
STUDY OF MOLECULAR CHANGES IN TUMOR 

SUPPRESSOR GENES DURING CARCINOGENESIS 

(ABSTRACT) 

BY 

YASHMIN CHOUDHURY 

DEPARTMENT OF BIOCHEMISTRY 
-~~-~' ,-- "r . .,.. ~ .. ·: .... ~, 

;'{' ..:'! ' 

i ~:;-,- ··, \ 
u .~·( .;f '' 

ii. ""!( Dt111 ...... 

~~'v;;l\ ~,._ .. ' 

SUBMITTED ~-- ; ; , 

IN PARTIAL FULFILMENT OF THE REQUIREME :!,_;.,·' 

OF THE DEGREE OF 

DOCTOR OF PHILOSOPHY 

IN 

BIOCHEMISTRY 

NORTH-EASTERN HILL UNIVERSITY 

SHILLONG, INDIA 

MARCH,2009 



IJS 
ro;ro aa 
C!t(J . l -,1 oo T-2. 



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 carcmogen or a mutagen may be transmitted 

transgenerationally either when exposure occurs in utero 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 BRCAJ 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 of2 mg ml-1 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 reticulum 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 Brca1 and Brc82 proteins to 1.4 

fold the age-matched control after 2 weeks of exposure. Subsequently, the p53 protein 

declined to control level, and the Brca1 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 p53 protein 

remained largely invariant in comparison to control, and the levels of Brca1 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 p"53, Brca1 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, BRCAI and BRCA2 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, BRCAl 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 BRCAJ expression leads to 

hypersensitivity of cells to DNA-damage based chemotherapy using cisplatin and 

etoposide. The presence of BRCAJ has also been reported to promote an increase in 

sensitivity to antimicrotub~e 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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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 BRCA2 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 

BRCAl 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 BRCA 1 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 

BRCAl 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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I hsp 10 I Heat shock protein 70 

I humanKB 
epithelial cell 

l cell line derived from a human carcinoma of the nasopharynx 

I ICRmice I Imprinting Control Region mice 

I IGF-1 I Insulin-like growth factor 1 

I IGF-2 j Insulin-like growth factor 2 

I IGF-BP I Insulin-like Growth Factor Binding Protein 

I IGF-BP3 I Insulin-like Growth Factor Binding Protein 3 

I IgG I Immunoglobulin G 

I int-I I Integrase 

I kDa I Kilo Dalton 

I KILLER/ DRS I Tumor necrosis factor receptor superfamily, member 1 Ob /Death 
receptor 5 

I Ki-rasl K-ras / Kirsten-retrovirus associated DNA sequence 

IKRAB I Kruppel-associated box 

I KS3/fgf4 I Fibroblast growth factor 4 

I LINE I Long interspersed nuclear element 

ILOH I Loss of heterozygosity 
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IM I Molar 

IMAP4 I Microtubule-associated protein 

I mdm2 I Murine double minute 2 

jMER I Medium reiteration frequency repeats 

I mg I Milligram 

I mgml-1 I Milligram per millilitre 

I min I Minute 

lmi I Millilitre 

I MLL I Mixed lineage leukemia 

lmm I Millimetre 

imM I Millimolar 

IMNPA I Methylnitrosaminopropionaldehyde 

IMNPN I 3-methylnitrosaminopropionitrile 

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

I MRE11 I Meiotic recombination 11 homolog 

MW I Molecular weight 

N I Normal 

NBS-1 I Nijmegen breakage syndrome 1 (nibrin) 

NER I Nucleotide excision repair 

ng I Nanogram 

NGC I N-nitosoguvacine 

\NGCO I N-nitrosoguvacoline 

I NHEJ I Nonhomologous end joining 

I NLS I Nuclear localization signal 

I run I Nanometre 

l N-myc I v-myc myelocytomatosis viral related oncogene, neuroblastoma 
derived 

I N-ras I Neuroblastoma retrovirus associated DNA sequence viral (v-ras) 
oncogene 

jNT I Nucleotide 

I o/N I Overnight 

j-OH I Hydroxyl group 

I oscc I Oral squamous cell carcinoma 

I OSF I Oral submucous fibrosis 

IP I Previously unexposed generation 

I p14ARF/pl61
NK4UJ Cyclin-dependent kinase inhibitor 2A 

I p21 I Cyclin-dependent kinase inhibitor 1A 

lp300 I E1A binding protein p300 

I ps3 I Tumor suppressor protein p53 

I PBL I Peripheral blood lymphocytes 
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jPCNA I Proliferating cell nuclear antigen 

IPCR I Polymerase Chain Reaction 

I PDGF I Platelet derived growth factor 

I Pidd I p53-induced protein with a death domain 

I PIG3 I Tumor protein p53 inducible protein 3 

I pim-1 I Pesticin immunity protein-I 

I pmol I Picomole 
' 

IPTEN I Phosphatase and tensin homolog 

l raf-1 I v-raf-1 murine leukemia viral oncogene homolog 1 

IRB I Retinoblastoma 

IRER I Rough endoplasmic reticulum 

IRHA I RNA helicase A 

I RNase I Ribonuclease 

I ROS I Reactive oxygen species 

IRPA I Replication protein A 

I RT J Room temperature 

I sc I Spleen cells 

!sec J Squamous cell carcinoma 

I SCE I Sister chromatid exchange 

lsD I Standard Deviation 

I SDS-PAGE I Sodium Docecyl Sulphate-PolyAcrylamide Gel Electrophoresis 

I Sec I Second 

I Ser I Serine 

I-SH I Thiol group 

ISRC I v-src sarcoma (Schmidt-Ruppin A-2) viral oncogene homolog 

I SSA I Single-strand annealing 

I STKJJ/LKBJ I Serine/threonine kinase 11 

I SWl/SNF I Switch/ Sucrose non fermentable (chromatin remodeling complex) 

ITEM I Transmission Electron Microscope 

I TFIIH I Transcription Factor II H 

I TGF-a ! Transforming growth factor, alpha 

lu I Unit 

I u J.lrl I Unit per microlitre 

IUDS I Unscheduled DNA synthesis 

luv I Ultraviolet 

lv I Volts 

I v/v I Volume/volume 

I vav I vav 1 guanine nucleotide exchange factor 
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VEGFR1, 
VEGFR2and Vascular endothelial growth factor receptor 1, 2, 3 
VEGFR3 

·1 w/v I Weight/volume 

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

IWH I Whole homogenate 

jx I Times 

I XRCC9 I X-ray Repair Cross Complementing 

I ZBRK1 I Zinc finger protein 350 

f7 I Chi-square 
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INTRODUCTION 



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 W arburg 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 194 7 by Miller and Miller suggested 

that carcinogenesis 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 genes 

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 aspects 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 phenotypi'c 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. 

c. 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). 

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

According to a statistical estimate of the global cancer burden, there were I 0.9 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 (I 

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) 

lnltlaUon Promotion Converalon 

• Defects in Terminal Differentiation 
• Defects in Growth Control 
• Resistance to Cytotoxicity 

INITIATED 
CELL 

• Activation of Proto·Oncogenes 
• Inactivation of Tumor Suppressor Genes 
• Inactivation of Antimetastasis Genes 

Progreaalon 

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 ). 
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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). 

4 



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 I (Barrett, 1993). 

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

carcinogenesis 

I Seria/No. I Mechanism 

I 1 j Increase fixation and expression ofpremutagenic DNA lesions 

12 I Increase the number of initiated cells occurring spontaneously during cell replication 

I 3 I Increase the number of spontaneous initiated cells by blocking cell death/ elimination 

14 I Increase th~ number of initiated cells by perturbing checkpoints in the cell cycle leading 
to mutageruc events 

Is I Increase the rate of neoplastic progression by previous four mechanisms 

16 ! 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 p161
NK

4
a, BRCAJ and hMLH (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 

a/., 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 ofhistone H4 (Fraga eta/., 2005). 
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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) 

I I. Treatment during pregnancy and follow-up for several generations 
I Agent I Species (strain)/ r _T_u_m_O_I_S_O_b_s_e-rv_e_d_i_n_d-es_c_en_d_a_n-ts _______ _ 

I DMBA I Mouse (Swiss, MA) I Various sites in F1-F2 
I NMUt I Rat (WKA) .---1 -V-ar-io_u_s-si-te_s_in_F_l--F-3 -----------

1 NMU [Rat (BD) I Tumors ofnervous tissue in F1-F2 

I ENU I Rat (BD) I Tumors of kidney, CNS, mammary gland in F1-F3 

I DES I Mouse (CD-1) I Uterine and adenocarcinomas in F2 females 

I DEN I Hamster I Respiratory tract tumors in F 1. No effect in F2-F3 

I BaP I Mouse (A) I Increased multiplicity in lung tumors in Fl-F5 

I DES I Mouse (CBA) I Uterine sarcomas, ovarian tumors in F2 females 

I 2. Treatment ofmales prior to mating witll untreated females 
I Agent I Species (strain)! r _T_u_m_o-rs_o_b_s_e-rv_e_d_i_n_d-es-c-en_d_a_n_ts ________ lll' 

X-rays, I Mouse (ICR) I Lung tumors in Fl-F3 (ovarian tumors, leukemia) 
urethane i' 

I ENU I Rat (BD) j Tumors of nervous tissue in Fl 11 

I ENUj .----M~o-u-se-(c-:AKR/B~----:6,-) ----~ Multiple intestinal neoplasia 
Neutron I Mouse (C3H) .-~-L-iv-er-tum--o-rs_in_F_l ____________ _ 

irradiation 

I 3. Initiation and promotion 

I Agent I Species (strain) 

I X-rays I Mouse (ICR) 

I Treatment I Tumors observed in descendants 

Male parent prior to mating + I Multiplicity oflung tumors 
urethane in FI-F2 
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fDMBA I Mouse (SHR) DMBA to pregnant mothers + I Skin tumors fj 
I TPA in Fl-F2 II 
/' X-rays ( Mouse (SHR) r--To_ta_l_b:-o_d_y_,irr_a_d-ia-ti,-.o-n -o-,f_m_a-=-Ie_s_J.-M_u_Iti_p_lic-,ity_o_f-c-Iu-ng_tu_m_o-rs ___ / 

I before mating + urethane to F 1 II 
1/ DMBA I Mouse (SHR) I DMBA in pregnant mothers + I Skin tumors II 

I TPAinFl andF2 1 

===================================================~ 

BaP-benz[a]pyrene, DEN-N-nitrosodiethylamine, DES-diethylstilbestrol, DMBA-7, 12-
dimethylbenz[ a ]anthracene, ENU-ethylnitrosourea, NMU-methylnitrosourea, NMUt­
nitrosomethylurethane, TPA-12-0-tetradecanoylphorbol-13-acetate 

The first attempt to amplify the effect of in utero or transplacental exposure to a 

carcinogen by postnatal exposure to another carcinogen was made by Goerttler et a/. in 

1980. After exposure in utero to DMBA (Table 2), exposed offspring were painted with 

a tumor promoting agent TP A, when an increased number of skin tumors were found to 

be induced (Goerttler et a/., 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 et a/., 1987; Yamasaki eta/., 1987; Diwan eta/., 1989, 

1992 and 1995; Rice et a/., 1989; Loktionov et a/., 1992; Waalkes et a/., 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 eta/., 

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 eta/., 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 

Motor vehicle mechanics, 
machinists 

Metal workers. farmers 

Paper and pulp industry 

2. Case control stutfies 

Paternal occupation 

Motor vehicle mechanics 
Involving exposure to exhaust 
fumes 
Service station attendants 
Manufactures of machines. aircraft 

Mechanics 
Service station attendants 
Welders. machinists 

Aircraft industry 
Electricians 

\gent (s) ill\ ol\ ed 

Hydrocarbons, lead 

? 

? 

