tomatis, L. and
Yamasaki, H. (eds.), IARC Scientific Publication, 96, 75-80.

Donoho, G., Brenneman, M.A., Cui, T.X., Donoviel, D., Vogel, H., Goodwin, E.H.,
Chen, D.J. and Hasty, P. (2003) Deletion of Brca2 exon 27 causes hypersensitivity to
DNA crosslinks, chromosomal instability, and reduced life span in mice, Genes
Chromosomes Cancer, 36, 317-331.

Eggei‘, G., Liang, G., Aparicio, A. and Jones, P.A. (2004) Epigenetics in human disease
and prospects for epigenetic therapy, Nature, 429, 457-464.

180



Eliyabu, D., Raz, A., Gruss, P., Givol, D. and Ore, M. (1984) Participation of p53
cellular tumour antigen in transformation of normal embryonic cells, Nature, 312, 646-
649.

Esteller, M. (2006) Epigenetics provides a new generation of oncogenes and tumour-

suppressor genes, British Journal of Cancer, 94, 179-183.

Evan, G. I. and Vousden, K. H. (2001) Proliferation, cell cycle and apoptosis in cancer,
Nature, 411, 342-348.

Fabbro, M., Schuechner, S., Au, W.W.Y. and Henderson, B.R. (2004) BARDI
regulates BRCA1 apoptotic function by a mechanism involving nuclear retention,
Experimental Cell Research, 298, 661-673.

Field, J.K. (1995) The role of oncogenes and tumour-suppressor genes in the aetiology
of oral, head and neck squamous cell carcinoma, Journal of the Royal Society of
Medicine, 88, 35P-39P.

Forastiere, A., Koch, W., Trotti, A. and Sidransky, D. (2001) Head and Neck cancer,
The New England Journal of Medicine, 345, 1890-1900.

Fraga, MLF., Ballestar, E., Villar-Garea, A., Boix-Chornet, M., Espada, J., Bonaldi, T.,
Haydon, C., Ropero, S., Petrie, K., Iyer, N.G., Pérez-Rosado, A., Calvo, E., Lopez,
JA.,

Futamura, M., Arakawa, H., Matsuda, K., Katagiri, T., Saji, S., Miki, Y. and
Nakamura, Y. (2000) Potential role of BRCA2 in mitotic checkpoint after
phosphorylation by hBUBR1, Cancer Research, 60, 1531-1535.

Gatenby, R.A. and Gillies, R.J. (2004) Why do cancers have high aerobic glycolysis?
Nature Reviews Cancer, 4, 891-899.

Ghosh, S., Lu, Y., Katz, A., Hu, Y., and Li, R. (2007) Tumor suppressor BRCAl

inhibits a breast cancer- associated promoter of the aromatase gene (CYP19) in human
181



adipose stromal cells, Ameriacan Journal of Physiology, Endocrinology and
Metabolism, 292, E246-E252.

Goan, Y. G., Chang, H. C,, Hsu, H. K., Chou, Y. P.,.and Cheng, J. T. 2005: Risk of
p33 gene mutation in esophageal squamous cell carcinoma and habit of betel quid

chewing in Taiwanese, Cancer Science, 96, 758-765.

Goerttler, K., Loehrke, H., Schweizer, J., and Hease, B. (1980). Two-stage skin
carcinogenesis by systemic initiation of pregnant mice with 7, 12-
dimethylbenz[a]anthracene during gestation days 6-20 and postnatal promotion of the
F1-generation with the phorbol ester 12- tetradecanoylphorbol-13-acetate, Journal of
Cancer Research and Clinical Oncology, 98, 267-275.

Hait, WN. and Yang, J-M. (2006) The individualization of cancer therapy: the
unexpected role of p53, Transactions of the American Clinical and Climatological
Association, 117, 85-101.

Hanahan, D and Weinberg, R. A. (2000) The hallmarks of cancer, Cell. 100, 57-70.

Harris, C.C. (1991) Chemical and physical carcinogenesis: Advances and perspectives
for the 1990s, Cancer Research, 51, 5023s-5044s.

Harris, C.C. and Hollstein, M. (1993) Clinical implications of the p53 tumor suppressor
gene. New England Journal of Medicine. 329, 1318-1327.

Hayat, M. A. (1985) Basic techniques for Transmission Electron Microscopy,
Academic Press Inc, U.S.A.

Hollstein, M., Sidransky, D., Vogelstein, B., and Harris, C.C. (1991) p53 mutations in

human cancers, Science, 253, 49-53.

Hsieh, L. L., Wang, P. F., Chen, 1. H,, Liao, C. T., Wang, H. M., Chen, M. C., Chang,
J.T., and Cheng, A. J‘.-"(;%Gﬁl)iﬁharacterisics of mutations of the p53 gene in oral

182



squamous cell carcinoma associated with betel quid chewing and cigarette smoking in

Taiwanese, Carcinogenesis, 22, 1497-1503.

http://bibiserv.techfak uni-bielefeld.de/genefisher/

http://en.wikipedia.org/wiki/P53

Huber, L.J., Yang, T.W., Sarkisian, C.J., Master, S.R., Deng, C-X., and Chodosh, L.A.
(2001) Impaired DNA damage response in cells expressing an exon 11-deleted murine
Brcal variant that localizes to nuclear foci, Molecular and Cellular Biology, 21, 4005-
4015.

IARC (1985) Tobacco habits other than Smoking; Betel quid and Areca-nut chewing;
and some related nitrosamines, In Monographs on the evaluation of carcinogenic risks

to humans, 37, 263.

IARC (2004) International agency for Research on Cancer (JARC) Summaries &

Evaluations: Betel-quid and areca-nut chewing, 85, 39.

James, C.R., Quinn, J.E., Mullan, P.B., Johnston, P.G. and Harkin, P., (2007). BRCA1,
a potential predictive biomarker in the treatment of breast cancer, The Oncologist, 12,
142-150.

Jaworski, M., Hailfinger. S., Buchmann. A., Herhenhahn, M., Hollstein, M., Ittrich, C.
and Schwarz, M., (2005). Human p53 knock-in (hupki) mice do not differ in liver
tumor response from their counterparts with murine p53, Carcinogenesis, 26, 1829-
1834.

Jenkins, J.R., Rudge, K. and Currie, G.A. (1984) Cellular immortalization by a cDNA
clone encoding the transformation associated phosphoprotein p53, Nature, 312, 651-
654.

Jones, P. A., and Baylin, S. B. (2002) The fundamental role of epigenetic events in

cancer, Nature Reviews, 3, 415-428.
183



Jones, P.A. and Laird, P.W. (1999) Cancer epigenetics comes of age, Nature Genetics,
21, 163-167.

Kannan, K., Munirajan, A. K. and Krishnamurthy, J. (1999) Low incidence of p53
mutation in betel quid and tobacco chewing-associated oral squamous carcinoma from

India, International Journal of Oncology, 15, 1133-1136.
Kennedy, R.D., Quinn, J.E., Mullan, P.B., Johnston, P.G. and Harkin, D.P. (2004). The
role of BRCAL1 in the cellular response to chemotherapy. Journal of the National

Cancer Institute, 22, 1659-1668.

Kerr, P. and Ashworth, A. (2001) New complexitiecs for BRCA1 and BRCA2. Current
Biology, 11, R668-R676.

Kim, J. and Dang, C.V. (2006) Cancer’s molecular sweet tooth and the Warburg effect,
Cancer Research, 66, 8927-8929.

King, M.W. (2008) www.themedicalbiochemistrypage.org

Kinzler, K.W. and Vogelstein, V. (1997) Gatekeepers and Caretakers, Nature, 386,
761-763.

Kma L. 2003. Ph.D thesis entitled Study of molecular characteristics of chromosomes

during chemically induced cellular transformation. p30.

Kma L. and Sharan, R.N. (2006) In vivo exposure of Swiss albino mice to chronic low
dose of dimethylnitrosamine (DMN) lowers poly-ADP-ribosylation (PAR) of bone
marrow cell and blood lymphocyte proteins, Molecular and Cellular Biochemistry,
288, 143-149.

Knudson, A. G. (1971) Mutation and cancer: Statistical study of Retinoblastoma,
Proceedings of National Academy of Sciences, USA, 68, 820-823.

184



Kumpawat, K., Deb, S., Ray, S., and Chatterjee, A. (2003) Genotoxic effect of raw
betel-nut extract in relation to endogenous glutathione levels and its mechanism of

action in mammalian cells, Mutation Research, 538, 1-12.

Kuttan, N. A. A., Rosin, M. P., Ambika, K., Priddy, R. W., Bhakthan, N. M. G., and
Zhang, L. (1995) High prevalence of expression of p53 oncoprotein in oral carcinomas
from India associated with betel and tobacco chewing, European Journal of Cancer,
31, 169-173.

Laemmli, U.K. (1970). Cleavage of structural proteins during the assembly of the head
of bacteriophage T4, Nature, 227, 680-385.

Lane, D.P. and Crawford, L.V. (1979) T antigen is bound to a host protein in SV40
transformed cells, Nature, 278, 261-263.

Lee, P., Chang, M., Chang, W., Wang, T., Wang, Y., Hahn, L., Ho, Y., Lin, C., and
Jeng, J. (2006) Prolonged exposure to arecoline arrested human KB epithelial cell
growth: Regulatory mechanisms of cell cycle and apoptosis, Toxicology, 220, 81-89.

Levine, A.J. (1997) p53, the cellular gatekeeper of growth and division, Cell, 88, 323-
331.

Linzer, D.I. and Levine, A.J. (1979) Characterization of a 54 K Dalton cellular SV40
tumour antigen present in SV40-transformed cells cells and unifected embryomal
carcinoma cells, Cell, 17, 43-52.

Liu, Y. and West, S.C. (2002) Distinct functions of BRCA1 and BRCA?2 in double-

strand break repair, Breast Cancer Research, 4, 9-13.

Loktionov, A., Popovich, L., Zabezhinski, M, Martel, N., Yamasaki, H., and Tomatis, L.
(1992) Transplacental and transgeneration carcinogenic effect of 7, 12-
dimethylbenzfa}anthracene: relationship with ras oncogene activation, Carcinogenesis,
13, 19-24.

185



Lu, H., Guo, X., Meng, X., Liu, J., Allen, C., Wray, J., Nickoloff, J.A. and Shen, Z.
(2005) The BRCAZ2-interacting protein BCCIP functions in RADS51 and BRCA2 focus

formation and homologous recombinational repair, Molecular and Cellular Biology,
25, 1949-1957.

Lu, X., Nikaido, T., Toki, T., Zhai, Y. L., Kita, N., Konishi, I. and Fujii, S. (2000) Loss
of heterozygosity among tumor suppressor genes in invasive and in situ carcinoma of

the uterine cervix, International Journal of Gynecological Cancer, 10, 452-458.

MacLachlan, T.K., Dash, B.C., Dicker, D.T. and El-Deiry, W.S. (2000) Repression of
BRCAL1 through a feedback loop involving p53, The Jourral of Biological Chemistry,
275, 31869-31875.

Miki, Y., Swensen, J., Shattuck-Eidens, D., Futreal, P.A., Harshman, K., Tavtigian, S.,
Liu, Q., Cochran, C., Bennett, L.M., Ding, W. et al (1994) A strong candidate for breast
and ovarian cancer susceptibility gene BRCA1, Science, 266, 66-71.

Min-min, H., Ming-rong, X., Ze-yi, C., Kai-xuan, Y. and Zhi-lin, S. (2006). Analysis of
p53 codon 72 polymorphism and its association with human papillomavirus 16 and 18
E6 in Chinese cervical lesions, International Journal of Gynecological cancer, 16,
2004-2008.

Modica-Napolitano, J. and Singh, K.K. (2002) Mitochondria as targets for detection

and treatment of cancer. Expert Reviews in Molecular Medicine, 1-19.

Moll, U. M. and Petrenko. O. (2003). The MDM2-p53 interaction. Molecular Cancer
Research, 1, 1001-1008.

Monsonego, J., Bosch, F. X., Coursaget, P., Cox, J.T., Franco, E., Frazier, I,
Sankaranarayanan, R., Schiller, J., Singer, A., Wright, T., Kinney, W., Meijer, C. and
Linder, J. (2004) Cervical cancer control, priorities and new directions, Infernational

Journal of Cancer, 108, 329-333.

186



Morillo-Arismendi, G.J. and Catellano-Ramirez, A.V. (2008) Ultrastructural
mitochondrial pathology in human astrocytic tumors: potentials implications pro-

therapeutics strategies, Journal of Electron Microscopy, 57, 33-39.

Muller, D., Bonaiti-Pellié, C., Abecassis, J., Stoppa-Lyonnet, D. and Fricker, J.P.
(2004) BRCAL1 testing in breast and/or ovarian cancer families from northeastern

France identifies two common mutations with a founder effect, Familial Cancer, 3, 15-
20.

Nadeau, G., Boufaied, N., Moisan, A., Lemieux, K.M., Cayanan, C., Monteiro, A.N.A.
and Gaudreau.L. (2000) BRCA1 can stimulate gene transcription by a unique
mechanism, EMBO Reports, 3, 260-265.

Nair U, Bartsch H, Nair J. (2004) Alert for an epidemic of oral cancer due to use of the
betel quid substitutes gutkha and pan masala: a review of agents and causative

mechanism, Mutagenesis, 19, 251-262.

Nair, J., Ohshima, H., Friesen, M., Croisy, A., Bhide, S. V., and Bartsch, H. (1985)
Tobacco-specific and betel nut-specific N-nitroso compounds: occurrence in saliva and
urine of betel quid chewers and formation in vitro by nitrosation of betel quid,

Carcinogenesis, 6, 295-303.

Nair, U.J., Floyd, R. A., Nair, J, Bussachini, V., Friesen, M. and Bartsch, H. (1987)
Formation of reactive oxygen species and of 8-hydroxydeoxyguanosine in DNA in

vitro with betel quid ingredients, Chemico- Biological Interactions, 63, 157-169.

Napalkov, N., Likhachev, A., Anisimov, V., Loktionov, A., Zabezhinski, M.,
Ovsyannikov, A., Wahrendorf, J., Becher, H. and Tomatis, L. (1987) Promotion of skin

tumors by TPA in the progeny of mice exposed prenatally to DMBA, Carcinogenesis,
8, 381-385.

Narama, 1., Imaida, K., Iwata, H., Nakae, D., Nishikawa, A. and Harada, T. (2003) A

review of nomenclature and diagnostic criteria for proliferative lesions in the liver of

187



rats by a working group of Japanese Society of Toxicologic Pathology, Journal of
Toxicology and Pathology, 16, 1-17.

Nomura, T. (2006) Transgenerational effects of radiation and chemicals in mice
humans, Journal of Radiation Research, 47, B83-B97.

Nomura, T. (2008) Transgenerational effects from exposure to environmental toxic

substances, Mutation Research/ Reviews in Mutation Research, 659, 185-193.

Nomura. T. (1983) X-ray induced germ-line mutation leading to tumors. Its

manifestation in mice given urethane post-natally, Muration Research, 121, 59-65.

Odyuo, M. M. and Shran, R. N. (2005) Differential DNA strand breaking abilities of
°OH and ROS generating radiomimetic chemicals and y-rays: Study of plasmid,
pMTa4, in vitro. Free Radical Research, 39, 499-505.

Oesterrich, H. and Fuqua, S.W. (1999) Tumor suppressor genes in breast cancer,
Endocrine-Related Cancers, 6, 405-419.

Panigrahi, G. B., and Rao, A. R. (1989) Study of the genotoxicity of the total aqueous
extract of betel nut and its tannin, Carcinogenesis, 7, 37-39.

Pariat, T. and Sharan, R. N. (1998a) Betel nut and diethylnitrosamine induced
conformational changes in the liver HMG proteins in vivo. In, Trends in Radiation
and Cancer Biology, Sharan, R. N. (ed) pp 162-165, vol. 29. International co-

operation bilateral seminars series, Forschungszentrum Juelich GmbH, Germany.

Pariat, T. and Sharan, R. N. (1998b) Qualitative change in mice liver HMG proteins
after low dose chronic administration of aqueous extract of betel nut and

diethynitrosamine, Hepatology Research, 12, 177-185.

Parkin, D. M., Bray, F., Ferlay, J. and Pisani, P. (2005) Global Cancer Statistics, 2002,
CA: A Cancer Journal for Clinicians, S5, 74-108.

188



Pegoraro, R.J., Rom, L., Lanning, P.A., Moodley, M., Naiker, S. and Moodley, J.
(2002) P53 codon 72 polymorphism and human papillomavirus type in relation to
cervical cancer in South African women, International Journal of Gynecological
Cancer, 12, 383-388.

Perego, P., Giarola, M., Righetti, S.C., Supino, R., Caserini, C., Delia, D., Pierotti,
M.A., Miyashita, T., Reed, J.C. and Zunino, F. (1996) Association between cisplatin
resistance and mutation of p53 gene and reduced Bax expression in ovarian carcinoma

cell systems, Cancer Research, 56, 556-562.

Perez-Ordofiez, B., Beauchemin, M. and Jordan, R.C.K. (2006) Molecular biology of
squamous cell carcinoma of the head and neck, Journal of Clinical Pathology, 59, 445-
453,

Pich, A. (1998) p53 expression, proliferative activity and prognosis in cancer, The
Cancer Journal, 11, 223-227.

Pillai, M.R., Sreevidya, S., Pollock, B.H., Jayaprakash, P.G. and Herman, B. (2002)
Polymorphism at codon 72 of p53, human papillomavirus, and cervical cancer in South
India, Journal of Cancer Research and Clinical Oncology, 128, 627-631.

Pitot, H.C., Neveu, M. J., Hully, J. H., Sargent, L., Paul, D. and Nicholson, B. (1991)
Gene activation and deactivation during multistage hepatocarcinogenesis in rat. In,

Chemical Carcinogenesis 2: Modulating Factors, Plenum Press, New York.

Ponder, B.A.J. (2001) Cancer Genetics, Nature, 411, 336-411.

Powell, S.N. and Kachnic, L.A. (2003) Roles of BRCA1 and BRCA2 in homologous
recombination, DNA replication fidelity and the cellular response to ionizing radiation,
Oncogene, 22, 5784-5791.

Rajan, J.V., Wang, M., Marouis, S.T. and Chodosh, L.A. (1996) Breca2 is coordinately
regulated with Brcal during proliferation and differentiation in mammary epithelial

cells, Proceedings of National Academy of Sciences, US4, 93, 13078-13083.
189



Ralhan, R., Agarwal, S., Nath, N., Mathur, M., Wasylyk, B., and Srivastava, A. (2001)
Correlation between p53 gene mutations and circulating antibodies in betel- and

tobacco-consuming North Indian population, Oral Oncology, 37, 243-250.

Ranasinghe, A. W., Warnakulasuriya, K. A. A. S., and Johnson, N. W. (1993) Low
prevalence of expression of p53 oncoprotein in oral carcinomas from Sri Lanka

associated with betel and tobacco chewing, European Journal of Cancer, 29, 147-150.
Ratcliffe N. A. (1983) Practical Illustrated Histology, Macmillan Press, p 23-24.

Redner, R.L., Wang, J., and Liu, J.M. (1999), Chromatin modeling and leukemia: new
therapeutic approaches, Blood, 94, 417-428.

Rice, J. M., Rehm, S., Donovan, P. J. and Perantoni, A. O. (1989) Comparitive
transplacental carcinogenesis by directly acting and metabolism dependent alkylating
agents in rodents and nonhuman primates. In: Perinatal and Multigeneration
Carcinogenesis. Napalkov, N. P., Rice, J. M., Tomatis, L. and Yamasaki, H. (eds.),
IARC Scientific Publication, 96, 17-34.

Risch, H.A., McLaughlin, J.R., Cole, D.E.C., Rosen, B., Bradley, L., Kwan, E., Jack,
E., Vesprini, D.J., Kuperstein, G., Abrahamson, J.L.A., Fan, 1., Wong, B. and Narod,
S.A. (2001) Prevalence and penetrance of germline BRCA1 and BRCA2 mutations in a
population series of 649 women with ovarian cancer, The American Journal of Human
Genetics, 68, 700-710.

Rosenberg, I. M. 1996.Getting started with protein purification. In, Protein Analysis
and Purification, Bench top Techniques, Birkhduser, Boston, 99-109.

Ruddon, R.W. (2003) Biochemistry of cancer-Historical perspectives. In, Cancer
Medicine, United States BC Decker Inc., 2003.

Ruddon, R.W. (2007) The Biochemistry and Cell Biology of Cancer. In, Cancer

Biology, Oxford University Press, USA. pp 118.
190



Sambrook, J. and Russell, D. W. (2001). In, Molecular Cloning: A laboratory
manual. New York, Cold Spring Harbor Laboratory Press.

Saxena, S., Chakraborty, A., Kaushal, M., Kotwal, S., Bhatanager, D., Mohil, R.S.,
Chintamani, C., Aggarwal, A.K., Sharma, V.K., Sharma, P.C., Lenoir, G., Goldgar,
D.E. and Szabo, C.I. (2006) Contribution of germline BRCA1 and BRCA2 sequence
alterations to breast cancer in Northern India, BMC Medical Genetics, 7, 75.

Scully, R. and Livingston, D.M. (2000) In search of the tumour-suppressor functions of
BRCA1 and BRCA2, Nature, 408, 429-432.

Sharan, R. N. (1994) Biochemical investigation of carcinogenic potency of betel nut
(Kwai) of north-east India. In, Oral Oncolegy, pp. 190-193, vol. IlI, New Delhi: Mac
Millan India Ltd.

Sharan, R. N., and Wary, K. K. (1992) Study of unscheduled DNA synthesis following
exposure of human cells to arecoline and extracts of betel nut in vitro, Mutation
Research, 278, 271-276.

Sharan, R. N., Devi, B. J., Humtsoe, J. O., Kma, L., 2005. Detection and quantification
of poly-ADP-ribosylated cellular proteins of spleen and liver tissues of mice in vivo by
slot and Western blot immunoprobing using polyclonal antibody against mouse ADP-

ribose polymer, Molecular and Cellular Biochemistry, 278, 213-221.

Sharan, R.N. (1996) Association of betel nut with carcinogenesis, The Cancer Journal,
9,13-19.

Shiraishi, H., Okamoto, H., Yoshimura,A. and Yoshida,H. (2006) ER-stress induced
apoptosis and caspase-12 activation occurs downstream of mitochondrial apoptosis
involving Apaf-1, Journal of Cell Science, 119, 3958-3966.