. .\gmt (s) im ohed 

? 
? 
? 
Chlorinated solvents, 
cutting oils 

Lead, hydrocarbons 
Aromatic hydrocarbons 
Metals 

rumor t~pes 

Leukemia 

Kidney tumors 

Brain tumors 

Tumor (1 pes 

All leukemias 

Wilms' tumor 

Solvents, paints, low Brain tumors 
Involving exposure to frequency fields 
electromagnetic fields 

Welders. machinists 

Aircraft production, service station 
attendants 

Involving exposure to metals 

3. Exposure to radiations 

Preconception paternal e\posure 

X-rays 

Radiation-related occupations 

Industrial exposure rad iation 

Nuclear plant 

Various occupations 

Metals Retinoblastoma 

Chlorinated solvents, 
cutting oils, aromatic Seminomas 
hydrocarbons 

Metals Hepatoblastoma 

Total dose Tumors in r>rogen~ 

1- >21 diagnostic films Leukemia 

Unknown Bone tumors 
Wilms· tumors 

Unknown Tumors of CNS 

I 00 mSv Chi ldhood leukemia 

Exposure 
radionuclides 

to All cancers 
Leukemia 

Occupational exposure of fathers to 0. 1-10 mSv No association found 
radiation 

Occupational exposure of fathers to >0.1 mSv 
radiation 

Preconception maternal exposure 1- >21 diagnostic films 
to X-rays 

Preconception maternal exposure Unknown 
to 
X-rays 

Preconception exposure of both 0.37-3.8 Sv 
parents (atomic bomb) 

No association found 

Leukemia 

Childhood cancers 

No increase in the incidence 
of cancer in the first 2 
decades of life 

RR- Relative Risk or Risk Ratio. Sv- Sievert. mSv-millisievert 

Odd" ratio 

1.2-2.5 

2.5-5 .0 

2.8-4.6 

Odds r:1tio 

2.0-2.4 

4.0-7.5 

2.0-8.0 

1.6 

2.0-5 .3 

3.0 

Odrh ratio 

1.31 (RR) 

5.35 
2.48 

I. 7-2. 1 

8.4 

2.70 
2.75 

1.7 (RR) 

2.6 
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The sensitivity of germ cells to mutagens vanes, 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-1, Ki-ras andfos are found to be predominantly expressed in 

the spermatogonia stage, whereas mos, abl, int-I, pim-1 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 N5 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 retinobfastoma w~ch 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 · 
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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 et 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-one) 

(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 

generation 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, 22qll and 2p12 

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 ALLJ 

(MLL for mixed lineage leukemia) gene is found to be interrupted in the vast majority 

oftranslocations and inversions involving the chromosome band 11q23, 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), t(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 SWl/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). 

c. 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 binding. The activated receptor subsequently 
I 

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 VEGFRl, 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, lck and abl and serine/ threonine kinases such as mos, raJ and piml. The 

guanosine-triphosphate-binding proteins may be membrane-associated G proteins such 

as ras and braJand 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-bcr fusion gene 

which encodes constitutively activated tyrosine kinase activity, leading to chronic 

myeologenic leukemia (CML). The mos and raJ genes are constitutively activated in 

sarcoma, and the piml gene in T-celllymphoma, 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). 

f. Apoptosis regulators 

The bcl2 protein 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 MDM2 protein 

and p53 tumor suppressor protein, thereby targeting the p53 protein for degradation 

(Croce, 2008). 

1.4.2. l'UMOR 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) 

~ 
Tumor Familial cancer I Function I Chromosomal Tumor types 
suppressor gene syndrome location observed . 

r 
p53 Li-Fraumeni Cell ~~·~ Brain tumors, 

syndrome regulation, sarcomas, 
apoptosis leukemia, breast 

cancer 

IIRB Familial Cell cycle 13q14.1-q14.2 Retinoblastoma, 
retinoblastoma regulation osteogenic 

sarcoma 

riWTI 
I Wilms tumor Transcriptional lllp13 Pediatric kidney 

regulation cancer 

I NFI Neurofibromatosis Catalysis of Ras 117qll.2 Neurofibromas, 
(protein- type 1 inactivation sarcomas, 
neurofibromin 1) gliomas 

I NF2 Neurofibromatosis Linkage of cell 22q12.2 Schwann cell 
(protein- merlin or type2 membrane to tumors, 
neurofibromin 2) actin cytoskeleton astrocytomas, 

meningiomas, 
ependymonas 
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I APC Familial Signaling through 

I 
Colon cancer l Adenomatous adhesion 

Polyposis molecules to 
nucleus 

7 TSCI (protein- Tuberous sclerosis Forms complex 9q34 Facial 
hamartin) 1 with TSC2 angiofibromas 

protein, inhibits 
signaling to 
downstream 
effectors of 
mTOR 
(mammalian 
Target Of 
Rapamycin) 
signaling pathway 

8 TSC2 (protein- Tuberous sclerosis Forms complex 16p13.3 Benign growths 
tuberin) 2 with TSC1 (hamartomas) in 

many tissues, 
astrocytomas, 
rhabdo-
myosarcomas 

8 DCC Deleted in Transmembrane 18q21.3 colorectal cancer 
Colorectal receptor involved 
Carcinoma in axonal 

guidance via 
netrins 

9 BRCAI Familial Breast Cell cycle 17q21 Breast and 
Cancer control, ovarian cancer 

controlling 
protein 
degradation, 
DNA damage 
repair, and 
transcriptional 
regulation; 
interacts with 
Rad51 in DNA 
repair 

10 BRCA2 Familial Breast Transcriptional 13ql2.3 Breast and 
Cancer regulation of ovarian cancer 

genes involved in 
DNA repair and 
homologous 
recombination 

r 
PTEN Cowden syndrome Phospho-inositide 10q23.3 Gliomas, breast 

3-phosphatase, cancer, thyroid 
protein tyrosine cancer, head & 
phosphatase neck squamous 

carcinoma 

r 
MSH2 Hereditary DNA mismatch 2p22-p21 Colon cancer 

Nonpolyposis repair 
Colon Cancer type 
I, HNPCCI 
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14 

15 

16 

17 

18 

19 

MLHJ Hereditary DNA mismatch 3p21.3 
Nonpolyposis repair 
Colon Cancer type 
2, HNPCC2 

CDH 1 (protein - Familial diffuse- cell-cell adhesion 16q22.1 
E-cadherin) type gastric cancer protein 

VHL 

pl61NK4a also 
called 
CD1r!V2ff(protein­
cyclin-dependent 
kinase inhibitor 
2A) 

PTCH (protein -
patched) 

ME!Vl 

von Hippei-
Lindau syndrome 

Familial 
Melanoma 

Gorl in Syndrome 

Multiple 
Endocrine 
Neoplasia Type I 

Regulation of 3p26-p25 
transcription 
elongation 
through activation 
of a ubiquitin 
ligase complex 

cell-cycle 9p2 1 
regulation 

Transmembrane 9q22.3 
receptor for sonic 
hedgehog (shh), 
involved in early 
development 
through 
repression of 
action the 
Smoothened 
(SMO) receptor 

lntrastrand DNA l lq1 3 
crosslink repai r 

Colon cancer 

Gastric cancer, 
lobular breast 
cancer 

Renal cancers, 
hemangio­
blastomas, 
pheochromo­
cytoma, retinal 
angioma 

Melanoma, 
pancreatic 
cancer, others 

Basal cell skin 
carcinoma 

parathyroid and 
pituitary 
adenomas, islet 
cell tumors, 
carcinoid 

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), 

p53, RB and PTEN (Bettendorf et al. , 2008) tumor suppressor genes; or, by epigenetic 

silencing through hypermethylation of promoters in case of RB, APC, MLHI , VHL, 

CDNK2A , CDKN2B (Jones and Laird, 1999), BRCA J and STKII (Jones and Baylin, 

2002). Thus, accordingly, Knudson' s "two-hit" hypothesis may be revised 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). 

~~N ~~N COHO COHO 
HIT HIT 

rz"; 
mut 
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Me .x. 
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.... • x )lo 
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Me,x • 
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MUTATION MUTATION METliYLA liON BIAU.E~IC 
+ + + METIM.ATION 

LOH METHYLATION LOH 

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, NFJ 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 BRCAJ and BRCA2 

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 (SV 40) 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, p53 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 eDNA could immortalize cells thereby leading to their susceptibility to 

transformation by the ras oncogene (Jenkins et al., 1984), and that p53 co-operated 

with the activated Ha-ras oncogene to transform normal embryonic cells (Eliyahu et 
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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 p53 

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 tQ aflatoxin B 1 leading to typical GC to T A 

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 toT mutations at CpG sites in 

the p53 gene to lung cancer (Vahakangas, 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 eM (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) aN-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 ofthe PXXP sequence (residues 61-94, where X is any amino acid). The 

proline-rich region plays a role in p53 stability regulated by MDM2, wherein p53 

becomes more susceptible to degradation mediated by MDM2 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 compared 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 ofp53 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 ofMDM2-

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 dama!le 
Cell cycle abnonnalitie, 

Hypoxia 

Cell cycle arrest 

~ 
DNA repair 

~ 
Cell cycle restat1 

Apoptosis 

~ 
Death and elimination of 

damaged cells 

CELLUL-'\R AND GENETIC STABILITY 

Figure 1.4. Tumor-suppressive functions ofp53 (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 p53-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/APOl, KILLER/DR5, 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 p53-mediated regulation of 

angiogenesis. Another key target of p53 transcriptional upregulation is MDM2. The 

MDM2 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. p53 also 

mediates transcriptional repression of proteins implicated in diverse signaling 

pathways. These proteins include BRCA1 , Bcl-2, Wee-1 , c-fos, interleukin-6, 

topoisomerase I, MAP4, presenilin, hsp 70, stathmin, cyclin B 1, Cdc2, and the insulin­

like growth factor-1 receptor. p53-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 

p53 plays a critical role during the DNA damage-induced G liS cell cycle checkpoint. 

After exposure of cells containing wild-type p53 to genotoxic agents, p53 is activated 

and transcriptionally upregulates the Cdk inhibitor, p21. p21 then binds to, and 

inactivates cyclin-Cdk complexes that mediate G 1 phase progression, resulting in pRB 

hypophosphorylation, E2F sequestration, and cell cycle arrest at the G liS 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 ofp53 in G 1/S checkpoint. (adapted from Stewart and Pietenpol, 2001 ). 
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During S and G2 phases, cells accumulate the cyclin Bl-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 B 1-Cdc2 complexes. In response to genotoxic 

stress, the Chk1 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 B 1-Cdc2 complex, resulting in cell 

cycle arrest at the G2/M transition. After DNA damage, activated Chkl 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 B 1 and Cdc2 (Fig. 1.6). The p53-induced increase in level of 

expression of GADD45 also results in G2 arrest since GADD45 directly inhibits the 

cyclin Bl-Cdc2 complex (reviewed in Stewart and Pietenpol, 2001). 
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Figure 1.6. Role ofp53 in G2 checkpoint. (adapted from Stewart and Pietenpol, 2001). 
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c. Role ofp53 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 ofp21. 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 (RP A), 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 (p53Ser15), 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 ofp53Ser15 phosphofonn which colocalizes and coimmunoprecipitates withy­

H2AX at sites of DNA-double strand breaks as part of the initial genome surveillance 

complex (AI 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 ofiGF-
23 



BP3 induces apoptosis by blocking IGF-1 survival signaling to the IGF-1 receptor 

(IGF-IR). 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/AP01/CD95 (Fas) and KILLER/DRS death 

receptors. Early cell changes that occur during apoptosis are associated with 

mitochondrial changes mediated by members ofthe Bcl-2 family of proteins, including 

antiapoptotic Bcl-2 and pro-apoptotic BAX proteins. BAX facilitates the release of the 

apoptosis-inducing factor (AIF) and cytochrome c 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 c 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. p53-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. BRCAJ AND BRCA2 AS TUMOR SUPPRESSOR GENES 

The breast cancer-associated BRCAJ and BRCA2 genes are located in humans on 

chromosome 17 at position 17q21 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 eM, and on chromosome 5 at 5 G3; 5 84.0 eM 

(available at www.ncbi.nlm.nih.gov/sites/entrez). The BRCAJ gene was identified by 

positional cloning methods as the gene responsible for increasing susceptibility to 

breast and ovarian cancer by (Miki et 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). BRCAJ 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 et al., 2000). A second 

gene associated with susceptibility to breast cancer, the BRCA2 gene, was subsequently 

identified by linkage analysis (Wooster et 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. BRCAJ and BRCA2 structure 