Shwe, M., Chiguchi, G., Yamada, S., Nakajima, T., Maung, K.K, Takagi, M.,

Amagasa, T. and Tsuchida, N. (2001) P53 and MDM2 co-expression in tobacco and
191



betel-chewing associated oral squamous cell carcinomas, Journal of Medical and
Dental Science, 48, 113-119.

Silva, J.M., Gonzalez, R., Provencio, M., Dominguez, G., Garcia, J.M., Gallego, I,
Palacios, J., Espafia, P. and Bonilla, F. (1999) Loss of heterozygosity in BRCA1 and
BRCA2 markers and high-grade malignancy in breast cancer, Breast Cancer Research
and Treatment, 53, 9-17.

Sinha, A., and Rao, A. R. (1985a) Embryotoxicity of betel nuts in mice, Toxicology, 37,
315-326.

Sinha, A., and Rao, A. R. (1985b). Induction of shape abnormality and unscheduled
DNA synthesis by arecoline in the germ cells of mice, Mutation Research, 158, 189-
192.

Sinha, A., and Rao, A. R. (1985¢c). Transplacental micronucleus inducing ability of
arecoline, a betel nut alkaloid in mice, Mutation Research, 158, 193-194.

Sowter, HM. and Ashworth, A. (2005) BRCA1l and BRCA2 as ovarian cancer
susceptibility genes, Carcinogenesis, 26, 1651-1656.

Staib, F., Hussain, S.P., Hofsth, L.J., Wang, X.W. and Harris, C.C. (2003) TP53 and

liver carcinogenesis, Human Mutation, 21, 201-216.

Stewart, Z.A. and Pietenpol, J.A. (2001) p53 signaling and cell cycle checkpoints,
Chemical Research in Toxicology, 14, 243-263.

Stich HF and Anders F. (1989) The involvement of reactive oxygen species in oral

cancers of betel quid/tobacco chewers, Mutation Research, 214, 47-61.

Storey, A., Thomas, M., Kalita, A., Harwood, C., Gardiol, D., Mantovani, F., Breuer,
J., Leigh, .M., Matlashewski, G. and Banks, 1.. (1998) Role of a p53 polymorphism in

the development of human papillomavirus-associated cancer, Nature, 393, 229-234.

192



Sugimura, T., Terada, M., Yokota, J., Hirohashi, S., and Wakabayashi, K. (1992)

Multiple genetic alterations in cancer, Environmental Health perspectives, 98, 5-12.

Sundqvist, K., Liu, Y., Nair, J., Bartsch, H., Arvidson, K., Grafstrom, R.C. (1989)
Cytotoxic and genotoxic effects of areca nut-related compounds in cultured human
buccal epithelial cells, Cancer Research, 49, 5294-5298.

Tel-zur, N., Abbo, S., Myslabodski, D. and Mizrahi, Y. (1999) Modified CTAB
procedure for DNA isolation from epiphytic cacti of the genera Hylocereus and

Selenicereus (Cactaceae), Plant Molecular Biology Reporter, 17,249-254.

Terzakis, J.A. (1968) Uranyl acetate a stain and a fixative, Journal of Ultrastructural
Research, 22, 168.

Thangaraju, M., Kaufmann, S.H., and Couch, F.J. (2000) BRCA1 facilitates stress-
induced apoptosis in breast and ovarian cancer cell lines, Journal of Biological
Chemistry, 275, 33487-33496.

Thomas, S., Brennan, J., and Martel, G. (1994) Mutations in the conserved regions of

p53 are infrequent in betel-associated oral cancers from Papua New Guinea, Carncer
Research, 54, 3588-3593.

Tomatis, L. (1994) Transgeneration Carcinogenesis: A review of the experimental and

epidemiological evidence, Japanese Journal of Cancer Research, 85, 443-454.

Tomatis, L., Narod, S. and Yamasaki, H. (1992) Transgeneration transmission of

carcinogénic risk, Carcinogenesis, 13, 145-151.

Tommasi, S., Crapolicchio, A., Lacalamita, R., Bruno, M., Monaco, A., Petroni, S.,
Schittulli, F., Longo, S., Digennaro, M., Calistri, D., Mangia, A. and Paradiso, A.
(2005) BRCA1 mutations and polymorphisms in a hospital-based consecutive series of
breast cancer patients from Apulia, Italy, Mutation research, 578, 395-405.

193



Towbin, J., Stachelin, T., Gordon, J. (1979). Electrophorectic transfer of proteins from

polyacrylamide gels to nitrocellulose sheets: procedure and some applications,

Proceedings of National Academy of Sciences, USA, 76, 4350-4354.

Vihdkangas, K. (2003) TP53 mutations in workers exposed to occupational
carcinogens. Human Mutation, 21, 240-251.

Valarmathi, M.T., Sawhney, M., Deo, S. S., Shukla, N. K. and Das, S. N. (2004) Novel
germline mutations in the BRCA1 and BRCA2 genes in Indian breast and breast-

ovarian cancer families, Human Mutation, 23, 205.

Velculescu, V.E. and El-Deiry, W.S. (1996) Biological and clinical importance of the
p53 tumor suppressor gene, Clinical Chemistry, 42, 858-868.

Venkitaraman, A.R. (2002) Cancer susceptibility and the functions of BRCA1 and
BRCA2, Cell, 108, 171-182.

Vokes, E.E., Weichselbaum, R.R., Lippman, S.M. and Hong, W.K. (1993) Head and
Neck Cancer, The New England Journal of Medicine, 328, 184-194.

Vorobtsova, 1. and Kitaev. E. (1988) Urethane-induced lung adenomas in the first-

generation progeny of irradiated male mice, Carcinogenesis, 9, 1931-1934. -

Waalkes, M. P., Ward, J. M. and Diwan, B. A. (2004) Induction of tumors of the liver,
lung, ovary and adrenal in adult mice after brief maternal gestational exposure to
inorganic arsenic: promotional effects of postnatal phorbol ester exposure on hepatic

and pulmonary, but not dermal cancers, Carcinogenesis, 25, 133-141.

Wang, H., Zeng, Z-C, Bui, T-A, DiBiase, S.J., Qin, W., Xia, F., Powell, S.N. and
Hiakis, G. (2000) Nonhomologous end-joining of ionizing radiation-induced DNA
double-starnded breaks in human tumor cells deficient in BRCA1 or BRCA2, Cancer
Research, 61, 270-2717.

194



Wang, Q., Zhang, H., Fishel, R. and Greene, M.L. (2000) BRCA1 and cell signaling.
Oncogene, 19, 6152-6158.

Warnakulasuriya, S. (2002) Areca nut use: an independent risk factor for oral cancer,
British Medical Journal, 324, 799-800.

Wary, K. K. and Sharan, R. N. (1988) Aqueous extract of betel-nut of North-East India
induces DNA strand breaks and enhances rate of cell proliferation in vitro. Journal of
Cancer Research and Clinical Oncology, 114, 579-582

Wary, K. K., and Sharan, R. N. (1991) Cytotoxic and cytostatic effects of arecoline and
sodium nitrite on human cells in vitro, International Journal of Cancer, 47, 396-400,

1991.

Weinstein, I.B. (1988) The origins of human cancer: molecular mechanisms of
carcinogenesis and their implications for cancer prevention and treatment-Twenty-

seventh G. H. A. Clowes Memorial Award Lecture, Cancer Research, 48, 4135-4143.

Weinstein, I.B. (2000) Disorders in circuitry during multitage carcinogenesis: the role

of homeostasis, Carcinogenesis, 21, 857-864.

Weiss, J.R., Moysich, K.B. and Swede, H. (2005) Epidemiology of male breast cancer,
Cancer Epidemiology, Biomarkers and Prevention, 14, 20-26.

Welsch, P.L. and King, M-C. (2001) BRCA1 and BRCA2 and the genetics of breast

and ovarian cancer, Human Molecular Genetics, 10, 705-713.

Welsch, P.L., Owens, K.N. and King, M-C (2000) Insights into the functions of
BRCA1 and BRCA2, Trends in Genetics, 16, 69-74.

Willis, A., Jung, E. J., Wakefield, T., and Chen, X. (2004) Mutant p53 exerts a
dominant negative effect by preventing wild-type p53 from binding to the promoter of
its target genes, Oncogene, 23, 2330-2338.

195



Wilson, C.A., Ramos, L., Villasefior, M.R., Anders, K.H., Press, M.F., Clarke, K.,
Karlan, B., Chen, J.J., Scully, R., Livingston, D., Zuch, R.H., Kanter, M.H., Cohen, S.,
Calzone, F.J. and Slamon, D.J. (1999) Localization of human BRCA1 and its loss in
high-grade, non-inherited breast carcinomas, Nature Genetics, 21, 236-240.

Wooster, R., Bignell, G., Lancaster, J., Swift, S., Seal, S., Mangion, J., Collins, N.,
Gregory, S., Gumbs, C. and Micklem, G. (1995) Identification of the breast cancer
susceptibility gene BRCA2, Nature, 378, 762-763.

Wu, K., Jiang, S-W and Couch, F.J. (2003) p53 mediates repression of the BRCA2
promoter and down-regulation of BRCA2 mRNA and protein levels in response to

DNA damage, The Journal of Biological Chemistry, 278, 15652-15660.

www.expasy.ch/sprot/

www.expasy.ch/tools/#translate

www.ncbi.nlm.nih.gov/sites/entrez

www.oncologychannel.com/headneck/index.shtml

Xu, C., Bailly-Maitre, B. and Reed, J.C. (2005) Endoplasmic reticulum stress: cell life
and death decisions. Journal of Clinical Investigation, 115, 2656-2664.

Yager, J.D., and Davidson, N.E. (2006) Estrogen carcinogenesis in breast cancer, New
England Journal of Medicine, 354, 270-282.

Yamasaki, H., Hollstein, M., Martel, N., Cabral, J. R. P., Galendo, D. and Tomatis, L.
(1987) Transplacental induction of a specific mutation in fetal Ha-ras and its critical

role in post-natal carcinogeensis, International Journal of Cancer, 40, 818-822.

Yamasaki, H., Loktionov, A., and Tomatis, L. (1992) Perinatal and multigeneration
effect of carcinogens: possible contribution to determination of cancer susceptibility,

Environmental Health Perspectives, 98, 39-43.
196



Yamashita, T., Yaginuma, Y., Saitoh, Y., Kawai, K., Kurakane, T., Hayashi, H. and
Ishikawa, M. (1999) Codon 72 polymorphism of p53 as a risk factor for patients with
human papillomavirus-associated squamous intraepithelial lesions and invasive cancer

of the uterine cervix, Carcinogenesis, 20, 1733-1736.

Yoshikawa, K., Honda, K., Inamoto, T., Shinohara, H., Yamauchi, A., Suga, K.,
Okuyama, T., Shinmada, T., Kodama, H., Noguchi, S., Gazdar, A.F., Yamaoka, Y. and
Takahashi, R. (1999) Reduction of BRCA1 protein expression in Japanese sporadic
breast carcinomas and its frequent loss in BRCA1-associated cases, Clinical Cancer
Research, 5, 1249-1261.

Zheng, W., Luo, F., Lu, J.J., Baltayan, A., Press, M.F., Zhang, Z-F. and Pike, M.C.
(2000) Reduction of BRCAI1 expression in sporadic ovarian cancer, Gyrecologic

Oncology, 3, 294-300.

Zink, D., Fischer, A.H. and Nickerson, J.A. (2004) Nuclear structure in cancer cells,
Nature Reviews Cancer, 4, 677-687.

197



PUBLICATIONS



Environmental Toxicology and Pharmacology 27 (2009) 127-138

SIS 2 Environmental Toxicology and Pharmacology

journal homepage: www.elsevier.com/locate/etap

Contents lists availabie at ScienceDirect
;LﬂLﬁ ol HG

ox
P“'\ i

Altered p53 response and enhanced transgenerational transmission
of carcinogenic risk upon exposure of mice to betel nut

Yashmin Choudhury, Rajeshwar N. Sharan*

Radiation and Molecular Biology Unit, Department of Biochemistry, North-Eastern Hill University, Umshing, Shillong 793022, India

ARTICLE INFO

Article history:

Received 27 May 2008

Received in revised form 13 August 2008
Accepted 10 September 2008

Available online 23 September 2008

Keywords:

Aqueous extract of betel nut (AEBN)
p53

Exons 5 and 7

Transgenerational carcinogenesis, Swiss
albino mice

ABSTRACT

Alteration of p53 protein level, and possible mutation of the p53 gene during carcinogenesis in mice
exposed chronically (P) and transgenerationally to 2 mg/ml aqueous extract of betef nut (AEBN) in drink-
ing water, were studied. Exons 5 and 7 of the p53 gene were not mutated under both chronic and
transgenerational exposure, but, p53 protein response was altered. In P mice, p53 protein was initially
upregulated in comparison to age-matched controls, reaching 2.5 folds in the liver after 6 weeks of expo-
sure. Subsequently, p53 protein declined to control level after 16 weeks, with concomitant preneoplastic
nodulation of the liver. After 24 weeks, p53 protein was below control level, and preneoplastic nodules
were well-developed. The level of p53 protein in transgenerationaily exposed mice remained invariant in
comparison to age-matched controls. Liver nodulation was significantly advanced, developing in F1 mice
after 8 weeks, F2 mice after 6 weeks and F3 mice after 4 weeks of exposure. Anomalies not observed in
P mice, developed in transgenerationally exposed mice, albeit, non-significantly. Thus, AEBN exposure
enhanced transgeneration transmission of carcinogenic risk.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

Betel nut (BN), Areca catechu L. is a commonly used mastica-
tory whichis consumed by over 600 million individuals world-wide
(Sharan, 1996). The habit of BN chewing is believed to be strongly
associated with cancers of the mouth, oropharyngeal cavity, and
upper parts of the digestive tract in humans (Sharan, 1996; IARC,
1985, 2004). The genotoxic and cytotoxic effects of BN powder,
aqueous extract of betel nut (AEBN), its primary alkaloid, arecoline,
and/or their nitroso derivatives, have been reported (Sharan and
Wary, 1992; Wary and Sharan, 1988, 1991; Saikia et al., 1999). AEBN
was previously found to induce strand breaks in DNA of mouse
kidney cells (Sharan and Wary, 1992), unscheduled DNA synthesis
(UDS) in Hep-2 cells in vitro and enhanced rate of cell prolifera-
tion (Wary and Sharan, 1991). Teratogenic effects of chronic BN
and arecoline exposures have also been reported in mice and rats
(Sharan, 1996). Arecoline was reported to cause general develop-
mental retardation of Zebra fish embryos predominantly due to a
general cytotoxic effect induced by depletion of intracellular thi-
ols (Chang et al., 2001). Furthermore, arecoline was reported to
induce abnormality in the shape of sperm heads and UDS in the
early spermatid stages of Swiss albino mice (Sinha and Rao, 1985a)
and, to induce micronuclei formation in fetal mouse blood after

* Corresponding author. Tel.: +91 364 272 2121; fax: +91 364 255 0108.
E-mail addresses: rnsharan@nehu.ac.in, rnsharan@gmail.com (R.N. Sharan).

1382-6689/$ - see front matter © 2008 Elsevier B.V. All rights reserved.
doi: 10.1016/j.etap.2008.09.003

transplacental exposure (Sinha and Rao, 1985b). Experimental and
epidemiological observations indicate that prezygotic exposure to
a carcinogen or mutagen may lead to an increased risk of cancer in
the progeny (Tomatis, 1994; Tomatis et al., 1992). Various studies
have reported an increase of tumor incidence in the offsprings of
parents exposed to carcinogens prior to conception (Newbold et al.,
1998; Mohr et al., 1999; Nomura, 2006). Studies also suggest that
while a susceptibility to cancer is inherited by the initial exposure
of germ cells, the postnatal environment plays a crucial role in the
subsequent development of cancer in the offspring, and the conse-
quences of germ cell exposure are revealed by postnatal exposure
of the offspring to a carcinogen (Tomatis et al., 1992; Mohr et al.,
1999; Nomura, 2006). In this regard, while the carcinogenicity of
BN is well documented (Sharan, 1996; IARC, 1985, 2004; Sharan
and Wary, 1992; Wary and Sharan, 1988, 1991; Saikia et al., 1999) it
is not known if prenatal exposure to BN can lead to a predisposition
to cancer.

The p53 gene is a critical tumor suppressor gene known to be
mutated in a variety of human cancers (Hollstein et al., 1991). In
normal unstressed cells, p53 is an unstable protein with a half-
life ranging from 5 to 30 min and is present at low cellular levels
(Levine, 1997). Stressful conditions including exposure to DNA
damaging agents, hypoxia, UV, nucleotide depletion or oncogene
activation lead to p53 stabilization, resulting in a rapid increase in
the level of p53 in the cell (Lohram and Vousden, 1999). p53 then
induces cell-cycle arrest at the G1/S or G2 checkpoints allowing the
cell to repair DNA damage, with p53 itself modulating DNA repair
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Fig. 1. Experimental designs of chronic and transgenerational exposure of Swiss Albino mice to AEBN drinking water (2 mg/ml).

through multiple mechanisms including sequence-specific trans-
activation and direct interaction with components of the repair
machinery (Stewart and Pietenpol, 2001). Alternatively, p53 may
trigger apoptosis (Stewart and Pietenpol, 2001). Thus, the p53 sig-
naling pathway plays a vital role in the prevention of cancer, and
is consequently also the most commonly subverted pathway in
tumorigenesis (Stewart and Pietenpol, 2001).

Cancer being a multistep disorder (Pitot et al., 1989), one objec-
tive of this study was to elucidate the dose-dependent response of
the p53 protein during long-term chronic exposure to BN, begin-
ning with onset of exposure and culminating ultimately in the
discernable development of cancer. The carcinogenic potential of
AEBN is well established (Sharan, 1996; Sharan and Wary, 1992;
Wary and Sharan, 1988), and previous studies in Swiss Albino
mice have shown that AEBN or arecoline induced DNA damage,
affected cell cycle characteristics and induced qualitative changes
in mice liver high mobility group (HMG) proteins similar to that
induced by a hepatocarcinogen, diethylnitrosamine (DEN), leading
to the development of preneoplastic nodules in the liver (Wary and
Sharan, 1988; Pariat and Sharan, 1998). Swiss Albino mice chroni-
cally exposed to AEBN were therefore selected as a model for this
study, which was aimed to ascertain if mutations of the p53 gene
are involved in AEBN induced carcinogenesis in mice. Further, the
study also aimed to determine if BN has a transgenerational car-
cinogenic effect. For this purpose, the study was designed taking
the significance of postnatal carcinogen exposure into considera-
tion (Tomatis et al., 1992; Mohr et al., 1999; Nomura, 2006). The
progeny of parents exposed to AEBN were, therefore, exposed to
the same dose of AEBN as their parents, and subsequently assessed
for increased susceptibility to cancer. Three generations of progeny
were examined in this manner.

2. Materials and methods

2.1. Chemicals

All chemicals used were of analytical grade and were used without further
purification. Nitrocellulose membrane, specific antibody (anti-p53) raised in sheep
against a GST fusion protein of human p53 corresponding to amino acids 1-393 and
reactive in human, mouse and rat, was obtained from Sigma Chemical Company,
St. Louis, MO, USA (Catalog No. P4235), secondary antibody (alkaline-phosphatase
labeled donkey anti-sheep IgG) was obtained from Sigma Chemical Company, St.
Louis, MO, USA (Catalog No. A 5187), 5-bromo-4-chioro-3-indolyl phosphate/nitro
blue tetrazolium (BCIP/NBT) and DNA Amplification Reagent Kit were from Banga-
lore Genei Pvt. Ltd., Bangalore, India. PCR primers were supplied by Hysel India Pvt.
Ltd., New Delhi, India.

2.2. Experimental animals

Six-week-old inbred male and female Swiss Albino mice weighing 25 + 1 g were
used. The mice were housed in polycarbonate cages with husk bedding in a well-
ventilated animal room maintained at 25 -C, with five mice per cage. Male and
female mice were maintained in separate cages except for transgenerational breed-
ing. Standard mouse pellet and drinking water with or without AEBN were provided
ad libitum. All experiments were conducted according to the guidelines of the Insti-
tutional Ethics Committee for animal experimentation.

2.3. Carcinogen exposure protocol and experimental design

(a) Chronicexposure regimen. AEBN, prepared as described earlier (Wary and Sharan,
1988), was administered to the mice at a concentration of 2 mg/ml of drinking
water in a chronic oral exposure protocol for a period up to 24 weeks (Fig. 1). The
amount of drinking water consumed by each mouse per day was approximately
7 ml, i.e. the amount of AEBN consumed by each mouse was approximately 14 mg
per day, and remained invariant throughout the exposure period. These mice
have been henceforth referred to as the parental (P) generation exposed mice.
Age-matched mice maintained on drinking water without AEBN served as con-
trols. Expased and control mice were sacrificed in groups of five mice at intervals
of2,4,6,8,10, 12, 16, 20 and 24 weeks by cervical dislocation except when blood
was to be drawn when they were killed under chloroform anesthesia.
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(b) Transgenerational exposure regimen. The transgenerational exposure experiment
was initiated after completion of the chronic exposure regimen. The experimen-
tal design for the transgenerational experiment is shown in Fig. 1. Briefly, male
and female mice of the P generation, which had been exposed to AEBN drinking
water for 6 weeks, were allowed to breed by maintaining one male mouse and
four female mice per cage with standard food pellet and drinking water con-
taining AEBN ad libitum. The mother mice continued to receive drinking water
with AEBN throughout the period of pregnancy, and during the postnatal period
before weaning of offspring. The offspring of the exposed P generation mice
formed the F1 generation exposed mice. Post-weaning, i.e. at 6 weeks of age, the
F1 mice were separated from their parents, male and female mice being main-
tained separateiy, and were maintained on AEBN drinking water for a period to
24 weeks, as in case of AEBN exposed P generation mice. The F2 and F3 gen-
erations were similarly raised from F1 and F2 mice, respectively. Age-matched
unexposed control mice of the P generation were also allowed to breed in paral-
lel, and their offspring served as age-matched controls for the F1 exposed mice.
Respective controls for the F2 and F3 generations were also raised similarly. A
strict coding system was followed to maintain the F1, F2 and F3 generations
and their respective controls. AEBN exposed F1, F2 and F3 mice, as well as their
respective age-matched controls were sacrificed in groups of five mice at inter-
vals of 4, 6, 8, 12, 16 and 24 weeks by cervical dislocation, except when blood
was to be drawn when they were killed under chloroform anesthesia.

Each experiment was repeated at least three times, such that the total number
of exposed and control mice at each data point were 15 + 1. All exposed and con-
trol mice used for both chronic and transgenerational experiment regimens were
carefully monitored throughout the treatment regimen for any visible sign of ail-
ment. The weight of both exposed and control mice was recorded prior to sacrifice,
following which the liver and spleen were excised and weighed, and whole blood
was collected for isolation of blood lymphocytes. Other organs such as the lungs
and the gastrointestinal tract were also carefully observed for any macroscopically
visible changes. Mice with visible anomalies were sacrificed immediately, and the
affected regions excised and studied. However, the periods of investigation for p53
protein expression in the transgenerational exposure study were determined taking
into consideration the periods during which significant alterations were observed
between the exposed and control groups of the chronic exposure regimen.

2.3.1. Histological examination

Histological examination was performed to confirm the macroscopic observa-
tion of initiation of preneoplastic nodule formation in the liver of mice exposed to
AEBN in both the chronic exposure as well as transgenerational exposure regimens.
In addition, preneoplastic nodules of the liver formed at the termination of treat-
ment in the chronic exposure regimen were also examined. Segments of liver from
the affected area, as well as corresponding regions of liver of age-matched control
mice were fixed in 10% neutral formalin, embedded in paraffin and cut into 5-7 pm
thick sections which were processed routinely for hematoxylin-eosin staining.

2.4. Preparation of whole homogenates of liver, spleen cells, enlarged lymph
nodes, pus-filled sacs and solid tumors

Whole homogenates were prepared following the method of Rosenberg
(Rosenberg, 1996) with some modifications. Briefly, a 10% (w/v) whoie homogenate
of tiver was prepared using 1.5 mi of the cell extract buffer (0.1 M Tris—HCl pH 7.5,
0.25 M sucrose, 0.1 M NaCl, 3 mM EDTA, 10 mM 2-mercaptoethanol and 1 mM PMSF)
and 0.15g of liver. A whole homogenate of spleen cells was prepared using 1 ml of
the buffer and one whole spleen. Similarly, 10% (w/v) whole homogenates of the
enlarged lymph nodes, pus-filled sacs and solid tumors were also prepared as for
whole homogenate of liver. The homogenate was centrifuged (800 x g) for 10 min
at 4°C and the supernatant collected. The protein content of the supernatant was
determined by the method of Bradford (Bradford, 1976) using BSA as a standard.

2.5. Preparation of biood lymphocyte sampie

Blood lymphocytes were isolated as previously described (Kma and Sharan,
2006) and lysed with cell lysis buffer (20 mM Tris-HCl pH 8.0, 10 mM Na(l, 0.5%
Triton X-100, 5mM EDTA, 3 mM MgCl, and 10 mM PMSF) at —20°C for 30 min fol-
lowed by centrifugation (5000 x g) for 15 min at 4 °C. The supernatant was collected
and its protein content determined by the method of Bradford (Bradford, 1976) using
BSA as a standard.

2.6. Slot-blot and Western-blot immunoprobing

Equal quantities of protein (400 ng for slot and 150 ug for Western blots) were
slot or Western blotted onto 0.45 um nitrocellulose membrane using Bio-Dot SF
Microfiltration Apparatus or Mini-Protean Il Electrophoretic Cell & Trans-Blot Elec-
trophoretic Transfer Cell (Bio-Rad), respectively, as previously described (Sharan et
al,, 2005). The blots were immunoprobed as well as stained with India ink. Briefly,
for immunoprobing, the nitrocellulose membrane was incubated with anti-p53
overnight at 37°C at a dilution of 1:50,000 for slot-blot and 1:5000 for Western

Table 1
Primers used for amplification of selected regions of mouse p53 gene.
Amplified region (size)  Sequence (5’ — 3') Strand T. (:C)
Exon 5 (264 bp) ATC GTT ACT CGG CTT GTC CC Sense
TAA CCC CAC AGG CGG TGT T Antisense 05
Exon 7 (212 bp) TAG TGA GGT AGG GAG CGACTIT  Sense "
CTG GGG AAG AAA CAG GCT AAC  Antisense 048

biot. The secondary antibody incubation was at a difution of 1:15,000 for 2 h at 37 °C,
Color development was done using BCIP/NBT at 37 °C for approximately 10 min. For
slot-blotting, each experimental set comprised 4-5 replicate slot-blots of control
and exposed samples, which were immunoprobed and a replica blot was stained
with India ink for total protein.

2.7. DNA extraction, PCR amplification, direct DNA sequencing and sequence
analysis

DNA was extracted from the preneoplastic nodules of livers of chronically and
transgenerationally exposed mice after 24-week exposure to AEBN, and the corre-
sponding regions of livers of age-matched controls, as well as from solid tumors
of transgenerationally exposed mice, using proteinase-K and CTAB (Ausubel et al.,
1995). The concentration of isolated DNA was estimated by recording the absorbance
at 260 nm. Primers were designed for the intronic regions flanking exons 5 and 7
of the p53 gene (Table 1). PCR amplifications were performed in a 15 pl reaction
mixture containing 0.5 ug genomic DNA, 1X Taq DNA polymerase buffer, 1.5 mM
MgCly, 90 uM of dNTPs, 0.5 U Taq polymerase and 40 pmol of each primer for exon 5
of p53 gene. For exon 7, 60 pmol of each primer was used. Amplification was carried
out using 2720 Thermal Cycler (Applied Biosystems) for 30 cycles under optimized
conditions (95 °C for 3 min foliowed by cycie of denaturation at 94 °C for 1 min,
annealing (see Table 1) for 1 min and extension at 72°C for 1 min). Final exten-
sion was conducted at 72°C for 7 min. The amplified products were lyophilized
(Heto Lyolab 3000, Heto-Holten A/S, Allered, Denmark) and sequenced by direct
nucleotide sequencing using ABI's AmpliTag FS dye terminator cycle sequencing
chemistry (Bangalore Genei Pvt. Ltd., India). The nucleotide sequences thus obtained
were analyzed with BLASTN (Altschul et al., 1997) and Multalin (Corpet, 1988).

2.8. Imaging and densitometric analysis

Hematoxylin-eosin stained sections were photographed using Olympus BX60
brightfield microscope at 400 x magnification. Immunoprobed and india ink stained
slot- or Western-blotted nitrocellulose membrane were digitized (HP Scanjet 7400C)
for densitometric analysis using KDS-1D software (Kodak). Agarose gels of PCR prod-
ucts were photographed on a Bio-Rad mini transilluminator using a Kodak digital
camera.

2.9. Statistical analyses

All data presented are the mean + S.D. of three independent experiments each
with 4-5 replicates. The significance of differences in levels of p53 protein and
relative organ weights in exposed and age-matched controls were analyzed using
Student’s t-test. The significance of difference in period of exposure after which
preneoplastic nodules developed in livers of chronically and transgenerationally
exposed mice was analyzed using x*-test with Yates’ correction. The significance of
development of various anomalies in transgenerationally exposed mice in compar-
ison to chronically exposed mice, and also between F1, F2 and F3 generations was
analyzed using 2 x 2 contingency x2-test.

3. Results
3.1. General and histological observations

No difference was observed in the amount of food pellet and
drinking water, with or without AEBN, consumed by the control and
exposed mice in both chronic as well as transgenerational exposure
regimens. The mice did not show any signs of illness throughout the
treatment period in P generation. No significant change in number
of offspring and gender ratio was observed in F1, F2 or F3 progeny of
parents exposed to AEBN. Similarly, no congenital malformations
were observed in F1, F2 or F3 progeny of parents exposed to AEBN,
indicating an absence of teratogenicity following AEBN exposure.
Careful examination of organs revealed that AEBN exposure pre-
dominantly affected the liver (Fig. 2) and to some extent spleen,
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Fig. 2. Preneoplastic nodule formation in the liver of Swiss Albino mice exposed to AEBN drinking water (2 mg/ml) and their respective hematoxylin-eosin stained histological
sections at magnification 400 x (bar =20 wm). Normal, control liver (a) and histological section of normal liver (b); nodule formation (arrow) in livers of P (c), F1(g), F2 (i) and
F3 (k) mice after 16, 8, 6 and 4 weeks, respectively, of exposure to AEBN drinking water—their respective histological sections are shown in (d), (h), (j) and (1). Well-developed
nodule (arrow) in liver of P generation mice after 24-week exposure (e) and its histological section (f).

and lesions or alterations were not observed in other organs. The
number of mice used at each data point, body weight, and relative
weight of liver and spleen are detailed in Table 2.

In P generation mice liver (Fig. 2a), nodules appeared after 16
weeks of exposure primarily in the right and caudate lobes of the
liver (Fig. 2c; arrow) and were confirmed to be preneoplastic by
histological examination (Fig. 2d). While the liver cells of control
mice were regularly arranged and attached (Fig. 2b), the cells of the
preneoplastic nodules lacked regular attachment and also exhib-
ited enlarged nuclei. The nodules were well developed after 24
weeks of exposure (Fig. 2e; arrow) and histological examination
revealed irregularly shaped cells with enlarged nuclei displaying
pronounced loss of attachment (Fig. 2f). Exposure of the progeny to
drinking water with AEBN at the same dose as their parents post-
weaning, however, led to advancement in the period of appearance
of liver nodules in subsequent generations in comparison to the P
generation. Nodules were observed after 8 weeks of exposure in
F1 mice, 6 weeks of exposure in F2 mice and 4 weeks of exposure
in F3 mice (Fig. 2g, i, and k, respectively, and Table 3). These nod-
ules also exhibited irregularly shaped cells with enlarged nuclei

and loss of regular attachment with neighboring cells (Fig. 2h, j and
1, respectively). The incidence of preneoplastic nodule formation
in the liver was 100% in the P as well as F1 through F3 gener-
ation mice. However, the frequency of nodulations progressively
increased from P generation onwards. While 1-2 nodules per liver
were observed after 16 weeks or more of AEBN exposure in P gen-
eration mice, 3-4 nodules developed in the liver of F1, F2 and F3
mice after 24 weeks of exposure. No sex associated difference was
observed in the frequency of nodule development. No nodule devel-
opment was observed in age-matched control mice of P, F1, F2 and
F3 generations throughout the duration of the experiments.

The relative body and organ weights of exposed mice were eval-
uated in comparison to respective age-matched controls (Table 2).
The body weights of exposed mice did not vary significantly from
that of controls except for some fluctuations in P generation mice.
The relative weights of liver and spleen, however, showed more
definitive trends. Their weights, which fluctuated in P generation,
recorded a tendency to increase significantly upon AEBN exposure
and with progression of generations. Increase in relative weights of
these two organs was most pronounced in F3 generation (Table 2).



Table 2
Number of mice used, alterations in body weight and relative organ weight upon chronic and transgenerational exposure to 2 mg/ml AEBN in drinking water for different periods of time in comparison to the appropriate
controls.

Generation with periad of Control Exposed
AEBN exposure in weeks
No. of mice Final body Relative organ weight (g/100g No. of mice Final body Relative organ weight (g/100 g
(M|F) weight (g+S.D.) body weight + S.D.) (M/F) weight (g +S.D.) body weight +S.D.)
Liver Spleen Liver Spleen

P
2 15(7/8) 30+28 43 4+ 020 0.52 + 003 15(6/9) 30+23 44 +0.24 0.38 £ 0.10424
4 14(7/7) 26 +3.0 5.0 + 0.23 0.54 + 0.19 14(7(7) 25 +33 48 +024% 0.60 + 0.24
6 15 (6/9) 29 +23 47 £0.14 0.45 + 017 15(7/8) 28+ 73 44 £ 03954 0.53 £ 0.1
8 14(7]7) 30+32 5.1 + 044 0.50 + 0.17 15(8/7) 28+53 4.4 + 0.76%4 058 + 0.25
10 15 (6/9) 30+24 5.0+ 0.32 0.63 + 023 15(7/8) 30 + 05 53 £094" 0.51 = 0.20
12 14(7/7) 34 +49 438 + 0.06 051 £ 0.15 15(8/7) 31 £22444 53 +0.10 0.58 + 0.16
16 15(7(8) 35+23 43 + 0.66 0.40 + 0.06 15(7/8) 34 +£3.7 46 £ 1.03 032 £ 006"
20 16(7/9) 31+17 5.0 + 049 0.49 +0.16 15(7/8) 30 + 2.8 49 + 0.31 0.85 +0.17"
24 16 (8/8) 30 + 51 5.0 + 030 0.53 + 0.07 16 (8/8) 31+35 57 +0.73" 0.86 + 0.0

F1
4 14(7(7) 31423 4.0 + 0.03 0.37 + 0,03 15(8/7) 33+ 127 43 £ 052" 0.53 £ 009
6 15 (8/7) 31 £ 41 44 +0.03 0.56 + 0.03 15(8/7) 26 + 3.0454 46 +£ 016 0.70 + 0.08™"
8 15 (8/7) 30+ 0 514023 0.43 + 0.07 15(7/8) 33 + 187 53+ 118 0.64 + 0.24"
12 14(7]7) 34+ 49 4.8 + 0.06 0.51 £ 0.15 15(7/8) 31+28 51+ 1.36 0.65 + 0.42
16 14(7(7) 28 +20 51+ 114 0.57 + 0.21 14(7/7) 31 +31 5.7 + 0.46 0.46 + 0.065%
24 15(8/7) 29 + 12 5.1 + 0.07 0.34 + 0,07 16 (9/7) 36 + 6.9 6.6 + 1.28™" 120+ 17

F2
4 15(7/8) 26 + 30 5.0+ 0.23 0.54 + 0.19 14(7]7) 25 +33 48 + 024" 0.60 + 0.24
6 15 (9/6) 23107 43 +033 0.54 + 0.17 15(7/8) 27 £117 50+ 045" 0.70 + 0.15
8 15(8/7) 32 +35 51+ 0.44 0.44 + 0.06 14(7/7) 31+ 12 59+ 020" 0.39 £ 0.03444
12 15(8/7) 37427 43 + 030 0.54 + 0.22 15(7/8) 31 £ 12044 50+ 0337 0.68 + 0.16
16 15 (6/9) 30+ 20 48 + 0.10 0.50 + 0.14 15(6/9) 31 +17 53+ 0327 113 £ 0527
24 15 (8/7) 32 +21 45 + 1.29 0.42 + 043 17 (8/9) 33 +26 5.2 + 0.09° 0.88 + 0.27”

F3
4 16 (8/8) 27+17 438 + 0.56 0.44 + 0.15 15(8/7) 30 £ 207 4,6 + 0.07 0.65 + 003"
6 15 (8/7) 28 + 05 48 + 0.14 0.46 + 018 15(7/8) 23 + 6444 6.1+ 003" 0.77 + 0.08™
8 15(8/7) 31+ 04 52+ 013 0.52 + 0.03 15(7/8) 27 +£ 42844 63 + 056" 063+ 019
12 14 (6/8) 37+27 43 +0.03 0.54 + 0.22 15(8/7) 34 + 414 55+ 027" 057 + 0.12
16 15(7/8) 31 +35 47 £ 0.10 0.49 + 0.03 14 (6/8) 35+£317 5.8 + 089" 0.65 + 0.09™"
24 15(7/8) 33+ 6.1 54 + 092 0.49 + 0.09 20(9/11) 34+33 6.7 + 136" 047 + 0.06*

M/F—Number of males/number of females mice.
* Significant increase at P<0.05 in comparison to age-matched control group.
" Significant increase at P<0.01 in comparison to age-matched control group.
™ Significant increase at P<0.001 in comparison to age-matched control group.
A Significant decrease at P<0.05 in comparison to age-matched control group.
AA significant decrease at P<0.01 in comparison to age-matched control group.
AAlsignificant decrease at P<0.001 in comparison to age-matched control group.
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Table 3 3.2. Cellular level of p53

Development of preneoplastic nodules in liver of mice chronically and transgener-
ationally exposed to 2 mg/m! AEBN in drinking water.

The level of p53 protein in control and AEBN exposed mice

Generation Period of exposure after which preneoplastic was monitored by slot-blotting in order to facilitate accurate den-

nidies developed o lvet (weeks) sitometric quantification and confirmed by Western blotting. The
P 16 India ink stained slot-blots (Fig. 3; panel A-1I) and Western blots
g :.. (Fig. 3C-India ink stained ) did not show significant differencesin net
0 & intensity of control and AEBN exposed samples upon densitometric

analysis, thus confirming the loading of equal amounts of protein.
Immunoprobing with anti-p53 (Fig. 3; panels A-I and C-anti-p53
immunoprobed) revealed significant changes in the level of p53
protein in the liver of AEBN exposed mice of P generation in compar-
ison to age-matched controls. Upon quantification of slot-blots and

" Significant difference from P generation at P<0.05.
™ Significant difference from P generation at P<0,01.
™ Significant difference from P generation at P<0.001.
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Fig. 3. p53 protein expression level in P generation Swiss Albino mice chronically exposed to AEBN drinking water (2 mg/ml) in comparison to age-matched controls. (A) Slot-
blots of liver samples of AEBN exposed group and age-matched controls: panel [—liver samples immunoprobed with specific anti-p53 antibody; panel ll—replica slot-blats
stained with India ink for total protein. (B) Densitometric plot (% of age-matched controls; x + S.D.) of the level of p53 protein expression in liver as obtained by densitometric
analysis of the immunoprobed slot-blots (A) after normalization for equal protein loading. (C) Western blot of controls and AEBN exposed liver samples immunoprobed with
specific anti-p53 antibody (1) and replicum blot stained with India ink for total protein (11). Densitometric plots (% of age-matched controls; x + S.D.) of the level of p53 protein
expression in spleen cell (D) and blood lymphocyte (E) samples as obtained by densitometric analysis of the immunoprobed slot-bfots (not shown) after normalization for
equal protein loading. * indicates significant increase at P<0.05, ** indicates significant increase at P<0.01, *** indicates significant increase at P<0.001, A indicates significant
decrease at P<0.05, A A indicates significant decrease at P<0.01 and A A A indicates significant decrease at P<0.001. Number of mice/point=15+ 1.
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—

Fig. 4. Various anomalies/alterations observed in Swiss Albino mice transgenerationally exposed to AEBN drinking water (2 mg/mi). 24-week exposed F2 mouse showing
pus-filled sac in gastrointestinal tract (circle) (a), enlarged neck node (circle) (b) or enlarged spleen (c) with protrusion (circle) (i) or without protrusion (ii); spleen of
corresponding age-matched F2 generation control mouse is shown in (iii). (d) Necrotic areas (circle) in liver of F2 mice after 12 (i) or 24 (ii) week exposure. (e) A 24-week
exposed F1 mouse with pus-filled sac on the mandible (circle) and solid tumor (7.5 mm in diameter) originating from epithelium of chest. (f) A 24-week exposed F3 mouse
with solid tumor (9.3 mm in diameter) originating from skin epithelium of left forearm. (g) A 24-week exposed F3 mouse with solid tumor (30 mm in diameter) originating

from epithelium of stomach (for (e), (), and (g) scale bar=7.5 mm).

normalization for equal loading of total protein the trend became
clear in a bar diagram (Fig. 3B) showing progressive upregulation
of the p53 protein beginning 2 weeks of exposure and recording a
2.5-fold increase at 6 weeks (Fig. 3). Downregulation of p53 began
from 8 weeks of exposure reaching the control level after 16 weeks
of exposure concomitant with the appearance of preneoplastic nod-
ules in the liver (Fig. 2¢). Subsequently, the level of p53 protein was
maintained at control level in the livers of exposed mice up to 20
weeks of exposure, after which it was significantly below the con-
trol level (80%) after 24 weeks of exposure (Fig. 3A and B). The level
of p53 protein was determined in preneoplastic nodules as well as
the adjoining regions of the livers of mice exposed to AEBN for 16,

20 and 24 weeks and was found to be comparable. In order to deter-
mine if this effect of AEBN was specific to the liver, we also studied
the changes in the level of p53 protein in the spleen cells (Fig. 3D)
and blood lymphocytes (Fig. 3E). The levels of p53 protein in the
spleencells (Fig. 3D) and blood lymphocytes (Fig. 3E) of the exposed
mice were largely found to mirror those in the liver (Fig. 3B). While
the highest level of p53 protein was recorded at 6 weeks following
AEBN exposure in liver (Fig. 3B) and spleen (Fig. 3D), it was slightly
earlier (around 4 weeks) in blood lymphocytes (Fig. 3E). The level
of p53 protein was essentially invariant during the entire period of
treatment in the liver of exposed F1 mice (Fig. 5A and B), in com-
parison to age-matched controls, and was significantly lower (75%)
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Fig. 5. p53 protein expression in liver of Swiss Albino mice transgenerationally exposed to AEBN drinking water (2 mg/mi) in comparison to age-matched controls. Slot-blots
of AEBN exposed groups with age-matched controls: panel I-immunoprobed with specific anti-p53 antibody; panel lI—replica slot-blots stained with India ink for total
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samples of F1 (B), F2 (D) and F3 (F) mice as obtained by densitometric analysis of the respective immunoprobed slot-blots after normalization for equal protein loading.

*re

indicates significant increase at P<0.001, A A indicates significant decrease at P<0.01. Number of mice/point =15 + 1, except 24-week F2 and F3 exposure groups which had

17 and 20 mice, respectively.

than that of age-matched controls after 24 weeks of exposure. In
the liver of exposed F2 mice, a significant upregulation of p53 pro-
tein (1.3-fold that of age-matched control) was observed after 2
weeks of exposure, and a significant downregulation (85% that of
age-matched control) after 16 weeks of exposure, while the level of
p53 protein was maintained near the control level at all other data
points (Fig. 5C and D). The liver of expased F3 mice did not show
significant variation from that of age-matched controls throughout
the period of treatment (Fig. 5E and F). The Western-blots immuno-
probed with anti-p53 antibody confirmed that in contrast to the P
generation, p53 protein was not upregulated in comparison to the
control in the liver of F1 (Fig. 6A-i), F2 (Fig. 6B-i) and F3 (Fig. 6C-
i) mice, and was maintained at or below control level. The India
ink stained replica Western blots confirmed equal loading of the
whole homogenate of liver (Fig. 6A-ii, B-ii and C-ii). Examination of
the level of p53 protein in spleen cells and blood lymphocytes of F1
(Fig. 7A and B), F2 (Fig. 7C and D) and F3 (Fig. 7E and F) generations
revealed that p53 protein was also essentially invariant in compar-
ison to the age-matched controls, as in the liver, with exceptions at
a few data points.