Although the breast and ovarian cancer phenotypes associated with mutation in BRCAJ 

and BRCA2 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 ofhuman BRCA1 and 

BRCA2 proteins with their respective murine homologs indicates that the proteins 

share approximately 60 percent identity (Welsch et al., 2000). The genomic regions of 

both BRCAl and BRCA2 contain very high densities of repetitive DNA elements that 

may contribute to genetic instability. The BRCAJ gene contains 42 % Alu sequences 

and 5% non-Alu repeats. The BRCA2 gene contains 47% repetitive DNA, consisting 
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of20% 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 BRCAJ 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 BRCA 1 and BRCA2 polypeptides have distinct domains which are involved in 

their myriad functions. TheN-terminal RING fmger ofBRCAl interacts with BRCA1-

associated RING domain 1 (BARDl) protein, which recruits BRCAl to the nucleus, 

and with the deubiquitinating enzyme, BRCA !-associated protein-1 (BAP 1 ). BRCA 1 

also has two nuclear localization signals (NLS) and nearby regions which interact with 

p53, c-myc, pRb, RAD50, MRE11 and NBS-I. A domain within BRCA1 (amino acids 

758-1064) interacts with RAD51. The BRCAl 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 RAD51. Besides, 

BRCA2 also has a second RAD51 interaction domain and a NLS at the C-terrninus 

(Welsch eta/., 2000) and Fig. 1.8 (Scully and Livingston, 2000). 
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Figure 1.8. Structure of the BRCAI and BRCA2 polypeptides. (adapted from Scully and Livingston, 2000) 

1. 7.2. BRCAJ and BRCA2 functions 

Initial evidence linking BRCAJ and BRCA2 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 BRCAJ-deficient mouse cells, as well as BRCAJ- 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 

BRCAl 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 BRCAl and BRCA2 in HR. Both BRCAl 

and BRCA2 can interact directly or indirectly with RAD51 , the eukaryotic homolog of 

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

appears to have multiple functions depending on the cellular context (Fig. 1. 1 0). 
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Figure l. 10. Protein-protein interactions ofBRCAl (adapted from Venkitaraman, 2002) 

a. Role of BRCAJ 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. BRCAl 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. BRCA 1 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 BACH1 , in order 

to alter DNA topology at the site of a lesion. BRCA I 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 ZBRKI. After 

ionizing irradiation, phosphorylation of BRCAI by ATM relieves GADD45 repression. 
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In this way, BRCAI 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, 

A TR and CHK2 kinases. Phosphorylation of BRCAI by each of these kinases is 

activated by distinct stimuli and targeted to distinct clusters of serine residues- ATM 

and CHK2 phosphorylate BRCAl after ionizing radiation, whereas ATR is more 

specifically activated after UV -irradiation or replication arrest (V enkitaraman, 2002). 

BRCAI then induces p53-independent Gl/S- arrest by interacting with 

hypophosphorylated pRb or by p21-induction (Deng, 2006). BRCAl may also induce 

p53-dependent Gl/S arrest, and a study demonstrated that the BRCAl-BARDl 

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 BRCAI is involved in the S-phase cell cycle checkpoint, 

and, BRCAI mediates G2/M arrest via its interaction with CHK.l and CHK2 (Deng, 

2006). 

c. Role of BRCAI in transcription-coupled repair 

BRCAl is also reported to show a role in transcription-coupled repair presumably via 

base-excision repair. In fact, BRCAl associates with the mismatch repair proteins 

MSH2 and MSH6 which have been implicated in transcription-coupled repair (Wang et 

al., 2000). BARDl, a protein which interacts with BRCAI through theN-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 BARDI and possibly 

upon complex formation with BRCAI and the polyadenylation factor CstFSO. The 

ubiquitin ligase activity of the BARDl-BRCAl complex may be involved in inhibition, 

targeting the proteins that carry out RNA processing for degradation (V enkitaraman, 

2002). 
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d. Role of BRCAJ in apoptosis 

Wild-type BRCA1 can promote ionizing radiation-induced apoptosis in breast and 

ovarian cancer cell lines. This function ofBRCA1 is dependent on the H-Ras, MEKK4, 

JNK., Fas ligand/Fas interactions, and caspase-9 activation and is independent of p53 

status (Thangaraju et al., 2000). Another study has identified BARD1 as a regulator of 

BRCA1-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 BRCAI cancer mutations that 

disrupt ubiquitin ligase function (Fabbro et al., 2004). 

e. Role of BRCA2 in DSB repair 

BRCA2 binds directly with RADSI 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. RAD51 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 RAD51 

in this key reaction, consistent with the high stoichiometry of their binding. According 

to the proposed model (Fig. 1.11), DSBs activate signaling mechanisms (I) and are then 

resected (2) by exonuclease activity to generate ssDNA tracts. RAD51 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 A TM or ATR triggers 

transition of an inactive BRCA2- RAD51 (purple-green) complex to an active complex 

at the site of damage. At later stages in HR, dephosphorylation may permit the removal 

of RAD51 from nucleoprotein filaments by BRCA2 binding. Thus, there may be 

cycling between active and inactive states at the sites of repair 01 enkitaraman, 2002). 
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Figure 1.11. Hypothetical model for BRCA2 function in HR (adapted from Venkitaraman, 2002) 

Although RAD51 co-localizes with both BRCAl and BRCA2 inS-phase nuclei and in 

cells treated with DNA damaging agents, the majority of BRCAl does not physically 

associate with BRCA2 and RAD51 . Moreover, most of the proteins that have been 

shown to interact with BRCAl 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 BUBRl , hBUBRl (Futamura eta/. , 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 bette L., 

commonly known as the betel leaf. Hence, the Areca nut is more commonly known as 
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betel nut (BN) (W arnakulasuriya, 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 (Wamakulasuriya, 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 ofbetelleaf. 

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; 

Wamakulasuriya, 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, po1yphenols, 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:-

(a) 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. 17 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 

ofBQ masticator. The predominant tannin ofBN is gallotannic acid. In addition, minor 

amounts of gallic acid, D-catechol, and phiobatannin are also present (Sharan, 1996). 

(c) 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 nitric 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 (MNP A), 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 0 2 and H20z 

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 were 

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 (IARC 1985). While BQ has various components 

(IARC, 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), HCl 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 
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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 F ANCG also known as XRCC9 that encodes 

a tumor suppressor capable of correcting CA, CHAF 1 and CHAF2 that encode for 

chromatin assembly factor I (CAF1 ), and BRCAJ which is implicated in DNA damage 

response and DNA repair, with BRCAJ being repressed in a dose-dependant manner. 

COX-21 PTGS2 which is involved in cancer initiation and progression was 

overexpressed in HGF cells. HSP4Al and DNAAJAJ 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 et 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 I, 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 B 1 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 

zebra:fish 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 p53 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 (Karman 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 01 okes 

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-Ordofi.ez 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, p16 and p14ARF, which are responsible for 01 cell 

cycle regulation and MDM2 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 

ofHNSCC. 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 11 q 13 

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-Ordoiiez 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, testi~ular 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 BRCAJ or BRCA2 gene have an up to 85 percent risk of breast 

cancer by the age of70. 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 STKJJILKBJ, 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 estrogen 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 BRCAJ and BRCA2 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 gen4er-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 ovanan 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 1n 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 

BRCAl inhibits a breast-cancer associated promoter of the aromatase gene in human 

adipose stromal cells (ASCs). Thus a role of BRCA1 in modulating estrogen 

biosynthesis may· also contribute to its tissue-specific tumor suppressor function (Ghosh 

et al., 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 BRCAI as a 

biomarker of cancer has also been reported. Immunohistochemical staining with anti­

BRCAl antibodies showing reduced or undetectable expression of BRCA1 in sporadic 

breast cancer is considered as a biomarker of breast cancer (Wilson et a!., 1999; 

Yoshikawa et a!., 1999). BRCA1 protein is also downregulated in ovarian cancer 

(Zheng et al., 2000) and in sporadic pancreatic adenocarcinoma (Beger et 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, BRCAJ 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 p53, BRCAJ 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 ofthe habit ofBN 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, BRCAJ 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; 

c. alterations in levels of p53, Brca1 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 inp53 (§ 

1.6.). Exon 11 of the Brcal gene was selected because it codes for the 

RAD51 interaction domain of the Brca1 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 RAD51 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 BRCAJ 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, BRCAl 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, BRCAl 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 (NaN3), 

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 fme-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, Randolph, 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-BRCAl and anti-BRCA2 were procured from 

Santacruz Biotechnologies, USA. 

Secondary antibodies: Alkaline- phosphatase labeled donkey anti-sheep lgG was 

from Sigma Che~cal Company, St. Louis, USA. Alkaline phosphatase labele~ 

goat anti-rabbit lgG was from Bangalore Genei Pvt. Ltd., Bangalore, India. 

2.2. INSTRUMENTS 

The following instruments were routinely used: 

Lyolab 3000 (Heto-Holten NS, 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 

CXII 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 ofNorth-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 (0/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-1 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-1 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 separ~ted 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 Fl 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 Fl 

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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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 

anesthesia. 

Control groups 

6 week old male &. female mice (P) 
administered normal drinking water 
and st8lldald food pellet ad libitum 

I 
6 week old male&. female mice (P) 
admirristeted 2utg znrr AE.BN in 
drinking water and standard food 
pellet ad libitum 

~. 
112 week old mice (P) allowed to J 

breed 

I 

~~ I Mice (P) exposed to AEBN for 6 I 
weeks allowed to breed 

I 
+ + + +_ 

Male &. female 12 week old male and F1 mice exposed to Male &. female 
offsprirlg (Fl) fe:rnale F1 mice 
administered normal allowed to breed 

AEBN for 6 weeks offsprirlg (F1) 
allowed to breed administered 2mgmr1 

drinking water and AE.BN in drinking 
standard food pellet ad water and standazd 
libitum food pellet ad libitum 

t_ ~ • + 
Male &. fe:rnale 12 week old male and F2 mice exposed to Male &. female 
offsprirlg (F2) fe:rnale F2 mice 
administered normal allowed to breed 

AE.BN for 6 weeks offsprirlg (F2) 
allowed to breed administered 2mgmr1 

drinking water and AEBN in drinking 
standard food pellet ad water and standard 
libitum food pellet ad libitum 

Male &. female Male &. female 
offsprirlg (F3) 
administered normal 

offsprirlg (F3) 
administered 2mgmt1 

drinking water and AE.BN in drinking 
standard food pellet ad water and standard 
libitum 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 of2 mg ml-1

• 

2. 7. IDSTOLOGICAL EXAMINATION 

Histological sections of liver from preneoplastic nodules of AEBN exposed P, Fl, 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 

ofMillipore 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 

3. Graded series of alcohol: 50%, 70 %, 90% and abso~ute (95 %) ethanol 

4. Acetone 

5. Xylene 

6. Paraffin wax 

7. Egg albumin 

8. Acid water/ ethanol mixture: Mixture of 1 % HCl in water and 70 % ethanol in 

the ratio 1: 1 (v /v) 

9. DPXmountant 

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 1 0 % 

formalin 0/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 paraffm 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 

paraffm 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 J.lm thick sections with the help 

of a microtome, transferred to albumin coated glass slides, and left to dry at R T. 

2. 7.2.6. Deparaffinization: - Tissue sections were deparaffinized 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. 7.2.1 0. 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 0/N at 

RT. 

2.7.2.11. Imaging:- The H & E sections were viewed and photographed with the help 

of Olympus Brighffield 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 21.4 g 

[b] 1 N HCl 3.45 ml 

[ c] Double distilled water 

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

volume adjusted to 500 ml. 

2. Ten percent paraformaldehyde solution: - This solution had the following 

components: 

[a] Paraformaldehyde 

[b] Double distilled water 

[c] 1 NNaOH 

100 g 

100ml 

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 

[b] Double distilled water 

25 g 

100ml 

Glutaraldehyde was dissolved in double distilled water to prepare the solution. 

4. Primary fixative:- The primary fixative used was Kamovsky's fixative, and it 

had the following components: 

[a] 0.2 M cacodylate buffer 

[b] 10 % paraformaldehyde 

[ c] 25 % glutaraldehyde 

[ d] Double distilled water 

The above components were mixed to prepare the fixative. 