The slot-blots of whole homogenate of enlarged lymph nodes,
pus-filled sacs and solid tumors obtained from transgenerationally
exposed mice were also immunoprobed with anti-p53 antibody,
and upon quantification, the level of p53 protein in terms of net-
intensity was found to be low, and comparable to p53 level in the
liver, spleen cells and blood lymphocytes of respective age-matched

¥l generation

F2 generation

control mice (not shown). However, appropriate tissue-matched
control samples were lacking. Hence, a comparative evaluation
could not be performed as has been done for the liver, spleen and
blood lymphocytes of AEBN exposed mice.

3.3. DNA sequencing and analysis of mutation

Exons 5 and 7 of the mouse p53 gene were PCR amplified from
liver nodules of P, F1, F2 and F3 generation mice along with respec-
tive controls, as well as from solid tumors obtained from F1 and F2
mice, followed by direct DNA sequencing. Both coding and non-
coding strands of DNA were independently sequenced. Analysis
of the DNA sequences revealed no mutations (see details under
GenBank accession # EF570972 and EF634061).

4. Discussion

Mutations in the p53 gene are observed in a variety of cancers
in mice, but are rarely found in murine liver tumors, suggesting an
alternate route of p53 inactivation in murine hepatocarcinogene-
sis (Jaworski et al., 2005). Exons 5 and 7 of the mouse p53 gene
were selected for the current investigation because both are con-
stituents of its critical DNA binding domain. In addition, exon 7 is
reported to be frequently mutated in hepatocellular carcinoma in
humans (Staib et al., 2003). Amplification and sequence analysis
of the DNA samples obtained from liver preneoplastic nodules of

¥3 generation
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Fig. 6, Western blots of liver homogenates of controls and AEBN exposure groups of F1 (A), F2 (B) and F3 (C) mice immunoprobed with anti-p53 (i) and replica blot stained
with India ink for total protein (ii). Number of mice/point =15 + 1, except 24-week F2 and F3 exposure groups which had 17 and 20 mice, respectively.
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Fig. 7. Densitometric plots (% of age-matched controls; x + S.D.) of the level of p53 protein expression in spleen cell samples of F1 (A), F2 (C) and F3 (E) and blood lymphocyte
samples of F1 (B), F2 (D) and F3 (F). AEBN drinking water (2 mg/ml) exposed mice as obtained by densitometric analysis of the respective immunoprobed slot-blots (not
shown) after normalization for equal protein loading. Number of mice/point = 15 + 1, except 24-week F2 and F3 exposure groups which had 17 and 20 mice, respectively. ***
indicates significant increase at P<0.001 and A indicates significant decrease at P<0.05.

chronically and transgenerationally exposed mice, as well as from
solid tumors of transgenerationally exposed mice indicate that the
selected exons 5 and 7 of the p53 gene were not mutated under
both chronic and transgenerational exposure regimes (see details
under GenBank accession # EF570972 and EF634061). Thus, AEBN
induced carcinogenesis in Swiss Albino mice does not involve muta-
tions of exons 5 and 7 of the p53 gene, though we cannot exclude
the possibility of mutations occurring in other regions of the gene
that have not been included in this study.

Rapid upregulation of p53 level by various types of stress
prevents the proliferation of cells carrying damaged DNA with
potentially oncogenic mutations (Moll and Petrenko, 2003). Thus,
loss either of the ability to activate p53 or of p53 function is an
important step in carcinogenesis (Evan and Vousden, 2001). Qur

results of the chronic exposure regimen show that exposure of
Swiss albino mice to AEBN initially upregulated p53 protein in the
liver up to 2.5 folds higher than age-matched controls, indicating
an expected p53 response to the DNA damaging effect of AEBN
(Fig. 3). This period of induction of p53 response is accompanied
by a significant decrease in the relative liver weight of exposed
mice (Table 2) indicating a possible suppression of cellular prolif-
eration and perhaps death of cells that have incurred DNA damage
(Moll and Petrenko, 2003). Continued chronic exposure to AEBN,
however, led to a decline in cellular level of p53 to control level,
concomitant with appearance of preneoplastic nodules in the liver
(Fig. 2c and d). Thus, inability to maintain upregulated status of
P53 in response to DNA damage may lead to carcinogenesis by
disruption of the p53-mediated cell cycle arrest and/or apopto-
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sis of damaged cells. The gradual, dose-dependent downregulation
of p53 could be viewed as an adaptive mechanism by which cells
evade the growth suppressive activities of p53 and continue to
survive under conditions of continuing AEBN exposure. Further
exposure to AEBN beyond 16 weeks did not upregulate p53, indi-
cating a lack of p53 response. The preneoplastic nodules observed
after 24 weeks of exposure were larger than those formed after
16 weeks of exposure, and the level of p53 in the liver was sig-
nificantly lower than that after 16 weeks (Figs. 2e-f and 3A-C).
We interpret our findings by suggesting that maintenance of p53
level at or below control level allows cells to undergo uncontrolled
proliferation, leading to the development and subsequent enlarge-
ment of preneoplastic nodules as well as an overall increase in
the relative weight of the liver (Table 2). Identical patterns were
also observed in the spleen cells (Fig. 3D) and blood lymphocytes
(Fig. 3E) of chronically exposed mice with noticeable increase in the
relative weight of the spleen (Table 2), indicating uncontrolled pro-
liferation of splenic cells upon AEBN exposure. The results obtained
from studies with the spleen cells and blood lymphocytes support
our contention that AEBN is a general, rather than tissue-specific
carcinogen (Sharan, 1996; IARC, 1985; Pariat and Sharan, 1998).
Based on the p53 response in Swiss Albino mice it appears that
the initiation of AEBN-induced carcinogenesis involves a dose- or
exposure period dependent upregulation of p53 protein, followed
by its downregulation to control level during promation. Final pro-
gression to cancer requires maintenance of p53 protein at or below
control level (Fig. 3).

Swiss Albino mice exposed to AEBN in a transgenerational expo-
sure regimen exhibited a strikingly different p53 response. The F1,
F2 or F3 mice did not show upregulation of liver p53 protein level
throughout the period of exposure, in comparison to age-matched
controls (Figs. 5 and 6). A significant upregulation in liver p53 level
of exposed F2 mice after 4 weeks of exposure was the only exception
(Fig. 5C and D). In general, the liver p53 level was maintained at or
below control level (Figs. 5 and 6). Thus, unlike the previously unex-
posed P generation mice, the prenatally exposed mice essentially
failed to induce elevation of p53 protein level in the liver when chal-
lenged by the same carcinogen (that is, AEBN) and at the same dose
(2 mg/mlindrinking water)in the postnatal environment. Such lack
of p53 response predictably induced uncontrolled cell proliferation
asinthe P generation, but in the prenatally exposed mice significant
increase in relative liver and spleen weight were observed earlier in
comparison to the P generation (Table 2). Moreover, while preneo-
plastic nodules of the liver developed in P generation mice after 16
weeks of exposure, they developed in F1 mice after 8 weeks, F2 mice
after 6 weeks and in F3 mice after 4 weeks of exposure (Fig. 2g-1).
Thus, the development of preneoplastic nodules of the liver was sig-
nificantly advanced in exposed F1 mice by 50%, F2 mice by 62.5%
and F3 mice by 75% of the period of AEBN exposure required for ini-
tiation of nodulation in exposed P generation mice (Table 3). AEBN
exposed F1, F2 and F3 mice also exhibited an increase in the fre-
quency of nodulation—1-2 nodules per liver in the P generation,
to 3-4 nodules per liver at the termination of exposure to AEBN in
subsequent generations. This difference between P mice and trans-
generationally exposed mice may be attributed to an early onset of
uncontrolied cell proliferationin transgenerationally exposed mice,
thereby enabling progression of carcinogenesis to a greater degree
than in the P generation. Conforming with the role of AEBN as a
general carcinogen, the lack of p53 response observed in liver of F1,
F2 and F3 mice was mirrored by the spleen (Fig. 7A, C and E) and
blood lymphocytes (Fig. 7B, D and F).

Previous studies have shown that following the exposure of
germ cells to a mutagen or carcinogen, an initiating event could
be inherited by subsequent generations and revealed after post-
natal exposure to mutagens, carcinogens or non-genotoxic agents

(Tomatis et al,, 1992; Nomura, 1983). With respect to AEBN, the
pattern of p53 response during AEBN-induced carcinogenesis as
elucidated by our chronic exposure study is vital in this regard.
Our study reveals that p53 protein is upregulated to elicit tumor-
suppression during the initiation of AEBN-induced carcinogenesis,
and the promotion stage involves downregulation of p53 protein
level to control level. Since AEBN is a general carcinogen capable
of affecting various tissues, it is likely that exposure of P genera-
tion parental mice causes an alteration in p53 protein level of their
germ cells. The previously reported genotoxic potential of arecoline
in mouse germ cells (Sinha and Rao, 1985a,b) supports this assump-
tion. The P generation mice were exposed to AEBN for 6 weeks prior
to mating. Thus, AEBN-induced carcinogenesis would have been
initiated during the 6 weeks of exposure before mating (Wary and
Sharan, 1988,1991), and, the initiating event could be inherited by
F1 progeny through the germ cells. Subsequent exposure of the F1
progeny to AEBN postnatally would immediately induce promotion
followed by progression, leading to the observed 50% advancement
in the period of preneoplastic nodule appearance from the P to
the F1 generation (Table 3). Similarly, the germ cells of the F1 and
F2 mice would inherit a promoting event, hence, the progressive
advancement of period of preneoplastic nodule development from
F1 to F2 generations, and from F2 to F3 generations (Table 3). Keep-
ing in view the reported transplacental effect of arecoline (Sinha
and Rao, 1985b), another plausible explanation for our observa-
tions would be the transplacental exposure of the F1 fetus to AEBN,
or, components derived from AEBN, leading to the initiation of
AEBN-induced carcinogenesis at the fetal stage, and consequently
an advancement in the period of preneoplastic nodule appearance
in the successive generations of transgenerationally exposed mice.

In transgenerational carcinogenesis, it is assumed that herita-
ble changes induced in germ cells will be present in all somatic
cells of the offspring, thereby leading to an increase in frequency of
multiple tumors or alterations in transgeneration cancer in com-
parison to sporadic cancer (Tomatis, 1994). Our results show that
mice prenatally exposed to AEBN developed distinct anomalies
at sites in addition to the liver (Fig. 4 and Table 4), upon sub-
sequent postnatal exposure to AEBN. These anomalies possibly
develop as a consequence of an inherited predisposition to cancer,
but their development was not found to be significant. The progres-
sive advancement in period of development of liver preneoplastic
nodules was, however, significant in comparison to the P genera-
tion (Fig. 2 and Table 3), thereby indicating that transgenerational
exposure to AEBN can lead to increased predisposition to cancer in
the offspring. Unlike previous reports (Sharan, 1996; Sinha and Rao,
1985a), AEBN was not found to have teratogenic effect. This is pos-
sibly due to the nature of the extract or the dose of administration
of AEBN.

Studies performed to monitor alterations in the Brcal and Brca2
tumor suppressor genes under the same chronic and transgener-
ational exposure regimens (unpublished results), reveal a G— C
transversion mutation in exon 11 of the Brcal gene, in solid tumors
developing in mice transgenerationally exposed to AEBN. Thus, an
absence of mutations in the selected regions of the p53 gene upon
AEBN exposure, are not indicative of the inability of AEBN to induce
genome changes, as it is likely that AEBN induces carcinogenesis
and influences transgenerational transmission of carcinogenic risk
by attacking other targets which are required to prevent cellular
transformation. The observed attenuation of p53 response upon
AEBN exposure, manifested by maintenance of p53 protein at or
below control level in the P and subsequent generations, is there-
fore critical because it removes a vital barrier required to protect
against genomic instability, essentially by permitting cells that have
incurred damage in other vital genes such as the Brcal gene, to
evade cell-cycle arrest or apoptosis (Stewart and Pietenpol, 2001).
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Table 4
Details of anomalies observed in mice transgenerationally exposed to 2 mg/ml AEBN in drinking water.
Type of Generation Anomaly present Afflicted site AEBN exposure incidence (%)’
anomaly (+) or absent () period (week)
F1? + Chest epithelium (tumor diameter="7.5 mm; tumor load =2.59)° 24 1)16 (6.25)
Solid tumor F2 - Skin epithelium (tumor diameter =9.3 mm; tumor load =3.40)° - 0/17(0)
F3 + Stomach epithelium (tumor diameter = 30 mm; tumor load = 50.64)° 24 2/20(10)
F1b + Right mandible 24 1)16 (6.25)
Pus-filled sacs F2 & Gastrointestinal tract 24
F3d + Neck 24 1/20 (5)
F1 - - - 0/16 (0)
Enlarged nodes F2 + Neck 24 1/17 (5.88)
F3d = 24 1/20(5)
F1 - - = 0/16 (0)
Necrosis F2¢ + Liver 24 1/17 (5.88)
F3 + 24 1/20(5)
F1 - - - 0/16 (0)
Protrusion F2¢ s Spleen 24 1/17 (5.88)
F3 - - - 0/20(0)

Using 2 x 2 contingency x2-test, development of these anomalies was not significant in comparison to chronically exposed mice or between successive generations of

transgenerationally exposed mice.

2 Number of mice with anomaly/total number of mice exposed to AEBN for the same period of time.

b Anomalies developing in the same F1 mouse.
¢ Tumor weight in g/100 g body weight.

4 Anomalies developing in the same F3 mouse.
¢ Anomalies developing in the same F2 mouse.

The MDM2 protein mediates cellular degradation of p53 (Levine,
1997), and over expression of MDM2 is therefore likely to cause
lowering of p53 protein level below the optimum level required
by a cell. Shwe et al. (2001) have reported that over expression of
the MDM2 protein in tobacco and betel-chewing associated oral
squamous cell carcinomas may constitute an alternative mecha-
nism for p53 inactivation. Thus, the downregulation of p53 protein
under our experimental regimens could be caused possibly by over
expression of MDM2 protein, though this aspect remains to be
investigated in future.

In conclusion, the present study suggests that chronic exposure
of Swiss albino mice to AEBN induces carcinogenesis by inactivation
of the tumor suppressor activities of the p53 gene. This inactiva-
tion of the p53 gene is most likely not through mutation of the p53
gene, but involves a downregulation of the p53 protein expression
after an initial elevation of p53 level in response to AEBN expo-
sure. The mechanism of lowering of p53 protein expression in Swiss
Albino mice upon AEBN exposure, however, remains to be eluci-
dated. Further, prenatal exposure to AEBN can possibly lead to a
transgeneration transmission of carcinogenic risk in Swiss Albino
mice, which is manifested by significant early onset of cancer and
non-significant development of multiple anomalies in a postnatal
environment of exposure to AEBN.
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ABSTRACT Betel nut 1s a widely masticated natural product,
which 1s consumed by over 600 million people across the
globe The ancient habit of betel nut chewing, either as dry or
raw/wet nut, i association with bete! leaf and a host of region
specific additives, including chewing tobacco, 1s believed to be
an important etiological factor for human cancer Alkaloids and
their betel nut specific nitrosamine dertvatives produced upon
metabolic activation interact with DNA and other cellular
targets to produce highly variable mutagemc, genotoxic,
cytostatic, immunostatic and teratogenic effects At molecular
level the betel nut or 1its constituents strongly influence gene
expression patterns, especially that of tumor suppressor genes
Structural damage to nucleus and mitochondra, etc are also
mduced The review dwells upon these aspects of betel nut
mduced carcmogenesis to show that genetic susceptibility to
cancer through generations progressively increased due to
exposure to betel nut.

INTRODUCTION

Areca nut 1s the seed of fruit of a tropical palm, Areca catechu
L (Fig 1A) It forms the most basic mgredient of a vanety of
widely used social and habitual masticatory products, which are
often wrapped wn the leaf of another tropical creeper, Piper
betle L., commonly known as the betel leaf Hence, the Areca
nut 1s more commonly known as betel nut (BN)
(Warnakulasuriya 2002) The earliest use of BN as a
masticatory by humans has been mentioned by Theophrastus n
scripts dating around 430 BCE (Before Common Era), which
described use of Areca nut as a component of the betel morsel

Chinese texts of 150 BCE, also mention BN as ‘pmiang’ In
Persia (modem Iran), it 1s believed that around 30000 shops
sold BN 1 the capital town durning the reign of Khosrau I, the
King of Persia during 590 to 628 AD There 1s also mention of
use of BN n one or the other form mn different parts of the
world ncluding South and South-East Asia, several Pacific
sslands, many regions of the former Soviet Union, parts of
North America and Europe (Sharan 1996) The use of BN 1s
deeply ingramned m highly vanable socto-cultural and religious
practices across the globe (Wamakulasuriya 2002) BN s
believed to be used by both men and women across all age
groups and social classes though n some societies the latter
predomnate (Wamakulasuriya 2002) In old Indian scripts such
as Vagbhata (4" century), and Bhavamista (13® century), BN
has also been descnibed as a ‘therapeutic agent’ BN users
report increased well-being and stammna, a soothing effect on
the digestion, protection of the mouth and gums, and some

euphorra Its use was recommended n wide ranging human
diseases and other disorders, which mcluded witihgo or
leucoderma, leprosy, anemua, digestive disorders and
infections, urinary and dental infections, and obesity It has
been suggested that BN chewing may confer protection agamst
dental canes and other infections In vitro evidence indicates
that Areca tannins may have anti-microbtal activity, which may
contribute to the carostatic properties of BN Furthermore,
betel stan, which coats the teeth of chewers, may act as a
protective varmsh (Trivedy, Craig and Warnakulasuriya 2002)
BN 1s also reported to have aphrodisiac property and has been
recommended as a general simulant In China, 1t has been used
as a vermifuge since the 6® century (Sharan 1996) The BN 1s
predominantly consumed 1 1ts dry form, which 15 usually a
very hard nut (Fig 1D) To make 1t easy to masticate or chew,
the BN 1s cut into small to very small pieces (Fig 1E) In
contrast, people in several parts of the world, including the
whole of the north-eastern region of India, masticate the raw
and wet form, which 1s relatively soft (Fig 1G) Hence, larger
pieces of the nut are masticated (Fig 1Y) Aged people may
masticate even powdered form of raw/wet or dry vaniety of BN

Areca nut 18 normally harvested as unripe (green) or ripe
(orange/red) fruit from the Areca palm (Fig 1B-C) The Areca
fruits may be sun dried for several weeks, fibrous shells
removed and the hard, dry nuts are ready for use (Fig 1D)
Alternatively, the nipe Areca fruits are boiled for several hours
1n an aqueous solution contamning the bark of the plant Eugema
Jambolana, yaggery or brown sugar, and various edible ols, to
‘cure’ it. The cured fruits are sun dned for several weeks,
fibrous shell removed and very hard, brown nuts are ready for
use (Fig 1D) In contrast, npe, partly npe or unripe Areca
fnuts are freshly picked (Fig 1B-C), fibrous shells removed
and the relatively soft nuts are ready for masticated (Fig 1G)
Occasionally, the fruits can be cured by burymg them mto
motst pits for one to two weeks for fermentation (maturation)
before deshelling and use Such raw and wet variety of BN m
the north-eastern part of India 1s locally called ‘Awar’or
‘tambul’ (Fig 1G-I)

The BN 1s either consumed alone or with a wide variety of
region and socio-culture specific additives as betel quid (BQ)
In latter case, dry vanety of BN 1s usually wrapped along with
slaked lime (calcum oxide and calcium hydroxide or slacked
hime) and catechu (dcacia catechu) without or with a host of
additives, which may also include a vanety of tobacco



products, perfumes, stiimulants, etc, i a piece of betel leaf
(Fig 1E-F) The raw/wet variety of BN 1s usually masticated
with slaked Iime wrapped m a betel leaf (Fig 1E, J) and
occasionally supplemented with chewing tobacco (IARC 1985,
Sharan 1996, Warnakulasuriya 2002) In India, most habitual
chewers of BQ add tobacco, while 1n some countries, such as
Papua New Guwnea and China, tobacco 1s not added Betel leaf
1s perishable and the preparation of BQ 1s somewhat complex
(Fig 1E) Hence, over the past three decades, commercial BQ
substitutes, flavored and sweetened dry mixture of 4reca nut,
catechu and slaked hime with tobacco (gutkha) or without
tobacco (pan masala), have become ncreasingly popular
among habitual BN chewers (Narr, Bartsch and Nair 2004)

1. CONSTITUENTS OF BETEL NUT AND ITS
ACTIVE PRINCIPLES

The consntuents of BN include carbohydrates, crude fiber, fats,
polyphenols, alkaloids, tannins, protetns, ash and water Trace
amounts of fluorme, sapogenein, and free ammo acids have
also been reported 1 some forms The relative amounts of these
consttuents are highly vanable 1n dry or raw/wet variety of
BN Geographical and climatic conditions of growth of the
Areca palm tree and the methods of curing BN also contribute
to the observed variation 1n the constituents (Sharan 1996)
Table - 1 shows the approximate content of different
constituents of dry and raw/wet variety of BN The raw and wet
variety of BN 1s relatively rich 1n all constituents as compared
to the dry variety Notwithstanding these variations, the active
components of both forms of BN, which produce betel nut
associated effects, are primarily the alkaloids, polyphenols, and
tannins

(a) Alkaloids Alkalowds are reduced pyndines BN
contains primarily two alkaloids that are biologically highly
relevant. Arecoline (1,2,4,5-tetrahydro-1-methyl-
pyrnidinecarboxylic acid, molecular weight 155 19 Da) 1s the
most abundant alkaloid of BN followed by arecaidine (1,2,5,6-
tetrahydro-1-methyl-3-pyndinecarboxyhic  acid, molecular
weight 141 17 Da) Other alkaloids such as, guvacme (methyl
ester of arecairdine), guvacoline (methyl ester of guvacine) and
arecolnidine are also present m small to very small or trace
amounts (Table I) (Sharan 1996)

(b) Polypbenols and tannins The mam polyphenols of
BN are catechin, flavanoids, flavan-3 4-diwols, leucocyanidins
and hexahydroxyflavans When oxidized m the presence of
Itme, these give the characteristic red color to saliva, teeth and
lips of BQ masticator The predominant tanmin of BN 1s
gallotannic acid In addition, mmor amounts of gallic acid, D-
catechol and phiobatannin are also present (Sharan 1996)

(©) Betel nut specific nitrosamines (BSNA)
Numerous and highly complex nitrosamine derivatives are
produced from different alkaloids of BN essentially by
mtrosation of the alkaloid 1n the mouth and stomach, especrally
n acidic milieu, and 1n the presence of minc oxide generated
by bactenal action (Wary and Sharan 1991, Boucher and
Mannan 2002) Figure 2 shows a typical and representative
metabolic pathway of arecoline nitrosation and production of
different derivatives The major biologically relevant
nitrosarmnes of arecoline, appropriately grouped as betel nut
specific nitrosarmines (BSNA), are N-(methylnitrosamino)
propionaldehyde (NMPA), N-(methylnitrosamino) propionitrile
(NMPN) and N-nitosoguvacoline Of these, MNPA was
reported to be the most potent BSNA on a molar basis effecting
both survival and thiol content of cultured human buccal
epithehial cells and causing sigmificant formation of DNA single
strand breaks (Sundqvist et al 1989) It 1s proposed that NMPA
may further  generate  N-(methylnitrosamino) 3-
hydroxypropionaldehyde and  N-(methanoylnitrosammo)
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propionaldehyde derivatives, each of which can potentially
produce several diazohydroxide dervatives (see Fig 2)
Presence of most of these derivatives has been demonstrated in
the sahiva of BQ chewers (JARC 1985, Nair et al 1985)

@ Reactive oxygen species (ROS) - Aqueous extracts
of Areca nut and catechu were found to be capable of
generating superoxide anion radicals (O; ) and hydrogen
peroxide (H>0,) at pH greater than 9 5 (Narr et al 1987) While
saliva was found to wnhibit both O, and H;O, formation from
BQ ingredients, ROS are formed m the alkalme chewing
mixture within the saliva of a chewer due to the addition of
slaked hme (Stich and Anders 1989)

2. GENERAL EFFECTS OF BETEL NUT
CONSUMPTION

BN 1s masnicated or chewed for 11s psycho-stimulating effects
(Norton 1998) When BN 1s masticated, 1t usually produces
mild psychoactive and cholmergic effects Due to this, it 15
estimated that over 600 million ndividuals are habitual
consumers of BN 1 one form or the other world-wide (Sharan
1996) Only three other ‘addictive’ substances - nicotmne,
ethanol and caffeine, are reported to be more widely used by
human bemngs (Norton 1998) In north-east India, a raw/wet
variety of BN called kwar or tambul, consumed with betel leaf
and slaked lime, causes an 1mmediate thermogenic
physiological response lastng 2-3 min with sigmificant
perspiration on the forehead and reddening of ear pinnae
(Sharan 1996) There 1s coptous production of blood-red saliva
that stamns oral structures After years of chewing, the teeth may
become red-brown to nearly black (Sharan 1996, Boucher and
Mannan 2002) In witro studies have demonstrated that Areca
extracts contamning arecolme mhibit growth and attachment of
and protem synthesis 1n human cultured periodontal fibroblasts
These findings suggest that Areca may be cytotoxic to
periodontal fibroblasts and may exacerbate preexisting
peniodontal disease as well as 1mpair periodontal reattachment
(Trivedy, Craig and Warnakulasuriya 2002) The use of BQ
was also found to be associated with the appearance of
Iichenoid lesions on the buccal mucosa and tongue, and betel
chewer’s mucosa, characterized by a browmsh-red
discoloration of the oral mucosa, often accompanied by
encrustation of the affected mucosa with quid particles which
are not easily removed, and with a tendency for desquamation
and peeling (Trivedy, Craig and Wamnakulasuriya 2002)

Acute 1] effects are also reported at high rates of usage of BN
and nclude cardiac arrhythmia, exacerbation of asthma, acute
psychosis and acute gut upset (Boucher and Mannan 2002)
Significant hyperglycemia was observed i male mice
admimstered with BSNA, NMPN In fact, a population study
revealed increase in waist size and weight, taken as markers for
hyperglycemia, in direct relation to paan, a type of Indian BQ,
usage among Asians These studies, thus, suggest that BN may
be diabetogenic (Boucher and Mannan 2002) BN chewmng was
found to be mndependently associated with increased urinary
albumin excretion and albuminuna i Taiwanese male patients
of type - 2 diabetes (Tseng 2006) BN alkaloids, especially
arecoline, have anti-muscarmic effects on the smooth muscle
They are proposed to bind to GABA receptors in the brain,
contributing to their psychoactive effects BN chewmng 1s
thought to reduce the seventy of symptoms mn schizophrema
with reduction in both posiive and negative symptoms
Withdrawal symptoms such as mood swngs, amxety,
irritability, reduced concentration, sleep disturbance and
craving were found to be associated with trying to quit the habit
of BN chewing These findings are regarded to be consistent
with the existence of a dependence syndrome among regular
users In rare cases, Areca nut psychosis has been reported to
occur mn heavy users followmg abrupt cessation of the habit



(IARC 2004) One study of cases between 1988 and 1998 also
reports toxicity of BN manifested i different indviduals by
tachycardia/palpitations,  tachypnea/dyspnea, hypotension,
sweating, vomiting, dizziness, chest discomfort, abdominal
colic, nausea, humbness, coma, and acute myocardial infarction
with 1ts related manifestations (Deng et al 2001)

3. LINK BETWEEN BETEL NUT AND
CARCINOGENESIS

Today, there 15 sufficient evidence that Areca nut or BN as well
as BQ without or with tobacco 15 carcinogenic to humans
(Sharan 1996, JARC 1985, 2004) BQ without tobacco causes
oral cancer, while BQ with tobacco causes cancers of the oral
cavity, pharynx and oesophagus (JARC 2004) A causal
association between tobacco and BQ chewmng habits and oral
mucosal diseases such as leukoplakia, oral submucous fibrosis
(OSF) and oral cancer has been established, and heavy users
have a significantly mcreased mortality rate Oral cancer 15 the
fifth most common cancer worldwide (Nair, Bartsch and Nair
2004) Of the 390000 oral and oro-pharyngeal cancers
estimated to occur annually worldwide, 58% occur 1n south and
south east Asia In India, there 1s reported addition of 75000 to
80000 new cases of oral cancer each year and the mcidence
rates of cancers of the oral cavity n both males and females in
all urban cancer registries are among the hughest in the world
Time-trend analysis of cancers at all sites for the period 1990-
1996 showed a decrease mn cancers of the oral cavity m Indian
population based registries, but an increase 1 the ncidence of
mouth cancer was reported among those aged < 50 years
between 1983-1987 and 1995, consistent with the hypothesis of
an mcrease m oral cancer among the young due to increased
consumption of the alternative chewing products such as,
gutkha and pan masala (Nawr, Bartsch and Narr 2004) In
Taiwan, data on oral cavity cancer from the period between
1986 and 1997 mdicated that those who chew BN belong to a
high-nisk group (Lin et al 200S)

3.1. Induction Of Pre-Cancerous Lesions By Betel
Nut

As an early sign of damage to the oral mucosa, chewers of BN
or BQ with or without tobacco ofien develop climcally visible
whitish (leukoplakia) or reddish (erythroplakia) lesions, which
may or may not be accompamed by stiffening of the oral
mucosa and OSF These mamnifestations are well established
precancerous lesions and are taken as early and important
indicators of oral cancer nisk to an individual Some 2 - 12 %
of these lesions have been reported to turn malignant over
several years OSF, which 1s predommantly caused by the use
of Areca nut, 1s a serously debilitating and progressive disease
marked by stiffening of the oral mucosa, development of
fibrous bands and loss of elasticity of the mucosa, resulting in a
progressive restriction of mouth opening Flavonoids, catechins
and tannins of BN cause collagen fibers to crosslink making
them less susceptible to collagenase This can cause increased
fibrosis due to increased collagen production and decreased
collagen breakdown OSF 1s wreversible and persists even after
cessafion of the chewing habit, suggesting that components of
the Areca nut imtiate OSF and then affect gene expression in
the fibroblasts, which then produce greater amounts of normal
collagen (Narr, Bartsch and Nair 2004) Considerable amounts
of copper have been found m BN products Copper salts
significantly 1ncrease the production of collagen by oral
fibroblasts 1 vitro supposedly by upregulation of activity of a
copper-dependent enzyme, lysyl oxidase, which catalyses the
cross hinking of collagens and elastin and 1s implicated m the
pathogenesis of OSF (Nair, Bartsch and Nar 2004) In recent
years, studies n India, China, south east Asia and South Africa,
and on Asian mugrants m the UK have shown a clear link
between 4reca nut chewing and OSF (Nair, Bartsch and Nair
2004)
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3.2. Betel Nut And Betel Nut Extracts In
Carcinogenesis

An mcreased meidence of local tumors was observed m mice
after subcutaneous mjection of aqueous extracts of BQ without
tobacco Local tumors were produced mn mice and local
mesenchymal tumors n rats following subcutaneous njection
of aqueous extracts of betel nut (AEBN) In hamsters,
admunistration of 4reca nut and application of its aqueous or
dimethyl sulphoxide extracts to the cheek-pouch mucosa
resulted 1 squamous cell carcinomas (SCC) of the cheek pouch
and carcmomas of the fore-stomach (IARC 1985) While BQ
has various components (IARC 1985, Sharan 1996,
Warnakulasurtya 2002), a study on Syrian hamsters revealed
that BN fiber and cold aqueous extract are the major
components of BQ that may promote carcinogenesis in the
hamster buccal pouch, leading to tumor formation AEBN has
been shown to mnduce conformational changes in mouse liver
high mobility group (HMG) proteins similar to that induced by
a hepatocareinogen, diethylnitrosamine (DEN), Jeading to the
development of preneoplastic nodules in the hiver (Panat and
Sharan 1998a, 1998b) The post-translational modification of
protems such as, poly-ADP-ribosylation of HMG (Panat,
Balachandran and Sharan 1999, Panat and Sharan 2002) and
histone (Saikia, Schneeweiss and Sharan 1998, 1999a, 1999b)
protemns was also strongly affected by exposure to BN resulting
in alterations i chromatin organization

a) Cytotoxicity - Areca nut extract was found to
decrease cell survival, vital dye accumulation and membrane
mtegrity of cultured human buccal epithelial cells m a dose-
dependent manner BN also caused formation of both DNA
single strand breaks and DNA protem cross links (Wary and
Sharan 1988, Sundgvist et al 1989, Wary and Sharan 1991)
Different extracts of BN such as, AEBN, acetic acid extract
(AAEBN), HCI extract (HEBN) and ethanol extract (EEBN) as
well as arecoline showed different extents of cytostatic and
cytotoxic effects on Hep2 cells i vitro, with arecolmne, HEBN
and EEBN bemg the most potent (Sharan and Wary 1992)
Cultured normal human oral keratinocytes (NHOK) exposed to
ripe BN extract also showed significant decrease i population
doubling, increase n senescence, cell cycle arrest at G1/S phase
and decrease m cell proliferation (Lu et al 2006) Hamsters fed
with powdered diet contasning BN or BQ showed significant
decrease n the survival rate, body weight, and hyperkeratosis
and acanthosis of cheek pouch indicating that BN and BQ
components may mduce alterations in proliferation and
differentiation of oral epithehal cells (Chiang et al 2004)

b) Genotoxicity - BQ and 1ts components were found
to be genotoxic Interestingly, they also stimulated cell
proliferation making the observed biological effects very
complex For imstance, while the extracts of BN and
inflorescence of Piper betle (IPB) nduced DNA strand break,
the extracts of BN, IPB, the BN polyphenol (+)-catechin and
arecoline decreased cell survival and proliferation On the other
hand, another component of BQ, the aqueous extract of lime,
was found to mcrease cell proliferation (Jeng et al 1994)
AEBN was found to reduce GSH levels, nduce chromosomal
aberrations (CA) and delay cell kinetics in mouse bone marrow
cells with the mduction of sister chromatid exchange (SCE)
probably mvolving p53 dependant changes m cell proliferation
(Kumpawat et al 2003) Ethyl acetate and n-butanol extracts of
BN as well as betel leaf are reported to induce CA n human
lymphocytes and Chinese hamster ovary (CHO) cells (IARC
1985) All components of BQ have been shown to mdividually
enhance chromatid breaks and exchanges 1n the range of 12 to
37 % sn human cells n vitro Frequency of SCE was elevated in
mouse bone marrow cells when mice were exposed to the
AEBN and its tanmin (Pamigrain and Rao 1989) AEBN also



mnduced DNA strand breaks and enhanced cell proliferation
mouse kidney cells i vitro (Wary and Sharan 1988) A study
revealed that OSF was largely associated with BN and the
exfohated oral mucosal cells of such patients had significantly
higher numbers of mucronucleated cells The patients also
exhibited increased SCE i circulating lymphocytes indicating
that the carcinogenic agents m BN produce damage not only 1n
target tissue but also m other host cells such as circulating
lymphocytes (Desai et al 1996)

c) Immunetoxicity - Aqueous extracts of raw Areca
nut without husk as well as with husk were found to mhibit the
phagocytic acttvity of human neutrophils 1 a dose dependent
manner (Hung et al 2005) BQ also mfluenced cytokme
production of peripheral blood mononuclear cell The
mononuclear cells of persons suffering from SCC, with a long
history of BQ chewing, produced lower levels of TGF-B, TNF-
o and IFN-y mn comparison to normal persons (Hsu et al 2001)
This was indicative of compromised immune system under the
influence of BQ or BN chewing

d) Mutagenicity - Aqueous extracts of BQ without
tobacco induced mutations in Salmonella typhimurium but not
m Chmese hamster V79 cells BQ also did not induce any
significant micronucler in Swiss albmo mice (IARC 1985)
AEBN, on the other hand, induced mutations n Salmonella
typhmurtum and m Chmese hamster V79 celis besides
mducing gene conversion n Saccharomyces cerevisiae as well
as CA m CHO cells It also induced micronucler in bone
marrow cells of Swiss albino mice while BN tannin fraction
induced gene converston in Saccharomyces cerevistae (IARC
1985) Arecoline, AEBN, AAEBN, HEBN and EEBN induced
variable levels of dose dependent unscheduled DNA synthesis
(UDS) m Hep2 cells in witro (Sharan and Wary 1992, Sharan
1996) Ames test using Salmonella typhimurium stramn TA 1535
revealed that arecoline, AEBN and HEBN were weak mutagens
while AAEBN and EEBN were strong mutagens suggesting
that the mutagenic potential of alkaloids (arecoline) could be
significantly enhanced by other constituents of BN (Sharan
1994, Balachandran and Sharan 1995, Sharan 1996) Exposure
to BN extracts was found to induce mutations at the
hypoxanthine  phosphoribisyltransferase  (HPRT) locus i
human keratinocytes (HaCaT cells), which also increased
frequency of appearance of micronuclel, mtracellular levels of
reactive oxygen species and 8-hydroxyguanosme in the cells
suggesting that stress caused by long-term BN extract exposure
enhanced oxidative stress and genetic damage 1n HaKaT cells
(Lar and Lee 2006) When aqueous extracts of different brands
of pan masala and scented BN or supar: were tested for
mutagenicity by the Salmonella typhimurium assay using tester
strams TA98 and TA100 their mutagenic effects were found to
be similar to that produced by BN extracts (Polasa , Babu and
Shenolikar 1993) A study mnvolving patients of head and neck
cancer suggested that BQ chewing may ncrease mitochondriat
DNA (mtDNA) mutation in human oral tissues and that
accumulation of mtDNA deletions and subsequent cytoplasmic
segregation of these mutations during cell division could be
important contributors to the early phase of oral carcinogenesis
(Lee et al 2001)

e) Teratogenesis: - Aqueous extracts of dry as well as
raw/wet varieties of BN were reported to be fetotoxic in Swiss
albino mice leading to death, enhanced resorption and reduced
weight of fetuses Other abnormalities such as hematomas,
curved tails, abnormal rbs and delay mn skeletal maturity have
also been reported (Smha and Rao 1985a)

3.3. Betel Nut Alkaloids In Carcinogenesis
Alkaloids of BN are suspected to be its mam carcinogenic
constrtuent (IARC 1985, 2004, Sharan 1996, Norton 1998,
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Jeng, Chang and Hahn 2001, Tnvedy, Craig and
Warnakulasuriya 2002) Early studies found that the application
of arecaidine to the oral mucosa of experimental animals failed
to have any carcinogenic effects unless 1t was supplemented
with a known promoter such as, croton ol (Trtvedy, Craig and
Warnakulasuriya 2002) Arecoline given by gavage produced
lung adenocarcinomas, stomach SCC and hver haemangiomas
m male mice (IARC 2004) Cheek-pouch application of
arecoline followmg application of slaked lime produced an
esophageal papilloma m female hamsters, while local
application of arecaidine to the cheek pouch did not produce
tumors i male hamsters (IARC 2004) To explain the variable
abservation, 1t 1s proposed that the atkalods first required
metabolic activatton via mitrosation to develop s
carcmogenicity (Wary and Sharan 1991) In rats, the major
metabolic pathway of arecoline activation 1s via de-
estenfication and production via conjugated mercapturic actd
In vitro data suggest that arecolme 15 metabohized by
carboxylesterase (EC 3 1 1 1) in mouse liver and kidney Male
Swiss albmno mice fed Areca nut powder or arecoline showed
enhanced levels of the hepatic cytochrome P450 and bs and
decreased levels of hepatic glutathione (GSH) (JARC 2004)
Exposure of Swiss albino mice to arecoline was found to lower
poly-ADP-ribosylation of most cellular and histone proteins
and induce relaxation of chromatmn, thereby allowing the N-
nitrosamines of arecoline easy access to genomic DNA for
mteraction, while the absence of PADPR induced repair may
favor the accumulation of DNA damage (Saikia, Schneeweiss
and Sharan 1999b)

a) Cytotoxicity - Arecoline was found to mhibit cell
attachment, cell spreading and cell migration m a dose
dependent manner m cultured human gingival fibroblasts
(HGF) (Jeng et al 1996) In Hep2 cells i witro, arecoline
mnhibited both DNA and protemn syntheses 1n a dose dependent
manner, which ultimately resulted i cytostatic effect on cell
division (Wary and Sharan 1991) Crude alkaloid extracts of
green Areca fruit consumed m Taiwan and arecolne were
found to be mutagenic in Salmonella typhimurium TA100, and
N-Nitrosoguvacolme (NG) was weakly mutagenic n TA98 and
TA100, with the formation of NG being favored at neutral pH
(Wang and Peng 1996) Arecolme alone was also only weakly
mutagenic (Balachandran and Sharan 1995) In witro studies
have shown that arecolme and arecardine may stimulate
cultured fibroblasts to proliferate and synthesize collagen, an
mportant step in development of OSF However, subsequent in
vitro studies have failed to show similar effects of arecoline on
cultured OSF fibroblast It has also been shown that arecoline
mhibited collagen synthesis and fibroblast proliferation i vitro,
indicating the cytotoxic properties of arecoline The disparity of
results from m vitro studies might be indicative of other agents,
n addition to arecolmne, being important in the pathogenesis of
OSF (Trivedy, Craig and Warmnakulasuriya 2002) The
cytotoxicity of arecoline on the oral mucosal fibroblast (OMF)
or on Hep2 cells was found to be associated with cellular GSH
levels and esterase activities on one hand (Jeng et al 1999), and
the agents that facilitate metabolic activation and nitrosation of
alkalowds, on the other (Wary and Sharan 1991) In fact, GSH
depletion and reduction of glutathione S-transferase activity
have been demonstrated in cultured human oral keratmocytes
and mn fibroblasts treated with arecolne (IARC 2004)

Arecohine was also reported to be cytotoxic to human buccal
fibroblasts 1n a dose dependent manner wheremn the cellular
glutathione-S-transferase (GST) activity was downregulated in
a dose dependent manner without increase m hipid peroxidation

Addition of extracellular nicotine acted synergistically on the
arecolme-mduced cytotoxicity, indicating that arecoline may
render human OMF more vulnerable to other reactive agents in
cigarettes via GST reduction These observations could explamn
why patients who practice the combined habit of BQ chewing



and cigarette smoking are at greater risk of contracting oral
cancer (Chang etal 2001a)

Global gene expression profilng m HGF exposed to arecolme
revealed that four genes related to mamntenance of genome
stability and DNA repair were repressed by arecoline (Chiang
et al 2007) They are FANCG, also known as XRCC9 (tumor
suppressor capable of correcting CA), CHAFI and CHAF2
(encoding chromatin assembly factor I, CAF1), and BRCAl
(breast cancer susceptibility gene implicated in DNA damage
response and DNA repair) Among them, at least the BRCAJ
response was dose dependent. COX-2/ PTGS2, which are
mvolved 1n cancer mihation and progression, were over
expressed n HGF cells HSP441 and DNAAJAI, which belong
to the HSP70 farmly of stress induced protems, and GDF15/
MIC-1 were also upregulated by arecoline 1n a dose dependent
manner (Chiang et al 2007)

b) Genotoxicity - Arecoline was found to induce
mutations 1 Salmonella typhimurium and Chinese hamster V79
cells, and CA in CHO cells It also induced micronucier, CA
and SCE 1n bone marrow cells of Swiss albino mice (IARC
1985, Deb and Chatterjee 1998) However, upon withdrawal of
arecoline exposure regime from Hep2 cells m vitro the
mhibited DNA synthetic mdex fully recovered (Wary and
Sharan 1991) suggesting existence of weak teraction between
BN genotixin and DNA Arecaidine induced mutations in
Salmonella typhimurtum and Chmese hamster V79 cells It also
wmduced SCE but not micronucler in bone marrow cells of
Swiss albmo mice (JARC 1985) This arecoline induced DNA
damage was found to be mnfluenced by endogenous GSH levels
with the frequency of CA and SCE mcreasing when arecoline
was given to mice treated with buthionine sulfoximine (BSO), a
GSH depleting agent (Lu et al 2006)

) Immunotoxicity - Arecoline was found to cause
mhibition of both humoral and cell-mediated immune responses
m mice (IARC 2004) It 1s reported to nterfere with the
mmune system by targeting the muscarmic acetylcholie
receptors of the non-neuronal cholinergic system (Wen et al
2006) Arecoline was also found to mhibit the phagocytic
activity of human neutrophils (Hung et al 2005)

d) Cell-cycle alterations - Arecoline inhibited
growth of human KB epithelial cells m dose- and time
dependent manners by causing cell cycle arrest i late-S and
G2/M phases due to mduction of cyclin Bl, Wee 1, and
phosphorylated cdc2 protens and mhibition of p21 protein
expression m KB cancer cells In primary human gingival
keratinocyes (HGK) arecoline effect was mediated differently
In this case, arecoline induced p21 but inhibited cdc2 and
cyclin Bl protems This clearly suggests that differential
regulation of S and/or G2/M cell cycle refated protemns mn the
HGK and KB cells play crucial roles in different stages of BQ
mediated carcinogenesis (Lee et al 2006) Arecoline, which
was cytotoxic to HGF cells due to depletion of intracellular
thiols and mhibiion of mitochondnal activity, mduced cell
cycle arrest m HGF cells at G2/M phase 1n a dose dependent
manner (Chang et al 2001b)

e) Teratogenicity: - Arecoline has been reported to
induce abnormahity in the shape of sperm heads and
unscheduled DNA synthesis (UDS) in the early spermatnd
stages of Swiss albmo mice (Smha and Rao 1985b) It also
induced micronucler formation mn fetal mouse blood after
transplacental exposure to BN (Sinha and Rao 1985c)
Arecoline caused general developmental retardation of zebra
fish embryos predommantly due to a general cytotoxic effect
induced by depletion of mtracellular thiols (Chang et al
2001c) Arecoline hydrobromide has been reported to have
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teratogemc effects on developing chick embryos leading to
embryo mortality, retarded development of fetuses and other
abnormalihes The abnormalities mcluded reduced body size,
scanty feathering, general edema with light body color,
shortened lower beak, clubfoot, missmng or unossified rib and
shortening of long bones (Paul et al 1999).