50ml 

20ml 

lOml 

20ml 

5. Secondary fixative: -the secondary fixative used was 1 % Os04 in 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 CY2I2I 

[b] Dodecyl succinic anhydride (DDSA) 

[ c] 2, 4, 6-tri ( dimethylaminomethylphenol) 

(DMP-30) 

[ d] Dibutyl phthalate 

IOml 

IOml 

0.4ml 

1ml 

The above components were mixed to prepare the embedding medium. 

IO. BEEM embedding capsule 

11. Uranyl acetate stain 

2.8.2. Methodology 

Samples were prepared for TEM studies following standard protocol described by 

Hayat (I985) with some modifications, described as follows:-

2.8.2.1. Fixing: - Liver tissue was cut into I mm thick pieces and fixed in 

Karnovsky's fixative for 4 hours. 

2.8.2.2. Washing: - The tissue p1eces were washed by immersion in 0.1 M 

cacodylate buffer for 10 min, followed by centrifugation at I 0,000 x g for I min. 

This washing step was repeated thrice. 

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

Os04 for 1 hour. 

2.8.2.4. Clearing: - The tissue pieces were cleared in propylene oxide with 2 

changes for 30 min each at RT. 

2.8.2.5. Inf"dtration:- Embedding of tissue pieces was performed using a mixture of 

embedding medium and propylene oxide in the ratio 1:3, 0/N at RT. The next day 

the the tissue pieces were transferred to a mixture of embedding medium and 

propylene oxide in the ratio I: I for 1 hour at RT, mixture of embedding medium and 

propylene oxide in the ratio 3:1 for 1 hour at RT, kept for I 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 m 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 L YMPBOCYTES 

2.9.1. Peripheral blood lymphocytes (PBL) were separated from whole blood samples 

collected from human cancer patients, control volunteers, mice exposed to AEBN 

and age-matched control mice by the method ofB0y-UID (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 5.5 mM 

[b]CaCh 5mM 

[c] MgCh 

[d] KCl 

[e] Tris- Cl 

0.098mM 

5.4mM 

145mM 

The above chemicals were dissolved in Millipore water, and the pH of the 

solution was adjusted with concentrated HCl before making up the necessary 

volume with water. 

2. Heparin solution: - 4 mg ml-1 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. Siliconiz~d 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 (1 00 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 

[b] KCl 

[c] Na2HP04 

[d] KH2P04 

140mM 

2mM 

lOmM 

lmM 

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 20mM 

[b] NaCl 10mM 

[c] Triton X-100 0.5% 

[d] EDTA 5mM 

[e] MgCh 3mM 

[f] PMSF 10mM 

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 HCl, and the final 

volume was raised to 100 ml 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 

2.1 0.2. 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 oc 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 ofthe following components: 

[a] Tris-Cl, pH 7.5 

[b] Sucrose 

lOOmM 

250mM 
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[c] NaCl 

[d] EDTA 

[ e] 2-mercaptoethanol 

[f] PMSF 

100mM 

3mM 

lOmM 

1mM 

To prepare 100 m1 of Tris-Cl buffer, 1.21 g of Tris base was dissolved in 

Millipore water, the pH was adjusted to 7.5 with concentrated HCI, and the final 

volume was raised to 100 ml with Millipore water. PMSF was prepared as 

described in § 2.1 0.1. 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 

2.1 1.2. Methodology 

For preparation of the WH ofliver, 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 ofBradford (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 ofBradford (1976) using bovine serum albumin (BSA) as a standard. 

2.13.1. Materials required 

I. Solution of BSA in water at a concentration of I mg ml-1 

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

components: 

[a] Coomassie brilliant blue (CBB) G-250 IOO mg 

[b] 95 % ethanol 50 ml 

[ c] 85 % orthophosphoric acid 100 ml 

The CBB was completely dissolved m ethanol and then mixed with 

orthophosphoric acid. This solution was stored refrigerated in a dark bottle at 4 

oc 
3. Working solution of Bradford reagent: - The following materials were 

required for preparing I 00 ml of working solution: 

[a] Stock solution of Bradford reagent IS ml 

[b] Millipore water 85 ml 

[c] Whatmann filter paper No. I 

Working solution was prepared by mixing the stock solution with water just 

before use. This solution was filtered through Whatmann filter paper No I. 

4. Millipore water 

2.13.2. Methodology 

For preparation of standard solutions, varying volumes of BSA solution from 10-

I 00 j..tl were taken in different test tubes, and the final volume of each made up to 

I 00 j..tl with Millipore water. The amount of BSA in each tube varied from I 0 j.lg to 

I 00 !J.g i.e. the concentration varied form O.I j.lg !J.r1 to I !J.g !J.r1
• 5 ml of working 

solution was added to each tube. A blank solution was prepared by adding 5 ml of 

working solution to IOO !J.l of Millipore water. Test samples were prepared in 
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triplicate in the same way by taking 30 J..Ll of PBL lysate and 5 J..Ll 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 eta/., 2005) with some modifications. 

2.14.1. Materials required 

1. Bio-Dot SF Microfiltration Apparatus 

2. NCM pore size 0.45 J..LID. · 

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 

[b] NaCl 

10mM 

500mM 

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 

HCl, 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 J..Ll 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 J.Ll 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 Brca1 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 

[b] NaCI 

[c] EDTA 

[d] NaN3 

[e] Triton X-100 

[f] SDS 

50mM 

500mM 

5mM 

0.02% 

0.5% 

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 HCI, 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. 

61 



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 

[c] 10% (w/v) glycerol 

[d] 2-mercaptoethanol (used directly 

from the bottle as supplied) 

[e] 0.05% (w/v) bromophenol blue 

[f] Millipore water 

0.8ml 

1.6 ml 

0.4ml 

0.2ml 

4ml 

The buffer was prepared by nuxmg 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 Brca1 and Brca2 proteins were immunoprecipitated from PBL lysate and WH 

of liver and SC containing equal amount (150 mg) of total protein. Seven f.ll of 

supplied anti-BRCA1 and anti-BRCA2 antibodies containing 3.5 f.lg of the 

respective antibody, and PMSF to a fmal strength of 10 mM were added to the 

lysate/WH, and mixed well, followed by incubation at 4 oc 0/N. The next day, 40 

f.ll 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 oc 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 f.ll 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-P AGE), 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 29.2g 

[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 1.5 M 

To prepare100 ml ofTris-Cl buffer, 18.15 g ofTris base was dissolved in 100 

ml of Millipore water, the pH was adjusted to 8.8 with concentrated HCl, and 

the final volume was raised to 100 ml with Millipore water. 

4. Tris-Cl, pH 6.8 0.5 M 

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 HCl, and the 

final volume was raised to 100 ml with Millipore 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 watt(r 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 m1 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/ running buffer (5 X): - This buffer consisted of the 

following components: 

[a] Tris base 

[b] Glycine 

[c] SDS 

[ d] Millipore water 

9g 

43.2g 

3g 

600ml 

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 

Brca1 protein (MW 220 kDa) and 5% gel was used for separation ofBrca2 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 

I Stock reagent I Resolving gel I Resolving gel I Resolving gel 
I 

Stacking gel 
(5 %) (7%) (10%) (4 %) 

I Monomer solution I t.67 mt I 2.33 mt I 3.33 mt I 1.33 mt 

I Tris-Cl buffer pH 8.8, 1.5 M I 2.s m1 I 2.s mt l2.5ml I ............ 
I Tris-Cl buffer pH 6.8, 0.5 M I ............ I ............ I ............ (2.5ml 

I Millipore water I 5.65 mt I 5mt l4.2ml I 6.1 mt 

I SDS 10% * I 1oo 111 I 1oo 111 I 1oo 111 I 1oo 111 

I APS 10% * I 5o 111 I 5o f.ll I 5o (.ll I 5o (.lt 

I TEMED* I 5 (.lt I 5 111 I 5 (.lt I 5 f.ll 

* 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 em 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 J.lg of protein in a final volume of20 J.ll, and mixed with 5 X 

Laemmli buffer in the ratio 4:1, i.e. with 5 f.ll ofLaemmli 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 J.lg of protein in a fmal volume of20 J.Ll, and mixed with 5 X 

Laemmli buffer in the ratio 4:1, i.e. with 5 f.ll ofLaemmli 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 Brca1 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 

I I Ruolving gel Voltage Duration 
percentage (%) (VcmJ) of electrophoresis (min) 

I 1 1 actin 1 w I 25 I 6o I 2 I p53 ~, 1-o---r-l 2-5---.---l 6_o _____ _ 

l3l ~ B-rc_a_l -1 7 125 j45 

\4 I Brcal I 5 125 ,......14-:-:5:-------

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 

I. Mini Trans-Blot Electrophoretic Transfer Cell 

2. NCM pore size 0.45 Jlm 

3. Whatmann filter paper No. I 

4. Transfer buffer (Towbin buffer, pH 8.3): - This buffer consisted of the 

following components: 

[a] Tris base 

[b] Glycine 

[ c] Methanol 

[ d] Millipore water 

25mM 

I92mM 

20% (v/v) 

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-P AG electrophoresis, the gel was equilibrated in Towbin 

buffer for I5 min. The NCM and three sheets of Whatmann filter paper were cut to 

the required size and also soaked in Towbin buffer for I5 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 

I SerialNo I Protein I Voltage (V) I Duration oftransfer 

I I I actin I 100 I I hour 

12 ' I p53 I 100 I I hour 

I 3 I Brcal I 20 I 0/N 

14 I Brcal I 20 I 0/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 (Km~ 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 § 2.1 0.1. 

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 ofPBST solution, 3 ml ofTween-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 J.1l 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 ofPBST 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 m1 of PBST solution, with mild shaking. Washing was performed with three 

changes ofPBST 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 3 7 oc for 1-2 hours. 

2.18.2.4. Destaining: On completion of staining, the membrane was destained at RT 

with 2-3 changes ofPBST 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 et al., 2005), with some modifications. 

2.19.1. Materials required 

1. Iris buffered saline (TBS) buffer, pH 7.5: This buffer was prepared as 

described in§ 2.14.1 

2. 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 

J..Ll of Tween-20 was dissolved in 1 litre of TBS buffer by continuous stirring. 

3. Blocking solution (BS): BS was a 5% solution of fat free milk in TBS buffer. 

To prepare 100 m1 ofBS, 100 ml ofTBS 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. 

4. 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. 

5. 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. 

6. 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, Brca1 or Brca2 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 0/N in primary antibody solution at 31 °C, in a water-bath. 

2.19.2.3. Washing: The primary antibody solution was discarded, and the membrane 

washed with 20 ml 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 for 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 
No. 