4. BETEL NUT AND TUMOR SUPPRESSOR
GENES P53, BRCAI AND BRCA2

Tumor suppressor genes are critical m carcimogenests because
loss of their function(s) results 1n promotion of malignancy
(Kinzler and Vogelstemn 1997) Prommment among them 1s p53
gene encoding a 393-ammo acid residue long pS53 protemn,
which 1s mantained at low cellular level 1n normal cells due to
MDM2 mediated rapid tumover (Lane 1992, Levine 1997)
Cells exposed to carcmogen or other stresses rapidly
accumulate p53 due to its stabilization and/or mutation
Mutated or stabihized p53 induces cell cycle amest at G1/S or
G2 checkponts The quiescent cells are now in a position to
reparr the damage caused by the carcinogen or other stress
factors and come out of it Thus, p53 functions as a
“‘gatekeeper’ tumor suppressor The breast cancer susceptibility
genes Breal and Brea2 are other two tumor suppressor genes
relevant to human carcinogenesis Both Brcal and Brca2
protemns are functionally grouped as ‘caretakers’ as they are
mvolved with repair of DNA breaks, especially the critical
double stranded breaks (DBS), via homologous recombination
(HR) reparr pathway 1n assoctation with RAD family and other
protemns (Welsch, Owen and King 2000, Yilun and West 2002)

Consistent with projected functions of p33, Brcal and Brea2?
tumor suppressor genes, mutation or alteration in expression or
both 1s expected in these tumor suppressor genes/proteins
during carcinogenesis Indeed, p53 gene, one of the most
extensively studied tumor suppressor genes, 1S known to be
mutated mn a variety of human and experimental animal
cancers Smnilarly, change in cellular level of p53 protemn 1s
also known to occur Accumulation of p53 protemn or its
stabilization 1s an important mdicator of the presence of mutant
p53 protemn (Hollstemn et al 1991, Harris and Hollstein 1993)
However, reports pertaming to p53 mutation status of cancers
associated with BN chewing have been widely contradicting A
study of Sn Lankan subjects with hustologically confirmed oral
squamous cell carcinoma (OSCC) and the habit of BN chewing
with tobacco revealed low expression of p53 protein
(Ranasinghe, Wamnakulasurtya and Johnson 1993) A similar
study 1n BN and tobacco assoctated OSCC from Southern India
showed nuclear p53 staining and p53 expresston indicating that
carcmogens derived from tobacco and BN chewing may mnduce
p53 mutations (Kuttan et al 1995) BQ chewers m Taiwan
exhibited significantly igher mcidence of p53 gene mutations
than non-chewers mn esophageal squamous cell carcinoma
(ESCC) The AT — GC transttion and GC — TA
transverston were the prevalent spectra of p53 gene mutations
and alcohol consumption could enhance this peculiar spectrum
of p53 mutation in ESCC suggesting that p53 might be an
mmportant molecular target of BQ carcinogens m the
development of ESCC i Taiwanese (Goan et al 2005)
Another study on patients of OSCC m Tarwan revealed that
G C — AT transitions were the predomimmant mutations n the
P53 gene associated with BQ and tobacco use (Hsieh et al
2001) Mutations m the p53 gene were also frequent n OSCC
specimens from S Lanka obtained from BQ chewers They
exhibited pomt, small deletion and addition type of mutations
mamly clustered 1 exon 5 of the p53 gene These results
indicate that exon 5 of the p53 gene could be one of the specific
targets for some BQ ingredients, and BQ chewing may be a
critical environmental factor in the development of OSCC
(Chiba et al 1998) A study of potentially mahgnant oral
lesions (leukoplakia) and OSCC associated with BQ



consumption m northern India revealed a good correlation
between p53 mssense mutations, p53 antibodies and p53
protemn accumulation in matched potentially malignant and
malignant oral lesions (Ralhan et al 2001) Alternatively,
mcidence of p53 mutations was reported to be infrequent or
absent m oral premahgnant lesions and OSCC n subjects
chewng BQ with tobacco (Kannan, Muniajan and
Krishnamurthy 1999) and without tobacco (Thomas, Brennan
and Martel 1994, IARC 2004) Mutations 1n both BRCA genes
are known to be prevalent in famihal as well as sporadic breast
cancers (Rajan et al 1996, Nadeau et al 2000) However, not
much 1s known about the status of these two 1mportant tumor
suppressor proteins in BN associated carcinogenesis m mice or
men

We have made a systematic effort to study the effect of long
term and transgenerational exposure of Swiss albino mice to
AEBN on expression of p53, Brcal and Brea2 proteins as well
induction of mutation m exons 5 and 7 of the p53 gene and
exon 11 of the Brcal gene Chronic exposure to AEBN m
drmking water led to an upregulation of p53 protemn 1n liver,
spleen and peripheral blood lymphocytes (PBL) of exposed
parental (P) generation mice from 2 weeks onwards reaching a
maximum (2 5 folds of the age-matched control) after 6 weeks
of exposure 1n the liver and spleen and 4 weeks of exposure in
PBL (Fig 3, panel A) Subsequently, the level of p53 protemn
dechined gradually reaching control level after 16 weeks of
exposure concomitant with the appearance of pre-neoplastic
nodules i the hiver (Fig 3, panel A) After 24 weeks of
exposure p53 protem was below control level, and the pre-
neoplastic nodules were well developed The expression of
Breal (Fig 3, panel B) and Brca2 (Fig 3, panel C) protemns
showed immedsate elevation m hiver, spleen and PBL after 2
weeks of exposure followed by a decline to 60 % of that of age-
matched control after 16 weeks of exposure and 50 % after 24
weeks of exposure No mutation n exons 5 and 7 of the p53
gene (GenBank accession # EF570972 and EF634061) and
exon 11 of the Brcal gene (Yashmin and Sharan 2008,
unpublished) were detected Transmission electron microscope
(TEM) study of the liver pre-neoplastic nodules after 24 weeks
of exposure revealed a large number of bmnucleated cells with
enlarged and abnormally shaped nucler (Fig 4B) as compared
to the controls (Fig 4A) Disruption of nuclear membrane as
well as chromatin condensation and margnalization were also
observed mn a significant number of nucler (Fig 4C-D)
Damage to mitochondria was most noticeable The size of
normal mitochondna (Fig 4E) was significantly reduced (Fig
4F) m all cases showing shrinkage This was also accompanied
with membrane disruptions (Fig 4C, F, arrow head) The rough
endoplasmic reticulum membrane organization (Fig 4H) was
also severely damaged (Fig 41, arrow head)

Extensive damage of the mitochondrial membrane 1s a pro-
apoptotic signal and extensive disruption of the ER could lead
to calcium release from the ER lumen, which can potentially
tngger ER-stress induced apoptosis Thus, chronic exposure to
AEBN caused sertous molecular and metabolic damage to cells
characterized by enlarged nucle1, high frequency of abnormally
shaped nuclei, chromatin condensation and margmalization,
and damaged membrane (Fig 4) along with downregulated
p53, Breal and Brca2 protemns (Fig 3) After 16 weeks of
chronic exposure to AEBN, an mability to upregulate p53
beyond control level, combined with compromised DNA repair
due to downregulation of Brcal and Brca2, are sufficient to
allow progression of hepatocarcimogenesis

The effect of prenatal and transgenerational chronic exposure to
AEBN has been followed up to F3 generation by breeding In
striking contrast to the P generation, the liver, spleen and PBL
of AEBN exposed F1, F2 and F3 generation mice exhibited
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invariant expression of p53 protein I comparison to age
matched controls throughout the period of exposure (Fig 3A)
Simularly, the expression of Breal (Fig 3B) and Brca2 (Fig
3C) proteins progressively declined to approximately 80 % that
of age matched controls only after 2 weeks of exposure mn all
the three tissues examined Thus, while the P generation mice
exhibited an induction of the tumor suppressive functions of the
p53, Brecal and Brea2 proteins durmng the mitial periods of
AEBN exposure, the transgenerationally exposed mice failed to
mnduce these tumor suppressors (Fig 3) Concomitantly, a
significant advancement m the appearance of liver pre-
neoplastic nodules was observed with each subsequent
generation suggesting progressive enhancement of transmission
of carcinogenic nisk due to exposure to BN constituents (Table
II) Abnormalities, which were not observed in P generation
mice, also developed n the transgenerationally exposed mice
Though statistically nsigmficant up to F3 generation, these
abnormalities mcluded enlargement of lymph nodes of the
neck, development of protuberant pus-filled sacs, necrosis of
the hver and development of solid tumors No mutations n
exons 5 and 7 of the p53 gene were observed i the liver
nodules as well as solid tumors of even the transgenerationally
exposed mice Thus, while mactivation of the p53 gene
apparently plays a crucial role m BN associated cancer n mice,
the inactivation 1s not ubiquitously through p53 mutation and
other routes of mactivation require to be mvestigated One
possible alternative mechanism for p53 nactivation m BN
carcinogenesis may be over-expression of MDM2 protemn as
has been shown m OSCC (Shwe et al 2001) In contrast BN
induced solid tumors i Swiss albmno mice carried a G — C
(codon 156, ~TGT-- — —~TCT--) transversion mutation mn exon
11 of the Brcal gene (Fig 5) Exon 11 of the Brcal gene
encodes the two nuclear localization motifs and a region of the
gene believed to be essentral for binding of RADS1 (Cressman
at al 1999) Mutation n exon 11 would, therefore, disrupt
normal functioning of the Brcal gene leading to DNA repair
defects, which could be pivotal for the development of the solid
tumors Thus, AEBN can possibly lead to transgenerational
transmusston of carcinogenic risk 1 Swiss Albmo mice by
compromising the functions of the tumor suppressor genes p33,
Breal and Brca2 via different mechamisms

5. BETEL NUT POLYPHENOL AND TANNINS
IN CARCINOGENESIS

Toxicity studies relating to BN specific polyphenols and
tannins are not conclusive with both carcinogemic and anti-
carcinogenic effects bemng reported It 1s reported that ROS
produced durning auto-oxidation of BN polyphenols m the BQ
chewer's saliva are crucial m the imtiation and promotion of
oral cancer (Jeng, Chang and Hahn 2001) Incidences of certain
cancers, such as esophageal cancer, have been reported to be
related to consumption of tannins-rich foods such as BN
suggesting that tannins mught be carcinogenic However, other
reports indicated that the carcinogenic activity of tannins might
be related to components associated with tanmins rather than
tannins themselves (Chung et al 1998)

6. BETEL NUT AND HUMAN GENETIC
SUSCEPTIBILITY TO ORAL CANCER

Exposure to BN carcinogens, particularly the alkaloids,
enhances the nisk of cancer in BN or BQ chewers in general
However, correlation between prevalence of cancer m human
populations m different parts of the world and habit of BN/BQ
mastication 1s not absolute This suggests that the genetic
makeup of the masticator has its own mfluence on the ultimate
manifestation of BN induced cancer It 1s becoming obvious
that the mterplay between the genetic constitution and the
environmental factor(s), determimne the final risk of human oral
cancer followmng exposure to BN or BQ alone or mn
combination with additives, including tobacco Mere exposure



to BN or BQ does not commut the chewer fo cancer For any
given level of exposure to BN carcmnogen, only a proportion of
exposed individuals will develop cancer, indicating the
prevalence of imnter-mdividual differences m susceptibility
(Spitz and Bondy 1993) Individual susceptibility to cancer may
result from several factors ncluding (a) differences mn
metabolism, (b) status of DNA repair pathways and related
genes, (c) patterns of expression of proto-oncogenes and tumor
suppressor genes, and (d) nutritional status of the mastcator,
etc Varations mn an mdividual's metabolic phenotype, 1€,
phenotypic polymorphism, have also been detected 1n a variety
of enzymes mvolved i activation and detoxification of
chemical carcinogens It is becoming clearer now that different
phenotypic and/or metabolic variations stem from genetic
polymorphisms prevalent i different population groups
(Bartsch and Hietanen 1996) A number of genetic
polymorphisms have been identified, which seem to be
associated with risk of BN induced oral cancer in human sub-
populations Table IIf depicts the up to date hst of
polymorphisms observed m BN exposed human sub-
populations with mamifestation of oral cancer

7. POSSIBLE MECHANISM OF BETEL NUT
INDUCED CARCINOGENESIS

BN 1s a natural plant product characterized by a very complex
and highly vanable mixture of different biochemical and
nutraceutical constituents (Table I) Some of these are
recognized as potent carcmnogens (e g, alkaloids, polyphenols,
tannins, etc) However, many others, especially those present
m small to trace amounts, have largely unknown biological
functions As with nutraceuticals, 1t 1s anticipated that m a
complex cellular environment some of these may function as
mediators, some as modulators, affecters, promoters, and/or
mhibrtors, etc ehciting a vanety of brological effects and
responses The highly varable constituents of BN should also
chemically and otherwise mteract differently with different
biomolecules The situatton 1s further complicated by the fact
that a host of region, culture and society specific additives,
notably different types of chewing tobaccos, are mvanably
added to BN preparation by a traditional masticator (Fig 1)
Therefore, 1t 1s only expected that the mechamsm of BN
induced carcinogenesis would also be highly vanable and
complex Nonetheless, certan conclusions can be drawn from
the wealth of knowledge available to us (see Fig 6) The
overall perception 1s that alkaloids are the mam carcinogenic
constituents of BN Polyphenols and tannms may also
contribute positively to carcinogenic potency of the alkalods It
1s now accepted that alkalods, the primary suspected
carcinogen of BN, should first undergo metabolic activation
and nitrosation to produce the ultimate carcinogenic derivatives
together called BSNA (Fig 2) This may be achieved by de-
estenification using carboxylesterase and may also mvolve
cytochrome P450, bs and GSH besides other metabolites The
activated or ultimate carcinogen(s) acquires capability of
mteraction with target biomolecules The mteraction of BSNA
or their activated derivatives with cellular targets formmg
adducts of different kinds may be the beginnmg of
carcinogenesis Usmng different physic-chemical methods
evidence of existence of BSNA adducts has been amply
demonstrated (YARC 1985) Recently, formation of DNA
adducts by AEBN and 1ts consequences has been directly
shown on a plasmid DNA construct, pMTa4 (Bhattacharjee and
Sharan 2008) Using the plastmd model m vitro and m vivo it
has been shown that under chronic exposure condition up to
one BN specific adduct could be formed every 3 nucleotides In
other words, up to 3 adducts can potentially be formed per
helical tum of DNA double helix These adducts were
essentially unstable and dissociated from DNA m about 24
hours 1n line with known weak, non-covalent and reversible
nature of mteraction of BSNA or their metabolites with DNA
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(Wary and Sharan 1991, Sharan 1996) However, we have also
discovered that the BN adducts became stable in the presence
of trace amounts of monovalent cations, Na* and K*
(Bhattacharjee and Sharan 2008) Since physiological cellular
concentrations of these monovalent ions are more than the
concentration required to confer stability to BSNA adducts on
DNA, 1t explains, at least in part, why habitual BN chewers are
at high nisk of stable adduct formation on their genetic material
and consequent risk of mutagenesis/carcinogenesis It has been
shown that the nisk of carcinogenesis progressively increased
under continuing environment of BN exposure (Table II)
Possible biological consequence of adduct formation on DNA
as well as damage inflicted upon the genetic matenal due to
presence of such adducts could be many At first, adducts on
DNA may mnduce strand break, induce CA, SCE, UDS, etc
Secondly, damage to the genetic materials may cause alteration
mn pattern of gene expression In particular, the changes m
tumor suppressor genes p53, Brcal and Brca2 either by way of
p53 stabihzation or mutation m cntical domains are likely to
dimmsh therr tumor suppressor properties and favor
carcinogenesis (Fig 3) Thirdly, BN and their constituents,
especially arecoline, has been shown to differentially
dysregulate cell cycle control, mitochondrial membrane
potential, GSH level and tracellular H,O. production in the
pathogenesis of OSF and oral cancer (Chang et al 2001d)
Reduction of GSH content by arecoline and BN extract and
enhanced cytochrome

P450 activity, which were observed in the liver of mice treated
with BN, could cause increased oxidative metabolism of
carcinogens and reduced detoxificaion GSH depletion leads to
increased oxidative stress that can cause DNA damage and
trigger several response signals implicated 1n the carcinogenic
process (Nair, Bartsch and Nawr 2004) Thus, BN and its
constituents potentially interfere with cell signaling pathways
Luttle 1s understood about these aspects and more research 1s
needed to unravel the influence of BN exposure on the complex
cell signaling pathways In spite of this, 1t 15 known that BQ
chewing contributes to the pathogenesis of cancer and OSF also
by impairing T cell activation and by mduction of PGE2, TNF-
o and IL-6 production, which favors oral mucosal
mnflammation and growth of OMF and oral epithelial cells (Jeng
et al 2003) Smmuilar end may also be achieved by activation of
the MEK1/ERK/c-Fos pathway, which promotes keratinocyte
inflammation, cell survival, and affects cell cycle progression
(Chang et al 2004) Alternatively, MMP-2, an enzyme
belonging to matnx metalloproteinases (MMP) group of
proteins that degrade extracellular matrix protemns and
contribute to the tumor mvasion and metastasis, was found to
be elevated 1n most oral tumor patients with long term BQ
usage while short term BQ usage increased the secretion of
MMP-2 by oral epithelial cells and fibroblasts This 1s
suggestive of BQ consumption promoting oral tumor
progression through the induction of MMP-2 secretion (Kato et
al 2005, Lw et al 2005a) Elevation of MMP-9 was also
observed followmng BQ chewing showing its role mn the
pathogenesis of oral mucosal lesions (L et al 2005b) Due to
this, levels of both MMP-2 and MMP-9 have been suggested as
possible markers of human oral cancer (Patel et al 2007) In all
this, it has to be kept in mind that mere exposure to BN does
not commit a cell or an organism to carcinogenesis There are
metabolic escape routes avallable to the exposed cell or
organism by way of complete repair of damage and attainment
of normaley or necrotic or apoptotic programmed cell death
(Fig 6) Metabolic, cellular and other genetic factors,
complex and largely unclear ways, influence the path of
carcinogenesis triggered by exposure to BN



ACKNOWLEDGEMENTS

RNS acknowledges contributions of all research associates and
scholars whose work has been cited m this review Grants of
UGC, CSIR, DST and ICMR, which supported different
aspects of research embodied m this review, are also
acknowledged Part of the ongoing research 1s bemg carried out
under a research scheme partly funded by the UPE-NEHU
grant YC was supported by a fellowship (NET-JRF/SRF) from
the UGC and 1s currently working as a Lecturer, Department of
Biotechnology, St. Anthony’s College, Shillong

8. REFERENCES
Balachandran, B, and Sharan, R. N 1995 Induction of
mutations by different extracts of betel nut and radiation Their
mmplication 1n carcinogenesis In Radiation Research 1895-
1995, eds U Hagen, H Jung, and C Streffer, pp 165, vol 1,
Wiarzburg Umiversitatsdruckerer H Stiirtz AG

Bartsch, H and Hietanen, E 1996 The role of mdividual
susceptibility i cancer burden related to environmental
exposure Environ Health Perspect 104 569-577

Bhattacharjee, C , and Sharan, R. N 2008 Aqueous extract of
betel nut (AEBN) mduced adducts on pMTa4 DNA acquires
stability 1n the presence of Na* and K* 1ons Mol Med Rep
1435-441

Boucher, B J, and Mannan, N 2002 Metabolic effects of the
consumption of Areca catechu Addict Brol 7103-110

Chang, B, Liao, M, Kuwo, M Y, and Chen, C 200lc
Developmental toxicity of arecoline, the major alkalord n betel
nuts, 1n zebrafish embryos Birth Defects Res 70 28-36

Chang, K W,Lee, T C,Yeh, W I, Chung, M Y,Luy,C J,
Ch, L Y, and Lm, S C 2004 Polymorphism mn heme
oxygenase-1 (HO-1) promoter 1s related to the risk of oral
squamous cell carcinoma occurring on male areca chewers Br
J Cancer 18 1551-1555

Chang, M C,Ho, Y S, Lee,P H, Chan, C P, Lee,J J,
Habhn, L J, Wang, Y J, and Jeng, J H 2001d Areca nut
extract and arecoline induced the cell cycle arrest but not
apoptosis of cultured oral KB epithelial cells association of
glutathione, reactive oxygen species and mitochondnal
membrane potential Carcinogenesis 22 1527-1535

Chang, M C,Wu,H L,Lee, J J,Lee, P H, Chang, H H,
Hahn,L J,Lmn, B R, Chen, Y J, and Jeng, J H 2004 The
mduction of prostaglandin E2 production, nterleukin-6
production, cell cycle arrest, and cytotoxicity i primary oral
keratinocytes and KB cancer cells by areca nut mgredients 1s
differentially regulated by MEK/ERK activation J Biol Chem
279 50676-50683