Primary 
antibody 

Dilution used for 
immunoprobing 
slot-blot (volume 
added in 10 ml of 
BS) 

Dilution used for 
immunoprobing 
Western blot 
(volume added in 
10mlofBS) 

Secondary 
antibody 

Dilution used 
for 
developing 
slot-blot and 
Western blot 
(volume 
added in 10 
mlofBS) 

1 

2 

3 

4 

Anti- p53 raised 
in sheep. 
Supplied stock of 
I mg J.d1 was 
diluted with PBS 
to obtain a 
working dilution 
of 10 Jlg 11r1

, by 
diluting 0.1 Jll of 
antibody stock to 
final volume of 
10 Jll just before 
use 

Anti-BRCAl 
polyclonal 
antibody raised 
in rabbit 
Supplied stock of 
200 Jlg ml-1 was 
used directly as I 
supplied 

1:50,000 
(20 Jll of working 
solution) 

1:2000 
(5 Jll of supplied 
stock) 

..-------
Anti-BRCA2 
polyclonal 
antibody raised 
in rabbit 
Supplied stock of 
200 Jlg mr1 was 
used directly as 
supplied 

I Anti-actin 
polyclinal 
antibody raised 
in rabbit 
Supplied stock of 
0.8 mg ml-1 was 
used directly as 
supplied 

1:2000 
(5 Jll of supplied 
stock) 

1:250 
( 40 111 of supplied 
stock) 

1:5000 
(200 111 of working 
solution) 

1: 1000 
(I 0 111 of supplied 
stock) 

1: 1000 
(1 0 111 of supplied 
stock) 

1: 150 
(66 111 of supplied 
stock) 

Donkey anti-
sheep IgG-
Alkaline 
phosphatase 
conjugate 
Supplied stock 
was used directly 
as supplied 

Goat anti-rabbit 
IgG- Alkaline 
phosphatase 
conjugate 
Supplied stock 
was used directly 
as supplied 

Goat anti-rabbit 
lgG- Alkaline 
phosphatase 
conjugate 
Supplied stock 
was used directly 
as supplied 

Goat anti-rabbit 
IgG- Alkaline 
phosphatase 
conjugate 
Supplied stock 
was used directly 
as supplied 

1: 15, 000 
(0.7 Jll) 

1: 10, 000 
(I Jll) 

1:10,000 
(1 Jll) 

1: 10, 000 
(1 Jll) 

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-ID 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, 

F 1, 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 Fl 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 ofthe following components: 

[a] Tris-Cl, pH 8 100 mM 

[b] Sorbitol 

[c] EDTA 

[ d] Millipore water 

350mM 

5mM 

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 ofNaOH. The 

fmal 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 HCl, and the final volume 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 

[b] NaCl 

[c) CTAB 

50mM 

4M 

1.8% 
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[d] EDTA, pH 8 25mM 

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 ofhigh-salt CTAB buffer, 23.38 g ofNaCl and 1.8 g ofCTAB 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 fmal volume was made up to 100 

ml with Millipore water. The buffer was sterilized by autoclaving and stored at 

RT. If CT AB formed a precipitate, the buffer was warmed at 60 °C until CT AB 

went into solution again, before use. 

3. Proteinase K solution 20 mgml-1 

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 mgml-1 

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 oc 
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 of20 ml, 10 ml and 1.5 ml capacity 

17. Sterilized micropipette tips of 5 ml, 1 ml and 200 J.Ll 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 0/N at -80 °C. The frozen tissue was quickly ground 

to a fme 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 J.Ll from a 10% stock solution of SDS) and 0.1 mg 

ml-1 Proteinase K (25 J.Ll from a 20 mg mr1 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 J.Ll 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 volwne, i.e. 

8.5 ml of chloroform isoamyl alcohol mixture, by centrifugation at 10000 x g for 1 0 

min at RT. The supernatant was transferred to a sterilized centrifuge tube of 10 ml 

capacity, and mixed with 2/3rdvolwne of cold absolute isopropanol and 1/lOth 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 J..Ll of sterilized Millipore water and 10 J..Ll ofRNase solution was 

added to the solution. The solution was mixed well by gently tapping the centrifuge 

tube, followed by incubation at 3 7 °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 111 Oth volume of 

sodium acetate solution. The mixture was kept for 30 min to 0/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 3 7 °C, till the pellet was 

transparent and the ethanol had evaporated completely. The pellet was dissolved in 

30-40 J..Ll 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 J..Lg m1"1 of DNA. The purity of a DNA sample was 

assessed by calculating the ratio of absorbance at 260 nm and 280 nm (A26o:A2so). 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 m1 capacity 

3. Sterilized micropipette tips 

2.22.2. Methodology 

DNA sample was prepared by diluting 2 Jll of isolated DNA to a fmal volume of 

1000 Jll 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 Jlg J.ll-1 and the A26o: Azso 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 Brca2 genes. The standard protocol described 

by Sambrook and Russell (200 1) 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] KCl 500 mM 

[c] MgCh 15 mM 

[d] Gelatin 0.1% 

1.2. Deoxyribonucleotide (dNTP) mix lOmM 

This kit was stored refrigerated at -20°C. 

2. Red taq DNA polymerase (BIOTAQ) 

3. Primers 

4. Sterilized Millipore water 

5. Sterilized PCR tubes 200 Jll 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/genefisherO. 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 J..Lr1 and were stored refrigerated at -20 °C. 

~ 20bp 
I 
1 

A 

257~ 

+=279 

B 

-+530 -+811 

+-586 +-s42 

c 
D 

~1129 11 bp 

+- *+-
1177 1386 

E 

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 

~ Gene/ I Primer (Site of annealing) Annealing Amp/icon 
temperature size Target region 0 

(OC) (bp) 

I 
p53/exon 5 Forward 5'- ATCGTTACTCGGCTTGTCCC-3' rr (29 bp upstream of exon 5) 

Reverse 5'- TAACCCCACAGGCGGTGTT-3' 
( 10 bp downstream of exon 5) 

II 
p53/exon 7 Forward 5'- TAGTGAGGTAGGGAGCGACTI-3' rr 

(26 bp upstream of exon 5) 54.8 202 
Reverse 5'- CTGGGGAAGAAACAGGCTAAC-3' 

(24 bp downstream of exon 5) 

I Brcall Forward 5'- AGTCCTGGAACGCTCACA-3' rr exon 11 (20 bp upstream of exon 11) 
region A Reverse 5'- CAGTTCCTTTGAGGGCACA-3' 
(NT 1-260) (NT 261-279) 

4 Brcal/ Forward 5'- ACTCTGTGCCCTCAAAGGA-3' 
exon 11 (NT 257-279) 
regionB Reverse 5'- CCTCTGTCAGAGGTTTCCTA-3' 55.5 330 
(NT280- (NT 567-586) 
586) 

r 
Brcall Forward 5'- CAGTTTCTCCCATCACCTCA-3' 

~~ 
exon 11 (NT 530-548) 
region C Reverse 5'- ACAGGAACACTTTGCTGACA-3' 
(NT 550- (NT 823-842) 
842) 

r 
Brcall Forward 5'- CAGCCTGGTGTCTGTCA -3' 

~~ 
exon 11 (NT 811-827) 
regionD Reverse 5'- TGGAGTCGCTCTCTTCTGA-3' 
(NT 811- (NT 1159-1177) 
1158) 

r 
Brcall Fonvard 5'- CTCCACAGAGCGTCTAGGA-3' ~ r=-
exon 11 (1129-1158) 
regionE Reverse 5'- CAGAGCATCTTGGATCCTCA-3' 52 268 
(NT 1129 (NT 1376-11 bp downstream of exon 11) 1 

-1386) 

I 
Brca2/ Forward 5'- TCCACACCGAACAAAGACC-3' rr segment of (89 bp upstream of exon 27) 
exon27 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 (1 0000 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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, 1 0 X amplification buffer 2.5 IX 
dNTPmix 1.5 15mM 

7 Brcal/ Forward primer 1 100pmol 
exon 11 Reverse primer 1 25 100pmol 
regionE Taq DNA polymerase 1 1U 

DNA sample 1-2 0.5 IJ.g 
Sterile Millipore water 17-16 ........ 

10 X amplification buffer 2.5 IX 
dNTPmix 1.5 15mM 

8 Brca2/ segment Forward primer 1.0 100 pmol 
ofexon27 Reverse primer 1.0 100pmol 

Taq DNA polymerase 1.0 25 LOU 
DNA sample 1-2 0.5 IJ.g 
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 Brca2 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 

~ l Gene/Target region 
. 

I Step/Temperature/ time I No. 
of cycles 

I Initial denaturation/95 oc; 3 min I 1 ., 

r~ Denaturation/94 °C/ 1 min 
1 p53/exon5 Annealing/56.5 oct 1 min 

Extension/72 oct 1 min 

I Final extension/72 oct 7 min I 1 

1 Initial denaturationt95 oct 3 min I 1 

Denaturation/94 oct 1 min r 2 p53/exon 7 Annealing/54.8 °Ct I min 
Extension/72 °CI 1 min 

I Final extension/72 °Ct 7 min I 1 

r 
I Initial denaturation/95 oc; 3 min I 1 

Brcall exon 11 Denaturation/94 oc; 1 min r region A Annealing/55.5 °C/ 1 min 
Extension/72 °C/ 1 min 
Final extension I 72 °C/ 7 min 

I Initial denaturation/95 oc; 3 min I 1 
4 Brcall exon 11 Denaturation/94 °C/ 1 min r regionB Annealing/55.5 °C/ 1 min 

Extension/72 °C/ 1 min 

I Final extension/72 °Ct 7 min I 1 
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5 Brcall exon 11 
region C 

6 Brcal/ exon 11 
regionD 

7 Brcall exon 11 
region E 

8 Brca21 segment of 
exon27 
(Touchdown PCR) 

I Initial denaturationJ9s oct 3 min 1 

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

I Final extension/72 °C/7 min I I 
1 Initial denaturation/95 oct 3 min ~I -~ ---

Denaturation/94 °C/ 1 min rO 
Annealing/58.5 °C/1 min 
Extension/72 oc/ 1 min 

I Final extension/72 °C/ 7 min I 1 

I Initial denaturation/95 oct 2 min ~, -~ ---

Denaturation/95 °C/ 1 min rO 
Annealing/52 °C/ 1 min 
Extension/72°C/ 1 min 

I Final extension/72 °C/ 7 min 1 ;.__ __ _ 
I Initial denaturation/95°C/ 2 min 1 

Denaturation/95°C/ 30 sec r 
Annealing/59.7°C/ 30 sec decrement in 15 
temperature by 0.5 oc per cycle 
Extension/72°C/ 40 sec 

Denaturation/95°C/ 30 sec r 
Annealing/52.7°C/ 30 sec 20 
Extension/72°C/ 40 sec 
,-----:---:-----
1 Final extension/72 °C/5min 11 

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 

[b] EDTA, pH 8 

40mM 

1mM 

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 ofTris base, 57.1 ml of glacial acetic 

acid and 100 ml of 500 mM EDTA, pH 8 (§ 2.21.1) were dissolved and the 

fmal 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: 
80 



[a] Sucrose 

[b] Bromophenol blue 

40% (w/v) 

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 mgml-1 

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 J.Ll of the ladder solution supplied by the 

manufacture was mixed with 3 J.Ll 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 ofPCR amplicons. Accordingly, the gel was prepared by 

taking 0.8 g or 2 g of agarose in 100 ml of 1 X T AE 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 which 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 T AE 

buffer in an electrophoresis tank. 

2.24.3. Sample preparation: -

For AGE of genomic DNA, a constant amount of 3 J.Lg of each DNA sample was 

loaded in the agarose gel. For AGE of PCR amplicon, a constant volume of 5 J.Ll 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 111 Oth 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 

~ Sample for electrophoresis Gel percentage Voltage Time 
. (%) (V) (min) 

I I I Genomic DNA 0.8 100 I 45 

lz I PCR amplicon 2 50 I 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 Jlg ml-1 

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) 

components: 

[a] Glass solution 

[b] Sodium iodide solution 

[ c] Wash buffer 

2. Sterilized Millipore water 

This kit had the following 

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 ~1 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 J.d 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 fmal washing step, the tube was kept at 55 oc 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 J.tl 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 et 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 ExP ASy Proteomics server 

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

used to generate models of the corresponding region of the Brca1 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/spro!L). 
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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 i- test with 

Yates' correction. Significance of development of various anomalies in 

transgenerationally exposed mice in comparison to chronically exposed mice, and 

also between Fl, F2 and F3 generations was analysed using 2x2 contingency i­
test. 
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RESULTS 



3.1. GENERAL AND MICROSCOPICAL OBSERVATIONS 

Mice were exposed t~ AEBN at a dose of2 mg ml"1 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 Fl, 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 Details of number of mice used and alterations in body weight and relative organ weight 
upon ch;onic and transgenerational exposure to 2mg mr1 AEBN in drinking water for different 
periods of time 

Control Exposed 

Generation No. Final body Relative organ weight No. Final body Relative organ weight 

with time mice weight (g/100 g bodyweight ± SD ) mice weight (g/100 g bodyweight± SD) 

in weeks (M/F} (g ±SD) (M/F} (g±SD) 
liver spleen liver spleen 

p 2 15(7/8) 30±2.8 4.3 ±0.20 0.52±0.Q3 15(6/9) 30±2.3 4.4±0.24 0.38 ±O.lOMA 

4 14(717) 26±3.0 5.0±0.23 0.54±0.19 14(717) 25±3.3 4.8±0.24/l 0.60±0.24 

6 15(6/9) 29±2.3 4.7 ± 0.14 0.45±0.17 15(7/8) 28 ± 7.3 4.4±0.39M 0.53 ±0.11 

8 14(717) 30±3.2 5.1 ±0.44 0.50± 0.17 15(8/7) 28± 5.3 4.4±0.76M 0.58 ±0.25 

10 15(6/9) 30±2.4 5.0±0.32 0.63±0.23 15(7/8) 30±0.5 5.3 ± 0.94*** 0.51 ±0.20 

12 14(717) 34±4.9 4.8±0.06 0.51 ± 0.15 15(817) 31±2.2MA 5.3±0.10 0.58±0.16 

16 15(7/8) 35±2.3 4.3 ±0.66 0.40±0.06 15(7/8) 34±3.7 4.6± 1.03 0.32 ± 0.06*** 

20 16(7/9) 31 ± 1.7 5.0±0.49 0.49 ± 0.16 15(7/8) 30±2.8 4.9 ± 0.31 0.85 ± 0.17*** 

24 16(8/8) 30±5.1 5.0±0.30 0.53 ±0.07 16(8/8) 31±3.5 5.7±0.73** 0.86± 0.10*** 

F1 4 14(717) 31 ±2.3 4.0±0.03 0.37 ± 0.03 15(8/7) 33 ± 1.2** 4.3±0.52* 0.53 ± 0.09*** 
6 15(817) 31 ±4.1 4.4±0.03 0.56±0.03 15(817) 26±3.0MA 4.6 ± 0.16*** 0.70 ± 0.08*** 
8 15(8/7) 30±0 5.1 ± 0.23 0.43±0.07 15(7/8) 33 ± 1.8*** 5.3 ± 1.18 0.64 ± 0.24** 

12 14(717) 34±4.9 4.8±0.06 0.51±0.15 15(7/8) 31 ±2.8 5.1 ± 1.36 0.65±0.42 
16 14(7/7) 28±2.0 5.1 ± 1.14 0.57±0.21 14(717) 31 ± 3.1 5.7 ±0.46 0.46 ± 0.065/l 
24 15(817) 29± 1.2 5.1 ±0.07 0.34±0.D7 16(917) 36±6.9 6 6 ± 1.28*** 1.20 ± 1*** 

F2 4 15(7/8) 26±3.0 5.0±0.23 0.54±0.19 14(7/7) 25 ±3.3 4.8±0.24/l 0.60±0.24 
6 15(9/6) 23 ±0.7 4.3 ± 0.33 0.54 ± 0.17 15(7/8) 27 ± 1.1*** 5.0 ± 0.45*** 0.70±0.15* 
8 15(817) 32± 3.5 5.1 ±0.44 0.44±0.06 14(717) 31 ± 1.2 5.9 ± 0.20*** 0.39 ±0.03MA 

12 15(8/7) 37±2.7 4.3 ± 0.30 0.54±0.22 15(7/8) 31 ± l.2MA 5.0 ± 0.33*** 0.68± 0.16 
16 15(6/9) 30±2.0 4.8±0.10 0.50±0.14 15(6/9) 31 ± 1.7 5.3 ±0 32*** 1.13 ± 0.52*** 
24 15(817) 32 ±2.1 4.5 ± 1.29 0.42 ± 0.43 17(8/9) 33 ±2.6 5.2±0.09* 0.88 ± 0.27 ** 

F3 4 16(8/8) 27 ± 1.7 4.8±0.56 0.44±0.15 15(817) 30±2.0*** 4.6±0.07 0.65 ± 0.03*** 
6 15(8/7) 28±0.5 4.8±0.14 0.46±0.18 15(7/8) 23±6.4M 6.1 ± 0.03*** 0. 77 ± 0.09*** 
8 15(817) 31±0.4 5.2 ± 0.13 0.52 ± O.Q3 15(7/8) 27±4.2MA 6.3 ± 0.56*** 0.63 ± 0.19*** 

12 14(6/8) 37±2.7 4.3 ±0.03 0.54±0.22 15(8/7) 34 ± 4.1/l 5.5 ± 0.27*** 0.57 ± 0.12 
16 15(7/8) 31 ±3 5 4.7±0.10 0.49±0.03 14(6/8) 35 ± 3.1** 5.8 ± 0.89*** 0.65 ± 0.09*** 
24 15(7/8) 33 ± 6.1 5.4±0.92 0.49±0.09 20(9111) 34±3.3 6. 7 ± 1.36*** 0.47 ± 0.06/l 

MIF- No of males/ No of females 
* stgmficant mcrease at P < 0 05 m companson to age-matched control group 
** stgmficant mcrease at P < 0 01 m companson to age-matched control group 
*** stgmficant mcrease at P < 0 001 m companson to age-matched control group 
ll Significant decrease at P < 0 05 m companson to age-matched control group 
M s1gruficant decrease at P < 0 01 m companson to age-matched control group 
llM stgn_tficant decrease at P < 0 001 m 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 ofF 1, F2 and F3 mice after 

24 weeks of exposure. However the increase in multiplicity of nodules was not 

found to be significant using l- test with Yates' correction. 

P 16 weeks P 24weeks 

F18weeks F2 6weeks F3 4weeks 

Figure 3.1. Preneoplastic nodule formation in the liver of Swiss Albino mice exposed to AEBN 
drinking water (2 mg mr') and their respective H & E stained histological sections at magnification X 
400 (bar = 20 Jllll). Normal, control liver (a) and histological section of normal liver (b); Nodule 
formation (arrow) in livers of P (c), Fl (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 x2
- 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 mr1 AEBN in drinking water 

I 
Generation I Period of exposure after which preneoplastic ~~ 

nodules developed in liver (weeks) 

I P lt6 
\Fl 1~8-*-----------------------

1 F2 1
6** 

I F3 1~4-*~**-------------------------

* significant increase at P < 0.05 in comparison to P generation 
** significant increase at P < 0.01 in comparison toP generation 
* * * significant 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 c) 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 m 
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comparison to chronically exposed m1ce or between successive generations of 

transgenerationally exposed mice, using the 2X2 contingency x2 -test. 

i H 

c Hi 

t r 

Figure 3.2. Various anomalies observed in Swiss Albino mice exposed transgenerationally to AEBN 
in drinking water (2 mg mJ" 1

) . 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) shows necrotic areas (circle) in liver of F2 mice after 12 (i) or 24 (ii) week exposure (e) 
shows a 24-week exposed Fl 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. (Fore, f, and g scale bar = 7.5 mm). 
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Table 16. Anomalies/ alterations observed in mice transgenerationally exposed to 2 mg mr1 AEBN 
in drinking water 

Generation present(+)/ Site 
absent(-) 

tumor 
F1f--~ Chest epithelium 

tumor diameter= 7.5 mm 
tumor load*= 2.59 

F2 I 
F3 I' Skin epithelium 

tumor diameter= 9.3 mm 

+ I 
tumor load*= 3.40 

F3 Stomach epithelium 

I 
tumor diameter= 30 mm 

tumor load*= 50.64 rll·d I p,,-- + I Right mandible 

cs I F2 + I Gastrointestinal 

JF3ffi + [ Neck 

Enlarged I Fl 
nodes I F2 + I Neck 

JF3ffi- + r Neck 

Necrosis I F1 I 

of liver I F2 + I Liver 

IF2-w---1 + -·I Liver 

I F3 + Liver 

Spleen I Fl 
protrusion IF2-w--- + Spleen 

r 
F3 

r 
I 

I 

I 

I 

Week of 
exposure 

24 

24 

24 

24 

24 

24 

24 

24 

12 

24 

24 

24 

I a 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. 

* g/ 100 g body weight. 

I 
Incidence 

a 

(%) 
l/16 (6.25) 

( 

I 0/17 (0) I 

I 
) I 

I 2/20 (10) 

I . I 

r 1/16 (6.25) 

I 1/17 (5.88) 

I 1/20 (5) 

I 0/16 (0) 

I 1/17 (5.88) 

l 1/20 (5) i 
I O/l6 (0) I 

I 1/15 (6.67) 

I 1/17 (5.88) 

I 1/20 (5) 
I 
I 

I 0/16 (0) 

! 1/17 (5.88) 

I 
0/20 (0) 

I 
I 
I +++indicates anomalies developing in the same F3 mouse. I 

U•ing 2X2 oontingen<y i-re&. dewlopmmt of thore Momrule, wru. not •ignifi=t in oompruioon to 11 
chronically exposed mice or between successive generations oftransgenerationally exposed mice. 
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3.1.2. Transmission electron microscope (TEM) studies 

Ultrastructural alterations in liver nodules ofP, Fl, 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 Fl 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) 

Tile R.PR m lllr h~p~tm~Yles Qf COJlifQl ffil9~ w~re fp1ffid to R~ 00 ~~tellslYf;, wen­
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 Fl 

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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I 

II 

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, c, d, e 
& f- P; g- Fl; h- F2 and i- F3. (II) a-control; b & c- P; d- Fl ; 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 1-a). In 

contrast, the mitochondria of liver nodules of P, F 1, F2 and F3 generation mice 

exhibited extensive cristolysis (Figs. 3.4 1-b through e), and the mitochondrial 

membrane was also disrupted in some instances (Figs. 3.4 1-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 1-b through e & 11-b through e) in comparison to 

control (Figs. 3.4 1-a & 11-a). 

Figure 3.4. Ultrastructural changes in the mitochondria of mice exposed chronically and 
transgenerationally to AEBN for 24 weeks at 2 mg mr1 showing alterations in (I) size of 
mitochondria and (II) number of mitochondria, (1) a- control; b- P; c- Fl ; d-F2 and e- F3 . 
(II) a- control; b- P; c- F I; 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) 

2500 • Control -..s •t: 
"0 2000 ~ c 

~ c "'.c c c.> ·- c 
-::: 

1500 \ .~ E ,.. .... 
"0 c 
c ..s I 
Q ~ 1000 ..= ... 
c.> ..s 
.E~ ·- ... ~ ~ 500 .c 

E 
= ;z: 
'-' 0 

Control p Fl F2 F3 
Generation 

Figure 3.5. Bar diagram showing alteration in mitochondrial index of liver of mice exposed 
chronically (P) and transgenerationally (F I, F2 & F3) to AEBN, in comparison to liver of control 
(C) mice. Ll indicates significant decrease at P<0.05, Lltl at P<O.O I and Lltltl at P<O.OO I. 

3.2. SLOT -BLOT ANALYSIS OF EXPRESSION OF P53, BRCAl 

AND BRCA2 PROTEINS UPON EXPOSURE OF MICE TO AEBN 

3.2.1. Chronic exposure 

In order to elucidate the molecular mechanisms involved in vanous stages of 

AEBN-induced carcinogenesis in mice, the P generation mice were exposed to 

AEBN at a dose of 2 mg mr1 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-Il) and blots immunoprobed with anti-actin antibody (Fig. 3.6; panel A-Ill) 

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-1) 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 ofp53 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. 

I n III • • • • • • ~ p,J> ~0. -t-o ~ J> ~\,-- ¢~ ~ ~-..o 
o-~-f\\ ¢ <:;~ ._o c;; 

I• P control liver • P expos~ _ 

2 weeks 

4v.'eeks 

6 v.'eeks 

8 weeks 

10 \veeks 

12 weeks 

16weeh 

A 20-..,reeks - B 0 15000 30000 45000 60000 75000 

24weeks Mean net intensity ± SD 

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 irnmunoprobed with anti-p53 antibody for p53 protein, A- panel II 
slot-blots stained with India ink for total protein, serving as loading control and A- panel Ill slot-blots 
immunoprobed with anti-actin antibody for actin protein as loading control; B- Densitometric plot (% 
of age-matched controls; mean ± SO) of the level of p53 protein expression in liver as obtained by 
densitometric analysis of the immunoprobed slot-blots (A-1) after normalization for equal protein 
loading (A-ll & Ill). * indicates significant increase at P < 0.05, ** indicates significant increase at P < 
0.01 , ***indicates significant increase at P < 0.001 and!!!! 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 (SC): Densitometric analysis of India ink-stained slot­

blots (Fig. 3.7; panel A-Il) 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). 