Chang, Y C,Huy,C C,Ln,C K, Ta, K W, Yang, S H,
and Chou, M Y  2001b Cytotoxicity and arecoline
mechanisms 1n human gingival fibroblasts i viero Clin Oral
Investig 5 51-56

Chang, Y C,Hu,C C,Tseng, T H, Ta, K W, Lu,C K,
and Chou, M Y 200la Synergistic effects of nicotine on
arecolme-induced cytotoxicity mn human buccal mucosal
fibroblasts J Oral Pathol Med 30 458-464

Chen, C L, Chi, C W, Chang, KW, and Ly, TY 1999
Safrole-lke DNA adducts m oral tissue from oral cancer
pattents with a betel quid chewmng history Carcinogenesis
20 2331-2334

Page |8

Chiang, C, Chang, M, Lee, J, Chang,J Y, Lee, P, Hahn, L,
and Jeng, J 2004 Hamsters chewmng betel quid or areca nut
directly show a decrease m body weight and survival rates with
concomtant epithelial hyperplasia of cheek pouch Oral Oncol
40 720-727

Chiang, S, Jiang, S , Wang, Y, Chiang, H, Chen, P, Tu, H,
Ho, K, Tsai, Y, Chang, I, and Ko, Y 2007 Characterization
of arecoline-induced effects on cytotoxicity n normal human
gingival fibroblasts by global gene expression profiling
Toxicol Sc1 100 66-74

Chiba, I, Muthumala, M , Yamazaki, Y , Zaman, A U , Iizuka,
T, Amemiya, A, Shibata, T, Kashiwazaki, H, Sugura, C,
and Fukuda, H 1998 Characteristics of mutations mn the p53
gene of oral squamous-cell carcinomas associated with betel-
quid chewing i Sni Lanka Int J Cancer 77 839-842

Chiu, C J, Chang, C P, Hahn, L J, Hsieh, L L, and Chen,
C J 2002 Interaction of collagen-related genes and
susceptibility to betel quid-induced oral submucous fibrosis
Cancer Epidemiol Biomarkers Prev 11 646-653

Chmy, C J, Chiang, C P, Chang, M L, Chen, H M, Hahn, L
J,Hsieh, L L, Kuo, Y S, and Chen, C J 2001 Association
between genetic polymorphism of tumor necrosis factor-alpha
and risk of oral submucous fibrosis, a pre-cancerous condition
of oral cancer J Dent Res 80 2055-2059

Chung, K T, Wong, T Y, We, C I, Huang, Y W, and Lm,
Y 1998 Tannins and human health a review Cnt Rev Food
Sct Nutr 38 421-64

Cressman, V L , Backlund, D C, Avrutskaya, A, Leadon, S
A, Godfrey, V, and Koller, B H 1999 Growth retardation,
DNA reparr defects, and lack of spermatogenesis in BRCA1-
deficient mice Mol Cell Biol 19 7061-7075

Deb, S, and Chatterjee, A 1998 Influence of buthionine
sulfoximine and reduced glutathione on arecolne-induced
chromosomal damage and sister chromatid exchange in mouse
bone marrow cells 17 vivo Mutagenesis 13 243-248

Deng,J F, Ger,J, Tsa;, W J, Kao, W F, and Yang, C C
2001 Acute toxicities of betel nut rare but probably
overlooked events J Toxicol Clin Toxicol 39 355-360

Desal, S S, Ghaisas S D, Jakhi, S D, and Bhude, S V 1996
Cytogenetic damage mn exfoliated oral mucosal cells and
crculating  lymphocytes of patients sufferng from
precancerous oral lesions Cancer Lett 109 9-14

Goan, Y G, Chang, H C, Hsu, H K, Chou, Y P, and
Cheng, J T 2005 Rusk of p53 gene mutation m esophageal
squamous cell carcinoma and habit of betel quid chewing 1n
Taiwanese Cancer Sc1 96 758-765

Hamrs, C C, and Hollstein, M 1993 Chnical imphcations of
the p53 tumor-suppressor gene N Engl J Med 329 1318-
1327

Hollstein, M, Sidransky, D, Vogelstem, B, and Harns, C C
1991 P53 mutatton in human cancer Science 253 49-53

Hsieh, L L, Wang, P F, Chen, I H, Liao, C T, Wang, H
M, Chen, M C, Chang, JT, and Cheng, A J 2001
Characterisics of mutations of the p53 gene m oral squamous
cell carcinoma assocrated with betel quid chewing and cigarette
smoking 1n Taiwanese Carcinogenesis 22 1497-1503



Hsu,H J, Chang,K L, Yang, Y H, and Shieh, T Y 2001

The effects of arecolme on the release of cytokines using
culiured peripheral blood mononuclear cells from patients with
oral mucous diseases KaohsungJ Med Se1 17 175-182

Hung, S, Cheng, Y, Peng, J, Chang, L, L, T and Chen, Y
2005 Inhibitory effects of areca nut extracts on phagocytosis of
Actinobacillus  actinomycetemconutans ATCC 33384 by
neutrophils J Pertodontol 76 373-379

IARC 1985 International Agency for Research on Cancer
(IARC) - Tobacco habits other than smoking Betel quid and
Areca-nut chewmng and some related mifrosammes In
Monographs on the Evaluation of Carcinogenic Risks to
Humans, 37 263, Lyon IARC

JARC 2004 International Agency for Research on Cancer
(IARC) - Summanes & Evaluations Betel-quid and areca-nut
chewing, 85:39, Lyon JARC

Jeng, J H, Tsai, C L, Hahn, L J, Yang, P J Kuo,Y S,
and Kuo, M Y 1999 Arecoline cytotoxicity on human oral
mucosal fibroblasts related to cellular thol and esterase
activities Food Chem Toxicol 37 751-756

Jeng,J H, Chang, M C, and Hahn, L J 2001 Role of areca
nut in betel quid-associated chemical carcinogenesis current
awareness and future perspectives Oral Oncol 37 477-492

Jeng, J H, Kuo,M L, Hahn, L J, and Kuo, M Y 1994
Genotoxic and non-genotoxic effects of betel quid ingredients
on oral mucosal fibroblasts i vifro J Dental Res 73 1043-
1049

Jeng,J H, Lan, W H, Hahn, L. J, Hsieh, C C, and Kuo, M
Y 1996 Inhibition of the mugration, attachment, spreading,
growth and collagen synthesis of human gingival fibroblasts by
arecoline, a major areca alkaloid, i vitro J Oral Pathol Med
25 371-375

Jeng,J H,Wang, Y J,Chiang, B L., Lee,P H, Chan,C P,
Ho,Y S,Wang, T M, Lee,J J, Hahn, L J, and Chang, M
C 2003 Roles of keratinocyte mflammation n oral cancer
regulating the prostaglandm E2, mterleukin-6 and TNF-a
production of oral epithelial cells by areca nut exiract and
arecolne Carcinogenesis 24 1301-1315

Kannan, K, Munirajan, A K, and Knshnamurthy, J 1999
Low mcidence of p53 mutation n betel quid and tobacco
chewing-associated oral squamous carcinoma from India Int J
Oncol 151133-1136

Kao,S Y,Wu, H C,Lmn, S C, Yap, S K, Chang, C S,
Wong, Y K, Ch;, L Y, and Ly, T Y 2002 Genetic
polymorphism of cytochrome P4501A1 and susceptibility to
oral squamous cell carcnoma and oral precancer lesions
associated with smoking/betel use J Oral Pathol Med 31 505-
511

Kato, K , Hara, A , Kuno, T, Kitaor1, N, Hulan, Z , Mori, H,
Toida, M, and Shibata, T 2005. Matrix metalloprotemnases 2
and 9 m oral squamous cell carcinomas manifestation and
localization of therr activity J Cancer Res Chn Oncol
131 340-346

Kietthubthew, S, Sniplung, H and Au, W W 2001 Genetic
and environmental interactions on oral cancer m Southern
Thailand Environ Mol Mutagen 37 111-116

Page |9

Kinzier, K. W and Vogelsten, B 1997 Gatekeeprs and
caretakers Nature 386 761-763

Kumpawat, K, Deb, S, Ray, S, and Chatterjee, A 2003
Genotoxic effect of raw betel-nut extract in relation to
endogenous glutathione levels and its mechanism of actron 1
mammalian cells Mutat Res 538 1-12

Kuttan, N A A, Rosm, M P, Ambika, K, Pnddy, R W,
Bhakthan, N M G, and Zhang, L 1995 High prevalence of
expression of p53 oncoprotemn 1n oral carcinomas from India
associated with betel and tobacco chewmg Eur J Cancer
31169-173

Lai, K, and Lee, T 2006 Genetic damage mn cultured human
keratmocytes stressed by long-term exposure to areca nut
extracts Mutat Res Fundam Mol Mech Mutag 599 66-75

Lane, D P 1992 Cancer p53 guardian of the genome Nature
358 15-16

Lee, H, Yin, P, Yu, T, Chang, Y, Hsu, W, Kao, S, Chy, C,
Lw, T, and Wei, Y 2001 Accumulation of mitochondral
DNA deletions n human oral tissues — effects of betel quid
chewing and oral cancer Mutat. Res Genetic Toxicol Environ
Mutagen 493 67-74

Lee, P, Chang, M, Chang, W, Wang, T, Wang, Y , Hahn, L,
Ho, Y, Lin, C, and Jeng, J 2006 Prolonged exposure to
arecolme arrested human KB epithehal cell growth Regulatory
mechamisms of cell cycle and apoptosis Toxicol. 220 81-89

Levine, A J 1997 P53, the cellular gatekeeper for growth and
division Cell 88 323-331

Lin,S C,Lw,C J,Yeh,W I, Luy, M T, Chang, K. W, and
Chang, C S 2006 Functional polymorphism m NFKB1
promoter 1s related to nisks of oral squamous cell carcinoma
occurring on older male areca (betel) chewers Cancer Lett.
243 47-54

Lin, Y, Jen, Y, Wang, B, Lee, J, and Kang, B 2005
Epidemiology of oral cavity cancer in Tarwan with emphasis on
the role of betel nut chewing ORL J Otorhinolaryngol Relat
Spec 67 230-236

Lu,S Y,Ln,M H, Yang, § C, Huang, G C, Chang, L,
Chang, S, Yen,C Y, Chiang, W F,Kuo,Y Y, Chen,L L,
Lee, C H, and Ly, Y C 2005a Increased expression of
matrix metalloprotemase-2 in oral cells after short-term
stimulation and long-term usage of areca quid J Formos Med
Assoc 104 390-397

Lw,S Y,Lin,M H, Yang, S C, Huang, G C, Chang, L,
Chang, S, Yen,C Y, Chiang, W F,Lee,C H,Kuo, Y Y,
and Lm, Y C 2005b Areca quid chewmg enhances the
expression of salivary matrix metalloprotemnase-9 J Formos
Med Assoc 104 113-119

L, T Y,and Ch, C W 1999 Areca nut extracts stimulate
DNA strand breaks by generation of mtric oxide Toxicol Lett
95112

Lw, T Y,Chung, Y T,Wang,P F,Ch,C W,and HsichL
L 2004 Safrole-DNA adducts in human penpheral blood—an
associatton with areca qud chewmng and CYP2El
polymorphisms Mutat. Res Genetic Toxicol Environ
Mutagen 559 59-66



Lw, T, Chen, C, and Chi, C 1996 Oxidative damage to DNA
mduced by areca nut extract Mutat Res Genetic Toxicol 367
5-31

Lu, S, Chang, K,Lm, C, Tseng, Y, Lu,H , Lee, S, and Lin,
S 2006 Ripe areca nut extract mduces G; phase arrests and
senescence-assoctated phenotypes m normal human oral
keratmocyte Carcmogenesis 27 1273-1284

Nadeau, G, Boufaied, N, Moisan, A, Lemieux, K M,
Cayanan, C, Montero, A N A, and Gaudreau, L 2000
BRCAl can stimulate gene transcription by a umque
mechanism EMBO Rep 3 260-265

Naur, J, Ohshima, H , Friesen, M, Croisy, A , Bhide, S V, and
Bartsch, H 1985 Tobacco-specific and betel nut-specific N-
mitroso compounds occurrence 1n saliva and urme of betel quid
chewers and formation in witro by nitrosation of betel quid
Carcinogenesis 6 295-303

Narr, U J, Nar, J, Mathew, B, and Bartsch, H 1999
Glutathione S-transferase M1 and T1 null genotypes as risk
factors for oral leukoplakia m ethnic Indian betel quid/ tobacco
chewers Carcinogenesis 20 743-748

Nair, U, Bartsch, H, and Nair, J 2004 Alert for an epidemic
of oral cancer due to use of the betel quid substitutes gutkha
and pan masala a review of agents and causative mechanisms
Mutagenesis 19 251-262

Nair, U, Floyd, R. A, Narr, J, Bussachini, V , Friesen, M , and
Bartsch, H 1987 Formation of reactive oxygen species and of
8-hydroxydeoxyguanosmme in DNA m witro with betel quid
mgredients Chem Biol Interact 63 157-169

Norton, S A 1998 Betel consumption and consequences J
Am Acad Dermatol 38 81-88

Pamigrahi, G B, and Rao, A R. 1989 Study of the
genotoxicity of the total aqueous extract of betel nut and its
tannin Carcinogenesis 7 37-39

Panat, T, and Sharan, R. N 1998a Betel nut and
diethylnitrosamine mnduced conformational changes in the hver
HMG protems m vivo In Trends m Radiation and Cancer
Biology, ed R. N Sharan, pp 162-165, vol 29, International
co-operation bilateral seminars sertes, Juelich
Forschungszentrum Juelich GmbH.

Pariat, T, and Sharan, R. N 1998b Qualitative change in mice
Iiver HMG protemns after low dose chronic admimstration of
aqueous extract of betel nut and diethynitrosamine Hepatol
Res 12 177-185

Panat, T, and Sharan, R. N 2002 Role of mouse spleen cell
HMG protems and 1its poly-ADP-ribosylation in betel nut
mduced carcinogenests Indian J Biochem Biophys 39 130-
132

Pariat, T, Balachandran, B, and Sharan, R. N Effects of
carcinogen exposure on poly-ADP-nbosylation of HMG
Proteins and on chromatin orgamzation 1999 In Recent
Aspects of Cellular and Applied Radiobiology, eds F H A
Schneeweiss and R. N Sharan, pp 158-161, vol 30,
International co-operation bilateral seminars sertes, Juelich
Forschungszentrum Juelich GmbH

Patel, B P, Shah, S V, Shukla, S N, Shah, P M, and Patel,
P S 2007 Chnical significance of MMP-2 and MMP-9 1n
patients with oral cancer Head Neck 29 564-572

Page {10

Paul, K , Moitra, P K , Mukherjee, I , Maity, C, and Ghosal, S

K 1999 Teratogenicity of arecoline hydrobromide on
developing chick embryos A preliminary report. Bull Environ

Contam Toxicol 62 356-362

Polasa, K, Babu, S, and Shenolkar, I S 1993 Dose-
dependent genotoxic effect of pan masala and areca nut mn
Salmonella typhimurium assay Food Chem Toxicol 31439-
442

Rajan, J V, Wang, M, Marquis, S T, and Chodosh, L A
1996 Brca2 1s coordmnately regulated with Breal during
proliferation and differentiation 1n mammary epithehal cells
Proc Natl Acad Sc1 (USA) 93 13078-13083

Ralhan, R, Agarwal, S, Nath, N, Mathur, M, Wasylyk, B,
and Srivastava, A 2001 Correlation between p53 gene
mutations and circulating antibodies in betel- and tobacco-
consuntng North Indian population Oral Oncol 37 243-250

Ramachandran, S , Ramadas, K , Hartharan, R., Rejnish, K R,
and Radhakrishna, P M 2006 Single nucleotide
polymorphisms of DNA repair genes XRCC1 and XPD and 1its
molecular mapping 1n Indian oral cancer Oral Oncol 42 350-
362

Ranasinghe, A W, Warmnakulasuriya, K. A A S, and Johnson,
N W 1993 Low prevalence of expression of p53 oncoprotem
mn oral carcinomas from Sn Lanka associated with betel and
tobacco chewing Eur J Cancer 29 147-150

Saikia, J R, Schneeweiss, F H A, and Sharan, R. N 1998
Effects of chronic low-dose arecoline admmistration on the
macromolecular components of bone marrow and spleen cells
of mice CancerJ, 119498

Saikia, J R, Schneeweiss, F H A, and Sharan, R. N 1999b
Arecoline-induced changes of poly-ADP-ribosylation of
cellular protemns and its influence on chromatmn organization
Cancer Lett 139 59-65

Saikia, J R, Schneeweiss, F H A, and Sharan, R N 1999a
Chronic low dose arecoline exposure affects DNA, RNA and
protein contents and cellular poly-ADP-ribosylation in mice i
vivo In Recent Aspects of Cellular and Applied Radiobiology,
eds F H A Schneeweiss, and R. N Sharan, pp 149-152, vol
30, International co-operation bilateral seminars series, Juelich
Forschungszentrum Juelich GmbH

Sharan, R. N 1994 Biochemical investigation of carcmogenic
potency of betel nut (Kwai) of north-east India In, Oral
Oncology, pp 190-193, vol III, New Delli Mac Millan India
Lid

Sharan, R N 1996 Association of betel nut with
carcinogenesis — A review CancerJ 9 13-19

Sharan, R. N, and Wary, K K 1992 Study of unscheduled
DNA synthesis following exposure of human cells to arecolime
and extracts of betel nut in vitro Mutat Res 278 271-276

Shwe, M, Chuguchy, G, Yamada, S , Nakajima, T , Maung, K.
K., Takagi, M , Amagasa, T, and Tsuchida, N 2001 P53 and
MDM2 co-expression 1n tobacco and betel chewimng-associated
oral squamous cell carcinomas J Med Dent Sci 48 113-119

Sinha, A, and Rao, A R 1985b Induction of shape
abnormality and unscheduled DNA synthesis by arecolme mn
the germ cells of mice Mutat Res 158 189-192



Sinha, A, and Rao, A R 1985¢ Transplacental micronucleus
mducing abiity of arecoline, a betel nut alkalold 1n mice
Mutat Res 158 193-194

Sinha, A, and Rao, A R, 1985a Embryotoxicity of betel nuts
i mice Toxicol 37 315-26

Spitz, M R, and Bondy, M L 1993 Genetic susceptibility to
cancer Cancer 72 991-995

Stich, H F, and Anders, F 1989 The tvolvement of reactive
oxygen species in oral cancers of betel quid/tobacco chewers
Mutat Res 214 47-61

Sundgvist, K, L, Y, Nair, J, Bartsch, H, Arvidson, K , and
Grafstrom, R C 1989 Cytotoxic and genotoxic effects of areca
nut-related compounds 1in cultured human buccal epithehal
cells Cancer Res 49 5294-5298

Thomas, S , Brennan, J , and Martel, G 1994 Mutations in the
conserved regions of p53 are infrequent in betel-associated oral
cancers from Papua New Guinea Cancer Res 54 3588-3593

Topcu, Z, Chiba, 1, Fupieda, M, Shibata, T, Anyoshi, N,
Yamazaki, H, Sevgican, F , Muthumala, M, Kobayahi, H , and
Kamataki, T 2002 CYP2A6 gene deletion reduces oral cancer
rnisk in betel quid chewers in Sri Lanka Carcmogenesis
23 595-598

Wary, K K, and Sharan, R N 1991 Cytotoxic and cytostatic
effects of arecoline and sodium nitrite on human cells 1n vitro
Int J Cancer 47 396-400

Wen, X, Zhang, Y, Ly, X, Guo, S, and Wang, H 2006
Immune responses n mice to arecohne mediated by
lymphocyte muscarinic acetylcholine receptor Cell Biol Int
30 1048-1053

Page |11

Tnvedy, C R, Craig, G, and Warnakulasurtya, S 2002 The
oral health consequences of chewing areca nut Addict Biol
7115-125

Tseng, C 2006 Betel nut chewing 1s independently associated
with urmary albumin excretion rate in type 2 diabetic patients
Diabetes Care 29 462-463

Tu, H F, Lin, C J, Chang, C S, Lw, M T,Kao,S Y,
Chang, C P,and Ly, T Y 2006 The functional (-1171 5A--
>6A) polymorphisms of matrix metalloproteinase 3 gene as a
nisk factor for oral submucous fibrosis among male areca users
J Oral Pathol Med 35 99-103

Tu,H F,Wu,C H,Kao,S Y,Lwu,C J,Lu, T Y, and Luy,
M T 2007 Functional -1562 C-to-T polymorphism in matrix
metalloproteinase-9 (MMP-9) promoter 1s associated with the
risk for oral squamous cell carcinoma n younger male areca
users J Oral Pathol Med 36 409-414

Wang, C K, and Peng, C H 1996 The mutagenicities of
alkaloids and N-nitrosoguvacoline from betel quid Mutat Res
Environ Mutagen Relat Sub). 360 165-171

Wamnakulasuriya, S 2002 Areca nut use an independent risk
factor for oral cancer Br Med J 324 799-800

Wary, K K, and Sharan, R N 1988 Aqueous extract of betel-
nut of North-East India mduces DNA strand breaks and
enhances rate of cell proliferation i vitro J Cancer Res Clin
Oncol 114:579-582



Page |12

Table I — Constituent of betel nut (BN): Approximate average percent constituent
of dry and raw/wet varieties of BN (IARC 1985; 2004; Sharan 1996).

Constituent Dry variety (%) Raw/wet variety (%)

: nbinec 0.35-0.49
Alkaloids BV E 0.15 0.18-0.24

0.10 0.10-0.20

~ Other: Trace 0.14
Polyphenols 15 23
Tannins 18 22
Carbohydrates 25 30
Proteins 7.5 12
Fats 12 2.5
Fiber 15 18

Water Low High

Ash Low High

Table Il — Estimated transgenerational cancer transmission risk in mice from BN
(Yashmin and Sharan 2008; unpublished).

Chronic AEBN Appearance of pre-neoplastic
administration in nodules on liver
drinking water to mice

P generation 16 weeks
F1 generation 8 weeks
F2 generation 6 weeks
F3 generation 4 weeks




Table I1I: Genetic polymorphism and susceptibility to oral cancer in humans
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Population

# Gene/region Polymorphism Effect rou Reference
s
1 proteinase-9 (MMP9) 1562 C-to-T polymorphism OSCC risk n young male BN Taiwanese Tu etal 2007
promoter
chewers
Matrix metalio- SA genotype polymorphism -
2 proteinase-3 (MMP3) I:g‘./e\l;tlonl/d;l;:tl(;r:s(r;llsl T15A- enhanced nisk of OSF but not Asian Tu et al 2006
promoter polymorp OSCC among male BN users
NFKBI 1ns and HO-1 L.
NFKBI Insertion (1ns)/deletion (del) allelotypes — significantly
3 romofer polymorphism (-94 ns/del enhanced risks for different Asian Lin et al 2006
p ATTG) in NFKB1 promoter subsets of OSCC 1n male BN
chewers
Polymorphisms Arg194Trp, Variant allele of XRCC1 399
4 DNA repair genes Arg280H:s, and Arg399Gin of codon and XPD - enhanced South Indan Ramachandran
XRCCI and XPD the XRCC1 gene and Lys751GIn risk of oral cancer among BQ etal 2006
of the XPD gene chewers and smokers
Polymorphisms in a (GT)n Longer (GT)n repeat allele L —
microsatellite repeat m HO-1
Heme oxygenase-1 higher risk of BN related Chang et al
5 promoter 1n short (S), medium Asian
(HO-1) (M) and long (L) alleles OSCC, (GT)n repeat allele S - 2004
8 may be protective for OSCC
Deficient CYP2A6 activity due
* -
6 g)}"t;))‘c?:zl;)me gene ge}l’gtf:: 4C r:fu tz:)tllon Oger;:sm to deletion — reduced risk of Sri Lankan ;F(())Op;u etal
type of polymorp oral cancer risk in BQ chewers
CYP1AI exon 7 containing G
CYPIlAl A/G genotype (Ile/Val) allele - enhanced risk for
7 (é);};([:[l;r]ome gene and G/G genotype (Val/Val) in OSCC and oral precancerous Chinese lz(g(;)zel al
exon 7 lesion (OPL) in BN chewer and
smoker
Collagen related
genes
Collagen 1A1 and
1A2 (COL!A1 and
COL1A2), Polymorphisms of six collagen Multigenic mechanisms
8 Collagenase-1 related genes, COL1A1, mvolving the collagen related Tarwanese Chiuet al
(COLase), COL1A2, COLase, TGF-B1, genes enhance susceptibihty to 2002
transforming growth LYOXase, and CST3 OSF among BQ chewers
factor Bt (TGF-B1),
Lysyl oxidase
(LYOXase), and
Cystatin C (CST3)
Bi-allelic promoter region (-308) The high production allele,
9 Tumor necrosis polymorphism on the TNFa TNE2 - significantly lower Taiwanese Chiuetal
factor-o. (TNF-at) 2001
gene among individuals with OSF
Null genotypes of either or both
GSTM1 and GSTT1 null GSTMI and GSTT1 -
enhanced risk of development Naur et al
10 genotypes (GSTM1*2 and South Indian 1999
GSTT1*2) of leukoplakia following
exposure to tobacco with or
Glutathione-S-
without BQ
transferase genes i delet 3
GSTM1 and GSTTI omozygous deletion o
GSTM1 gene — enhanced risk Kietthubthew.
1 Genetic polymorphism of for oral cancer, which 1s further That Sriplung and ’
GSTMI and GSTT1 compounded by exposure to AuPZOO%

cigarette smoke, alcohol, and

BQ




Figure 1. Patterns of betel nut usage: Areca catechu L. palm trees in its natural habitat (A); a ripe betel fruit (B)
and its cross section showing the betel nut (BN) encased within its fibrous shell (C). After appropriate curing,
sun drying and removal of the shell, the dry and very hard variety of BN (D) is prepared, which is usually cut
into small to very small pieces for mastication along with Piper betle leaf (F) as a betel quid (BQ) supplemented
with a large variety of additives (E) (see text for details). BN is also masticated in its raw and wet form (G),
which is usually cut into 4 pieces (H, I) and consumed as a simple BQ (J) comprising betel leaf (F), slacked lime
and a piece of wet/raw variety of nut.
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Figure 2. Representative chemical pathway of metabolic activation of arecoline, the major carcinogenic alkaloid
of BN. Different nitrosamine and their derivative are produced from the alkaloids, which have been called as betel
nut specific nitrosamines (BSNA)
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Figure 3. Graphs showing cellular levels of three tumor suppressor proteins, p53 (A), Brcal (B) and Brca2 (C), in liver, spleen and
peripheral blood lymphocytes (PBL) of mice chronically and transgenerationally exposed to aqueous extract of betel nut (AEBN)
in drinking water from parental (P) generation to F1 through F3 generations of mice.

Figure 4. Transmission electron micrographs of normal and transformed liver sections of mice exposed to aqueous extract of
betel nut (AEBN) in drinking water. A normal liver cell with regular nucleus (A), which upon exposure to AEBN often showed
binucleated cells (B), deformed nucleus (C) and/or nucleus with condensed and marginalized chromatin (D). The regular
mitochondria of a normal cell (E), exhibited shrinkage and reduction in size upon exposure to AEBN (F) often accompanied

with disrupted mitochondrial membrane (G). The normal arrangement of membrane in the endoplasmic reticulum (ER) (H)
also exhibited pronounced disruptions (I).
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Figure 5. Part of the nucleotide sequence chromatograms of PCR amplicons representing exon 11 of Brcal gene of control (top) and
F1 generation of AEBN exposed (bottom) mice liver. It shows induction of a G — C transversion type point mutation.

Gt ==

Polyphenols,
Tannins, other
Nutraceuticals, etc. v
N-nitroso derivatives
Alkaloids (BSNA)
(Potent carcinogen) (Ultimate carcinogen)
BSNA adducts | Biochemicalchanges | |  Structural damage |
(3 adducts/helical turn) ‘L l
Mutation, Strand breaks GSH, GySH, Cell membrane,
CA. SCE, UDS, etc.§ Poly-ADP-Ribosylation of bi-nucleated cells,
\v histone & HMG proteins, mitochondrial membrane,
T-lymphocyte activation, Shri e of
Altered genome/gene PGE2F, TNF-a, c-FOS, mitochondria | RER, etc.
expression MMP-2, MMP-9, etc.
(Relaxed chromatin,
ps3§ BRCAIF & Cell death
RCAZm (Necrosis / Apoptosis)

el proifermsion J |

" Pre-neoplastic changesu

| Corcinogencsisf |

Figure 6: Schematic diagram of major metabolic events and milestones in the pathway of betel nut induced carcinogenesis
(see text for details).
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2008
DEFINITION
ACCESSION
VERSION
KEYWORDS
SOURCE
ORGANISM

REFERENCE
AUTHORS
TITLE

JOURNAL
REMARK
REFERENCE
AUTHORS
TITLE
JOURNAL

FEATURES
source

mRNA

CDS

APPENDIX I

Mus musculus p53 gene, exon 5 and partial cds

EF570972 214 bp DNA linear ROD 28-NOV-

Mus musculus p53 gene, exon 5 and partial cds.
EF570972
EF570972.1 GI:146761198
Mus musculus (house mouse)
Mus musculus
Eukaryota; Metazoa; Chordata; Craniata; Vertebrata; Euteleostomi;
Mammalia; Eutheria; Euarchontoglires; Glires; Rodentia;
Sciurognathi; Muroidea; Muridae; Murinae; Mus.
1l (bases 1 to 214)
Choudhury,Y. and Sharan,R.N.
Altered p53 response and enhanced transgenerational transmission
of carcinogenic risk upon exposure of mice to betel nut
Environ. Toxicol. Pharmacol. (2008) In press
Publication Status: Available-Online prior to print
2 (bases 1 to 214)
Choudhury,Y¥. and Sharan,R.N.
Direct Submission
Submitted (23-APR-2007) Biochemistry, North Eastern Hill
University, Umshing, Shillong, Meghalaya 793022, India
Location/Qualifiers
1..214
/organism="Mus musculus”
/mol_type="genomic DNA"
/strain="Swiss Albino"
/db_xref="taxon:10090"
/chromosome="11"
/map="39.0 cM"
/PCR_primers="fwd_seq: atcgttactcggcttgtccc, rev_seq:
taaccccacaggecggtgtt™
<32..>208
/product="p53"
<32..>208
/codon_start=1
/product="p53"
/protein_id="ABQ44583.1"
/db xref="GI:146761199"

/translation="YSPPLNKLFCQLAKTCPVQLWVSATPPAGSRVRAMAIYKKSQHM

exon

ORIGIN

TEVVRRCPHHERCSD"
32..208
/number=5

1 cccgacctce gttctctcte ctctettcca gtactctect ccecctcaata agctattctg
61 ccagctggcg aagacgtgcc ctgtgcagtt gtgggtcagc gccacacctc cagctgggag
121 ccgtgtccge gccatggcca tctacaagaa gtcacagcac atgacggagg tcgtgagacg
181 ctgcccecac catgagcget gctccgatgt gatg

//
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AUTHORS
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TITLE
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mRNA

Cbs

exon

ORIGIN

APPENDIX I

Mus musculus p53 gene, exon 7 and partial cds

EF634061 176 bp DNA linear ROD 28-NOV-

Mus musculus p53 gene, exon 7 and partial cds.
EF634061
EF634061.1 GI:149784072

Mus musculus (house mouse)
Mus musculus
Eukaryota; Metazoa; Chordata; Craniata; Vertebrata; Euteleostomi;
Mammalia; Eutheria; Euarchontoglires; Glires; Rodentia;
Sciurognathi; Muroidea; Muridae; Murinae; Mus.
1 (bases 1 to 176)
Choudhury, Y. and Sharan,R.N.
Altered p53 response and enhanced transgenerational transmission
of carcinogenic risk upon exposure of mice to betel nut
Environ. Toxicol. Pharmacol. (2008) In press
Publication Status: Available-Online prior to print
2 (bases 1 to 176)
Choudhury,Y. and Sharan,R.N.
Direct Submission
Submitted (27-MAY-2007) Biochemistry, North-Eastern Hill
University, Umshing, Shillong, Meghalaya 793022, India
Location/Qualifiers
1..176
/organism="Mus musculus"
/mol type="genomic DNA"
/strain="Swiss Albino"
/db_xref="taxon:10090"
/chromosome="11"
/map="39.0 cM"
/PCR_primers="fwd seq: tagtgaggtagggagcgactt, rev_ seq:
ctggggaagaaacaggctaac"

<22..>131
/product="p53"
<22..>131

/codon_start=1

/product="p53"

/protein_ id="ABR29561.1"

/db_xref=%GI:149784073"
/translation="AGSEYTTIHYKYMCNSSCMGGMNRRPILTIITLEDS"
22..131

/number=7

1 ggatcctgtyg tcttcecccca ggccggetcect gagtatacca ccatccacta caagtacatg
61 tgtaatagct cctgcatggg gggcatgaac cgccgaccta tccttaccat catcacactg
121 gaagactcca ggtaggaagg cgcgtggtag gttaggttag cctgtttctt ccccag

//



APPENDIX 111

Mus musculus breast cancer associated 1 (Brca1) gene, exon 11
and partial cds

LOCUS
2008

DEFINITION

FJ497232

partial cds.

1385 bp

DNA

linear

ROD 24-DEC-

rev_seq:

actcctcaat
acacgcgcectt
gtatttgcag
tagaagtccc
gacagctaaa
acaagcagtt
tgatacaatg

ACCESSION FJ497232
VERSION FJ497232.1 GI:218533673
KEYWORDS
SOURCE Mus musculus (house mouse)
ORGANISM Mus musculus
Eukaryota; Metazoa; Chordata; Craniata; Vertebrata;
Mammalia; Eutheria; Buarchontoglires; Glires; Rodentia;
Sciurognathi; Muroidea; Muridae; Murinae; Mus.
REFERENCE 1 (bases 1 to 1385)
AUTHORS Choudhury,¥Y. and Sharan,R.N.
TITLE Exon 11 of mouse Brcal gene
JOURNAL Unpublished
REFERENCE 2 (bases 1 to 1385)
AUTHORS Choudhury,¥. and Sharan,R.N.
TITLE Direct Submission
JOURNATL Submitted (25-NOV-2008) Biochemistry, North Eastern Hill
University, Umshing, Shillong, Meghalaya 793022, India
FEATURES Location/Qualifiers
source 1..1385
/organism="Mus musculus”
/mol_type="genomic DNA"
/strain="Swiss Albino"
/db_xref="taxon:10090"
/chromosome="11"
/map="11D (60.5 cM)"
/PCR_primers="fwd_seq: agtcctggaacgctcaca,
cagttcctttgagggcaca™
gene <1..>1385

/gene="Brcal"
mRNA <1..>1385

/gene="Brcal"

/product="breast cancer associated 1"
CDS <1..>1385

/gene="Brcal"

/codon_start=1

/product="breast cancer associated 1"

/protein_id="ACK87008.1"

/db_xref="GI:218533674"
/translation="GTAQCMTQSTPRENPKELLNRSNNAGSGTEGLKPPLRHALNLSQ
EKVEMEDSELDTQYLQONTFQVSKRQS FALFSKPRSPQKDCAHSVPSKELS PKVTAKGK
QKERQGQEEFEISHVQAVAATVGLPVPCQEGKLAADTMCDRGCRLCPSSHYRSGENGL
SATGKSGISONSHFKQSVSPIRSSIKTDNRKPLTEGRFERHT SSTEMAGGNENILQST
VHTVSLNNRGNACQEAGSGSIHEVCSTGDSFPGQLGRNRGPKVNTVPPLDSMQPGVCQ
QSVPVSDKYLEIKKQEGEAVCADFSPCLFSDHLEQSMSGKVFQVCSETPDDLLDDVEL
QGHTSFGEGDIMERSAVENGSILRRESSRSPSPVTHASKSQSTLHRASRKLESSEESDS
TDDEDLPCFQHLLSRISNTPELTRCSSAVTQRMPEKAEGTQAPWKGSSSDCNNEVIMI

EASQEHQFSEDP™
exon <1..>1385
/gene="Brcal"
/number=11
ORIGIN

1 ggaaccgctc agtgtatgac tcagagcaca ccaagagaaa accccaagga
61 cgctctaaca atgctgggag tggcacagag ggtctcaagc cccccttgag
121 aacctcagtc aggagaaagt agaaatggaa gacagtgaac ttgatactca
181 aatacatttc aagtttcaaa gcgtcagtca tttgctttat tttcaaaacc
241 caaaaggact gtgctcactc tgtgccctca aaggaactga gtccaaaggt
301 ggtaaacaaa aagaacgtca gggacaggaa gaatttgaaa tcagtcacgt
361 gcggccacag tgggcttacc tgtgccctgt caagaaggta agctagctgce
421 tgtgatagag gttgtaggct ttgtccatca tctcattaca gaagcgggga

gaatggactc

Mus musculus breast cancer associated 1 (Brcal) gene, exon 11 and

Euteleostomi;

ix



//

481
541
601
661
721
781
841
901
961
1021
1081
1141
1201
1261
1321
1381

agcgccacag
atcaggtcat
catacatcat
acagttagcce
gaagtatgtt
gtgaacactg
gtaagtgata
tctccatgtc
tgctctgaga
ggtgaaggtg
tccagtagga
tctaggaaat
ttccaacact
gtgacacagc
agtgactgca
gatcc

gtaaatcagg
ctataaaaac
caactgagat
tgaataacag
ccactggtga
tgcctccatt
agtatcttga
tattctcaga
cacctgatga
acataatgga
gccctagtcece
tagaatcgtc
tactgagcag
gtatgccaga
ataatgaggt

aatttcacaa
tgacaatagg
ggcgggggga
aggaaatgct
ctccttecececa
agatagtatg
aataaaaaag
ccatcttgag
cctgctggat
gagatctgct
tgtaacccat
agaagagagc
aataagcaac
gaaagcggag
gatcatgata

aactcacatt
aaacctctga
aatgagaaca
tgtcaagaag
ggacaactag
cagcctggtg
caggagggtg
caatctatga
gatgttgaaa
gtctttaacg
gcatcgaagt
gactccactg
acacctgagc
gggacccaag
gaggcatctc

ttaaacaatc
cagagggacg
ttcttcagag
ccggctcggg
gtagaaacag
tctgtcagca
aggctgtctg
gtggtaaggt
tacagggaca
gaagcatcct
ctcagagtct
acgatgaaga
ttaccagatg
caccatggaa
aggagcatca

agtttctccc
atttgagaga
tacagtgcac
cagtattcat
agggcctaag
aagtgttcct
tgcagacttc
ttttcaggtt
tactagcttt
gagaagggag
ccacagagcg
tcttceetge
cagcagtgct
gggtagcagc
gtttagtgag



APPENDIX IV

Mus musculus mutant breast cancer associated 1 (Brcal) gene,
exon 11 and partial cds

LOCUS
2009

DEFINITION Mus musculus mutant breast cancer associated 1 (Brcal) gene,

FJ589202

11 and partial cds.

1386 bp

DNA

linear

i

ROD 01-FEB-

(

exon

Eukaryota; Metazoa; Chordata; Craniata; Vertebrata; Euteleostomi:;
Mammalia; Eutheria; Euarchontoglires; Glires; Rodentia;

Submitted (20-DEC-2008) Biochemistry, North Eastern Hill

/note="transgenerationally exposed to aqueous extract

India

betel nut (AEBN); exhibit greater susceptibitlity to

/product="mutant breast cancer associated 1"

/product="mutant breast cancer associated 1"

of

/traﬁslation="GTAQCMTQSTPRENPKELLNRSNNAGSGTEGLKPPLRHALNLSQ
EKVEMEDSELDTQYLONTFQVSKRQSFALFSKPRSPOQKDCAHSVPSKELSPKVTAKGK
QKERQGQEEFEISHVQAVAATVGLPVPCQEGKLAADTMCDRGSRLCPSSHYRSGENGL
SATGKSGISQONSHFKQSVSPIRSSIKTDNRKPLTEGRFERHTSSTEMAGGNENILQST
VHTVSLNNRGNACQEAGSGSIHEVCSTGDSFPGQLGRNRGPKVNTVPPLDSMOPGVCQ
QSVPVSDKYLEIKKQEGEAVCADFSPCLFSDHLEQSMSGKVFQVCSETPDDLLDDVET
QGHTSFGEGDIMERSAVFNGSILRRESSRSPSPVTHASKSQSLHRASRKLESSEESDS
TDDEDLPCFQHLLSRISNTPELTRCSSAVTQRMPEKAEGTQAPWKGSSSDCNNEVIMT
EASQEHQFSEDP"

ccaagagaaa
ggtctcaagc
gacagtgaac
tttgctttat
aaggaactga

accccaagga
ccececttgag
ttgatactca
tttcaaaacc
gtccaaaggt

ACCESSION FJ589202
VERSION FJ589202.1 GI:221706358
KEYWORDS
SOURCE Mus musculus (house mouse)
ORGANISM Mus musculus
Sciurognathi; Muroidea; Muridae; Murinae; Mus.
REFERENCE 1 (bases 1 to 1386)
AUTHORS Choudhury,Y. and Sharan,R.N.
TITLE Direct Submission
JOURNAL
University, Umshing, Shillong, Meghalaya 793022,
FEATURES Location/Qualifiers
source 1..1386
/organism="Mus musculus”
/mol type="genomic DNA"
/strain="Swiss Albino"
/db_xref="taxon:10090"
/chromosome="11"
/map="11D"
cancer"
gene <1..>1386
/gene="Brcal"
mRNA <1..>1386
~ /gene="Brcal"
CDS <1..>1386
/gene="Brcal"
/codon_start=1
/protein id="ACM24793.1"
/db xref="GI:221706359"
exon <1..>1386
/gene="Brcal"
/number=11
variation 434
/gene="Brcal"
/note="s145C"
/compare=FJ497232.1
/replace="g"
ORIGIN
1 ggaaccgctc agtgtatgac tcagagcaca
61 cgctctaaca atgctgggag tggcacagag
121 aacctcagtc aggagaaagt agaaatggaa
181 aatacatttc aagtttcaaa gcgtcagtca
241 caaaaggact gtgctcactc tgtgccctca
301 ggtaaacaaa aagaacgtca gggacaggdaa

gaatttgaaa

tcagtcacgt

actcctcaat
acacgcgctt
gtatttgcag
tagaagtccc
gacagctaaa
acaagcagtt

xi



//

361
421
481
541
601
661
721
781
841
901
961
1021
1081
1141
1201
1261
1321
1381

gcggccacag
tgtgatagag
agcgccacag
atcaggtcat
catacatcat
acagttagcc
gaagtatgtt
gtgaacactg
gtaagtgata
tctccatgtc
tgctctgaga
ggtgaaggtg
tccagtagga
tctaggaaat
ttccaacact
gtgacacagc
agtgactgca
gatccc

tgggcttacc
gttctaggct
gtaaatcagg
ctataaaaac
caactgagat
tgaataacag
ccactggtga
tgcctccecatt
agtatcttga
tattctcaga
cacctgatga
acataatgga
gccectagtce
tagaatcgtc
tactgagcag
gtatgccaga
ataatgaggt

tgtgccectgt
ttgtccatca
aatttcacaa
tgacaatagg
ggcgggggga
aggaaatgct
ctcctteccea
agatagtatg
aataaaaaag
ccatcttgag
cctgctggat
gagatctgct
tgtaacccat
agaagagagc
aataagcaac
gaaagcggag
gatcatgata

caagaaggta
tctcattaca
aactcacatt
aaacctctga
aatgagaaca
tgtcaagaag
ggacaactag
cagcctggtg
caggagggtg
caatctatga
gatgttgaaa
gtctttaacg
gcatcgaagt
gactccactg
acacctgagc
gggacccaag
gaggcatctc

agctagctgc
gaagcgggga
ttaaacaatc
cagagggacg
ttcttcagag
ccggcteggg
gtagaaacag
tctgtcagca
aggctgtctg
gtggtaaggt
tacagggaca
gaagcatcct
ctcagagtct
acgatgaaga
ttaccagatg
caccatggaa
aggagcatca

tgatacaatg
gaatggactc
agtttctcce
atttgagaga
tacagtgcac
cagtattcat
agggcctaag
aagtgttcct
tgcagacttc
ttttcaggtt
tactagcttt
gagaagggag
ccacagagcg
tcttcecectge
cagcagtgct
gggtagcagc
gtttagtgag
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