I 

A 

2 weeks 

lO weeh 

12weeh 

16 weeko; 

20 \veela. 

24 wffics 

• II • 
2 

i 4 

l 6 

~ 8 

.5 10 
t'G 

t 12 
'0 
"8 16 
·c 
Ql 20 
0.. 

24 

B 

I• P controls pie en 121 P exposed s pie en I 

0 

** 
** 

** 
*** 
* 

""1 ** 

AA 

15000 30000 45000 60000 75000 

Mean net intensity± SO 

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 II 
slot-blots stained with India ink for total protein, serving as loading control, B- Densitometric plot (% of 
age-matched controls; mean ± SO) 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, ** indicates significant increase at P < 0.0 I, 
*** indicates significant increase at P < 0.001 , l'l. indicates significant decrease at P < 0.05 and l'l.l'l. 
indicates significant decrease at P < 0.0 I. 

3.2.1.1.3. in peripheral blood lymphocytes (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-I & 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-I & 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 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 li ver as obtained by 
densitometric analysis of the immunoprobed slot-blots (A-1) after normalization for equal protein loading 
(A-11). * indicates significant increase at P < 0.05 and** indicates significant increase at P < 0.0 I. 

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-BRCA 1 revealed significant alterations in the level of Brca1 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 Brca1 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 Brca1 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 Brca1 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 Brca I protein in liver of P generation AEBN 
exposed mice. A- panel I slot-blots immunoprobed with anti-p53 antibody for p53 protein, A- panel ll 
slot-blots stained with India ink for total protein, serving as loading control, A- panel lll slot-blots 
immunoprobed with anti-actin antibody for actin protein as loading control, 8- Densitometric plot (% of 
age-matched controls; mean ± SO) 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 & lll). ** indicates significant increase at P < 0.01 , 6.6. indicates significant decrease at P < 0.01 
and 6.6.6. indicates significant decrease at P < 0.00 I. 

3.2.1.2.2. in spleen cells (SC): Densitometric analysis of India ink-stained slot­

blots (Fig. 3.1 0; panel A-Il) 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-1 

&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 Il 
slot-blots stained with Lndia 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-1) after nonnalization for equal protein 
loading (A-ll). ** indicates significant increase at P < 0.0 I , 6. indicates significant decrease at P < 0.05, 
6.6. indicates significant decrease at P < 0.0 I and M6. indicates significant decrease at P < 0.00 I . 

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 .1 0), the level of Brca 1 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-1 & 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 imrnunoprobed 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-11). *** indicates significant increase at P < 0.001 , 11 indicates significant decrease at P<0.05, 
1111 indicates significant decrease at P < 0.01 and 111111 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-1 & B). Exposure to AEBN led to an immediate Brca2 

response, with significant elevation in Brca2 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 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 3.12. 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 Ill s lot-blots 
immunoprobed with anti-actin antibody for actin protein as loading control, B- Densitometric plot (% 
of age-matched controls; mean ± SO) of the level of p53 protein expression in liver as obtained by 
densitometric analysis of the immunoprobed slot-blots (A-r) after normalization for equal protein 
loading (A-II & III). ** indicates significant increase at P < 0.0 I and f!.f!.f!. indicates significant 
decrease at P < 0.00 l . 

3.2.1.3.2. in spleen cells cells (SC): 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-1 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-1 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-p53 antibody for p53 protein, A- panel 
II slot-blots stained with India ink for total protein, serving as loading control, 8- Densitometric plot 
(%of age-matched controls; mean ± SO) ofthe level ofp53 protein expression in liver as obtained by 
densitometric analysis of the immunoprobed slot-blots (A-I) after normalization for equal protein 
loading (A-11). **indicates significant increase at P < 0.01 , 6.6. indicates significant decrease at P < 
0.0 I and 6.6.6. indicates significant decrease at P < 0.00 I 

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-1 & 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 
1J slot-blots stained with India ink for total protein, serving as loading control, 8- Densitometric plot 
(% of age-matched controls; mean ± SO) of the level of p53 protein expression in liver as obtained by 
densitometric analysis of the immunoprobed slot-blots (A-1) after normalization for equal protein 
loading (A-H). ** indicates significant increase at P<O.OJ , £1.:1 indicates significant decrease at P < 
0.01 and £1M indicates significant decrease at P < 0.00 I . 

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 

(F 1, 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 oftransgenerational 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. Fl 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

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

exposed samples, thus confirming loading of equal amounts of protein. The lev~l 

of p53 protein in liver of AEBN exposed mice of Fl 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 ofp53 protein to remain at control 

level was also observed in SC ofF1 mice (Fig. 3.15 C & D). The PBL ofFl 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 ofp53 protein in A-liver, C- SC and E-PBL ofFl 
generation AEBN exposed mice. panel I -slot-blots immunoprobed with anti-p53 antibody for p53 
protein, panel ll- slot-blots stained with India ink for total protein and panel HI- 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 imrnunoprobed slot-blots (A-I, C-1 & D-1) after 
normalization for equal protein loading (A-II & lll, C-II & D-Il). * indicates significant increase at P < 
0.05 and /1/1 indicates significant decrease at P < 0.00 I. 

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 I 6 weeks of 

exposure (Fig. 3.16 A & B). The tendency ofp53 protein to remain at control level 

was also observed in SC (Fig. 3.16 C & D) and PBL (Fig. 3.16 E & F) ofF3 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 iJl level of p53 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 lndia ink for total protein and panel Ill- slot-blots immunoprobed 
with anti-actin antibody, serving as loading controls; B, D & F- Densitometric plots (% of age-matched 
controls; mean ± SO) of the level of p53 protein expression in liver, SC and BL respectively as obtained 
by densitometric analysis of the immunoprobed slot-blots (A-1, C-1 & 0-l) after normalization for equal 
protein loading (A-ll & Ill, C-11 & D-11). *** indicates significant increase at P < 0.00 I, !! indicates 
significant decrease at P < 0.05 and till indicates significant decrease at P < 0.0 I. 
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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 3.1 7. 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 I -slot-blots immunoprobed with anti-p53 antibody for p53 
protein, panel II- slot-blots stained with India ink for total protein and panel 111- 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-1, C-1 & D-I) after 
normalization for equal protein loading (A-ll & Ill , C-11 & D-11). !1 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) ofF3 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 Brca1 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 oftransgenerational exposure to AEBN upon 

expression level of Brca1 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 ofBrca1 protein in control mice was also observed. 

3.2.2.2.1. Fl 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 Brca1 

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 Brca1 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 ofBrca1 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. 

3.18 E & F). 
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Figure 3.18. Slot-blot analysis for alterations in level ofBrcal protein in A-liver, C- SC and E-PBL of 
Fl 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 IIJ- slot-blots 
immunoprobed with anti-actin antibody, serving as loading controls; B, D & F- Densitometric plots 
(mean ± SO) of the level of p53 protein expression in liver, SC and BL respectively as obtained by 
densitometric analysis of the immunoprobed slot-blots (A-1, C-1 & D-1) after normalization for equal 
protein loading (A-II & III , C-11 & D-11). dd indicates significant decrease at P < 0.0 I and ddd 
indicates significant decrease at P < 0.00 I. 
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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 Brca1 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 U- 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 ± SO) of the level of p53 protein expression in liver, SC and BL respectively as obtained by 
densitometric analysis of the imrnunoprobed slot-blots (A-I, C-l & 0-l) after normalization for equal 
protein loading (A-ll & m, C-11 & D-11). !::..!::.. indicates significant decrease at P < 0.01 and t:..t:..t:.. 
indicates signjficant decrease at P < 0.00 1. 
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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 ofBrca1 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 

Brca1 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 Brca1 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 Brca I protein in A-l iver, 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 Ill- slot-blots 
immunoprobed with anti-actin antibody, serving as loading controls; B, D & F- Densitometric plots 
(mean ± SO) 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-1) after normalization for equal 
protein loading (A-n & III, C-ll & D-11). 111111 indicates significant decrease at P < 0.00 I. 
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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 oftransgenerational exposure to AEBN upon 

expression level of Brca1 protein was evaluated only for these periods. In contrast 

to P generation mice, the level of Brca1 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. Fl 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 ofBrca2 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 I -slot-blots immunoprobed with anti-p53 antibody for 
p53 protein, panel IT- slot-blots stained with India ink for total protein and panel lll- 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 & ill, C-II & D-II). L1 indicates significant decrease at P < 0.05, M indicates 
significant decrease at P < 0.01 and ML1 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 p53 protein, 
panel II- slot-blots stained with India ink for total protein and panel Ill- slot-blots immunoprobed with anti­
actin antibody, serving as loading controls; B, () & 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-1 & III, C-1 & D-1) after normalization for equal protein loading (A-11, C-11 & D­
II ~~ indicates significant decrease at P < 0.01 and ~~~ indicates significant decrease at P < 0.00 I. 
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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-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 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 ofpreneoplastic nodules in the liver after 4 weeks of exposure (Fig. 3.1 

k). Similarly, in SC, the level of Brca1 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 India ink for total protein and panel lJI- 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-1, C-1 & D-1) after normalization for equal protein loading (A-Il & III, C-11 & 
D-Il). M~ indicates significant decrease at P < 0.00 I . 
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3.3. COMPARISON OF EXPRESSION OF P53, BRCAl AND 

BRCA2 PROTEINS UPON CHRONIC AND 

TRANSGENERATIONAL EXPOSURE OF MICE TO AEBN 

Based <?n 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 Fl, F2 and F3 mice. The level of 

protein in the liver, SC and PBL of AEBN-exposed mice was expressed in terms of 

percent ofthe 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 c & 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 

p53 response in transgenerationally exposed mice, in comparison to the 

chronically exposed mice. 
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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 

Brca1 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 c & d). 
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Figure 3.25. Graphical representation of expression of Brca I protein in P, F I, F2, and F3 generation 
mice after exposure to AEBN (% age-matched control; mean ± SD) as determined by slot-blot 
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However, the level of Brca1 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 

Fl 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. 3.1 k & 1) 

respectively. 

3.3.3. Brca2 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 c & d). However, the level of Brca1 in 

F 1, 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. 3.1 k & 1) 

respectively. 
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'igure 3.26. Graphical representation of expression of Brca2 protein in P, F I, F2, and F3 generation 
nice after exposure to AEBN (% age-matched control; mean ± SD) as determined by slot-blot 
nalvsis. A-liver. B-SC and C-PBL 

123 



3.4. WESTERN BLOT ANALYSIS OF EXPRESSION OF P53, 

BRCAl 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 Fl, 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, Fl , F2 
and F3 mice after exposure to AEBN. 
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Western blot analysis also confirmed that the p53 response in the SC (Fig. 3.28) 

and PBL (Fig. 3.29) ofP, Fl, 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, F 1, 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, Fl , 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 Brca1 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 ofBrcal protein in the liver ofP, Fl, 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) ofP, 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 ofBrcal protein in the SC ofP, Fl , F2 and 
F3 mice after exposure to AEBN. 
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Figure 3.32. Western blot analysis for alterations in level of Brcal protein in the PBL of P, Fl , 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 ofBrca2 protein in the liver ofP, Fl , 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, Fl , 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 ofBrcal protein in the SC ofP, Fl , F2 
and F3 mice after exposure to AEBN. 
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Figure 3.35. Western blot analysis for alterations in level ofBrcal protein in the PBL ofP, Fl, F2 
and F3 mice after exposure to AEBN. 

129 



3.5. PCR-AMPLIFICATION AND DIRECT DNA SEQUENCING OF 

SELECTED REGIONS OF TUMOR SUPPRESSOR GENES 

Selected regions of the mouse p53, Brcal and Brca2 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 Fl 

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 ofthe amplicons ofexon 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 Fl 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 KDS I 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 1), 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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A 
1 10 20 30 40 !iO 60 10 80 90 100 110 120 130 
I I 
TRTC6TTRCTCtii66TT6TCCCC611CCTCC6TTCTCTCTCCTCTCTTCCRGTRCTCTCCTCCCCTCIIIITRROCTRTTCT6CCR6CT66C6RR6RC6T6CCCT6T6CR6TTGT666TCR6C6CCRCRCCT 

IITRTC6TTRCTCTII6-TT6TCCCC6RCCTCC6TTCTCTCTCCTCTCTTCCRGTRCTCTCCTCCCCTCIIIITRROCTIITTCT6CCR6CT66CGIIIIGIICiiT6CCCT6T6CR6TT6T666TC116C6CCRCIICCT 
TRTC6TTRCTili66CTT6TCCCC6RCCTCC6TTCTCTCTCCTCTCTTCCR6TRCTCTCCTCCCCTCIIIITRROCTIITTCTGCCR6CT66C61111611C6T6CCCTGT6CR6TT6T666TCR6C6CCRCRCCT 

TTRTC6TTIICTC-66CTT6TCCCC6RCCTCC6TTCTCTCTCCTCTCTTCCRGTIICTCTCCTCCCCTCIIIITRROCTRTTCT6CCR6CT66C6RR6RCGTGCCCT6TGCR6TT6T666TCII6C6CCRCIICCT 
CT TC-GTTCTCTCTCCTCTCTTCC116TIICTCTCCTCCCCTCIIIITRROCTRTTCTGCCR6CT66CGIIIIGRCGT6CCCT6T6CR6TT6T666TCR6CGCCRCIICCT 

. t.at.c~~t-~e •• a . U.at.cccCaflcCTCeGTTCTCTCTCCTCTCTTCCIIGTRCTCTCCTCCCCTCIIIITIIII6CTRTTCTGCCR6CT66CGIIIIGIICiiT6CCCT6TGCR6TTGTG66TCR6C6CCRCRCCT 

m ~ ~ ~ m ~ ~ ~ ~ ~ ~ ~ ~ 
I I 
CCRGCTllG6116CCGTGTCCGCGCCIITGGCCRTCTRCIIIIGIIIIGTCIICII6CRCAT611CG6R6GTC6T6116RCGCT6CCC-ct:RCCRT6116CGCTGCTCC6RT -GT6IIC6GIIfiGI;CT -cG 
CCR6CTllG6116CC6T6TCCGCGCCIITGGCCRTCTRCIIIIGiliiGTCRCR6CRCIITGRCG61166TCGT6116RCGCT6CCC-ct:RCCRT&R6CGCTGCRCTGT&-GGCttb6111W:tTTC6 
CCR6CTllG6116CCGT6TCCGCGCCRTGGCCRTCTIICIIIIGiliiGTCRCR6CRCRT6RCG61166TC6T6116RCGCT6CCCTRCRCCRT6R6C6CTGTRCTGRTCGRGRC6GIIR6CCTTC6 
CCR6CTGG6116CC6TGTCC6CGCCRT66CCRTCTRCIIIIGiliiGTCRCR6CRCIIT6RCTGRGGTC6T6116RCGCT6CCCTRCR6CRT6R6C6CT6TIIGTRTIIGTl:l:SC6GCII6C- TCG 
CCR6CTGG6116CC6T6TCCGCGCCIITGGCCRTCTRCIIIIGiliiGTCRCR6CRCIIT6RCG61166TC666R611CGCT6CCC-a:RCCIITGRGCGCTGCTCCGRTG6T&IITG6TIIIITTII 
CCR6CTllG6116CC6T6TCCGCGCCRTGGCCRTCTIICIIIIGfliiGTCRCR6CRCIIT6RCIIIiR6GTC6t.6R611CGCTGCCC. cCllcCIITGR6C6CT6cac:teot.a: . a aeGG. Rac •• tc:e 

B 
w ro ~ ~ oo ~ ~ oo ~ ~ m m ~ 

----~----~--~-----+----~----~----~--~-----+----~----~----~----· 
p5le!con5CCR) C(lmj&ffiJii&-lmiRTCt:Tiilllif&:66T-6TiiCCIITA6T TCTCRT TRGTilHGTGC-TGTIH:nmGTI&ITGiiCCIIT~CCCIIiCTGGII66T6T66CGC 
p5Jo.a6P(R) cmt«<ITCililll«TRT .. TACII6CGCTCRTii6T6-Ii6G6CfliCGTCTCIIC6fiCtTCC6TCRT6TGC· TGTIKTimGTf&ITGGCCIIT6liC6Cli6IICIICTCO:IMiCTGGII66T6T66CGC 

p53eHon!if2!Rl CGIHiCT~RTJIC·TACII6CGCTCRT6CTGTft9iGCJfJCGTCTCJIC&ICCTCR6TCRT6TGC-TGTIKTICTT6Tf&ITGiiCCIIT6liC6Cli6IICIICTCCCIMiCTGGII66T6T66CGC 
p53elton!if1(R) ~Tf&ITI&IGC6IITCRTTli&iTII6GimiCGTCTCJICiillCCTTA6TmGT T6TGJICnmGTI&ITGiiCCIIT6liCiiOi6IICIICCCCIIiCTGGII66TGT66CGC 
p53elton!if3(R) tmf&iCTICCGTCTCGATCII6TACII6C6CTCRT6GT6TII6G6CiliC&TCTCJIC9ICCTCCGTCRT6TGC-T6TIH:ntTT6Tf&ITGiiCCIIT6liC6Cli6IICIICTCO:IMiCTGGII66T6T66CGC 

Consensus • Cf&Gat.ttcw. e. caRT cc. tJitA6C6. T caT eo .ata&nCaGCGTCTCRc~CTt.aGTCa T6TGC. TGTIH:nmGTI&ITG6tCRTGliC61li61DCGGCTCCCRGCTGGIIi6TGT66CGC 

131 1~ 100 1~ 1~ 100 1~ 200 210 220 230 ~ 249 
I I 

p53eocon5C(R) TIKCCRCRJICT6CliCIIiliGCJIC6TmCiiCCIIGCTG6CRGIIITR6CTIRn~JICT~ 
p5Jo.a6P(R) TGliCI:CliCRliCT6CJIC..-.&GCJIC6TmCiiCCIIGCTGOCI&IITR6CTIRn6llili6lilmi6RIJICT~Ili66GJICifiGCC-6116TIImlllll 

p53elton!if2(R) TIKCCRCRJICT6CliCIIiliGCJIC6TmCGCCRGCTGGCfliliiTRGCTTRn~TJICT~C6G6GJIClii6CC-6116TIImlTJII 
p53eHon!if1(R) TIKCCRCRJICT6CJICilimCJIC6TmCiiCCIIGCT66CIIiliiT116CTIRn6llili6lilmi6RIJICT~Ili66GJIClii6CC-6116TJIICGATR 
p53elton!if3(R) TGliCI:CliCRliCT6CJIC..-.&GCJIC6TCTTCGCCR6CTG6tRGIIITRGCTIRn~JICT~Ili66GJICJ116CCC916TIImlTR 

Consensus TGJICCCRCJIICT6CJICOOGGCJIC6TCTTC6CCRGCT6GCfliJIITR6CTIRTI611i6G6R6611611RCT~~~~~aatcaaacaaecc.rattaacaata. 

Figure 3.37. Alignment of sequences obtained after direct DNA sequencing of amp !icons 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 Fl 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 ex on 7 of the mouse p53 gene. 

131 



Figure 3.38. Electropherogram of the amplicons of exon ?of the mouse p53 gene. Lanes I, 2, 3, 4 
and 5 are the profiles of amp I icons obtained from unexposed control (C ), exposed P generation, 
exposed Fl generation, exposed F2 generation and exposed F3 generation samples, respectively. 
Lane M is the DNA molecular size marker (I 00 bo DNA ladder). 

Upon analysis of the electropherogram by KDS 1 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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A 
ro ~ ~ ~ ~ ~ ~ oo ~ ~ ~ ~ ~ 

----~----_.----~~----~----*-----~----~----_.----~~----~----*-----~-----1 
TCCIIIIG6IITC- T -GTGTCTICC-a:cllGGCCGG-CTCTGAGTRTRCCRCCRTCCRCTIICRIIGTRCRTGTGTRRTRGCTCCTGCRTGGGGGGCIITGIIRCCGCCGRCCTRTCCTTRCCRTCRTCRC 

GTCCCTGGRTCCT -GTGTCTTCC llGGCCGG-CTCTGAGTRTRCCRCCRTCCRCTRCIIRGTRCRTGTGTRRTRGCTCCTGCRTGGGGGGCRTGIIRCCGCCGRCCTRTCCTTRCCRTCRTCRC 
GG61111TTG6TTCCTCTTGTTCTCTTCCCilGGCCGGCCTCTGA6TRTRCCRCCRTCCRCTRCRII6TRCRTGTGTRRTIIGCTCCTGCRTGGGGGGCIITGIIRCCGCCGRCCTRTTCTTRCCRTCRTCRC 
TGC6CCTGGRTCCT -GTGTTCTCTTCCCAGGCCGGTCTCTGA6TRTRCCRCCRTCCRCTRCRII6TRCRTGTGTRRTIIGCTCCTGCRTGGGGGGCIITGIIRCCGCCGRCCTRTCCTTRCCRTCRTCRC 

T6611CTCCCTGG6ATCCT --6TTTT- TTCCCAGGCCG-TftTTGAGmTRC-fiCCRTCC-tTRCli-GTRCRTGTGTRRTIIGCTCCTGCRTGGGGGGCIITGIIRCCGCCGRCCTRTCCTTRCCATCRTCRC 
••••• g . cc. t.GGa TCc T . (tt.&Ttt T cttCCCIIGGCCGg. etc TGRGTRTIICcRCCIITCCaCTACfla6TRCRTGTGTRRTRGCTCCTGCRTG6666GCRTGIIRCCGCCGRCCTRT cCTTRCCRTCRTCRC 

131 1~ 1~ 1~ 1~ 100 191 
I I 
ACTGGIWlGIICTCCAGGTAGGIIIGGC6CGTGGTIIGGTTIIGGTTIIGCCTGTTTCTTCCCCAGA 
ACTGGIIII6ACTCCIIGGTAGGIIIGGC6CGTGGTIIGGTTAGGTTIIGCCTGTTTCTTCCCCAGR 
ACTGGMGACTCCIIGGTIIGGAIIGG(l;[GTGGTIIGGTTAGGTTIIGCCTGTTTCTTCCCCAGA 
ACTGGMGACTCCAGGTIIGGAIIGG(l;[GTGGTAGGTTAGGTTIIGCCTGTTTCTTCCCCAGA 
RCTGGIIII6ACTCCAG6TIIGGAIIGG(l;[GTGGTIIGGTTAGGTTIIGCCTGmCTTCCCCAGA 
ACTGGIWlGIICTCCIIGGTAGIBI66CliCGTGGTIIGGTTAGGTTIIGCCTGTTTCTTCCCCAGA 

B 
w ~ ~ ~ ~ ~ ~ oo ~ ~ m ~ ~ 

~----~----~-----+----~------~----+------ I CTRCCTRC-IICGC6CCTTCCTRCC- TGGAGTCTTCCRGTGTGIITGIITGGTIWilGRTAGGTCG6CGGTTCRTGCCCCCCATGCIIGGIIGCTRTTACRCRTGTACTTGTAGTGUITGGTGGTRTACTCRGII 
TCRTAGC TRCCIICGC&cCTTCCTIICC- TGGA6TCTTCCRGTGTGIITGIITGGTIWilGRTIIGGTCGGCG6TTCRTGCCCCCCATGC116611GCTRTTACRCRTGTRCTTGTAGTGUITGGTGGTRTRCTCRGII 

CRTIIGCT&c-RC&c&cCT TCCTRCC- TGGAG TCT TC-fiGTGTGIITiiRTGiiTIWilGRTIIGGTCGGCGiiT TCRTGCCCCCCRTGC116611GCTRTTACRCRTGTACTTGTAGTGUI TGiiTGiiTRTRCTCRGII 
RCR&CRT&a&cl CCCCTTCTCRCTATGGAGTCTTCCAGTGTGIITiiRTGiiTIWilGRTAGGTC66CGGTTCRT&cCCCCCRTGCRG611&cTRTTRCRCRTGTRCTTGTAGTGUITGiiTGGTRTRCTCAGA 
TCRGCRTATCGGTCCCCTTCTCRCT-TGGAGTCTTCCAGTGTGRTGRTG6TIWilGRTIIGGTC66CGGTTCRTGCCCCCCATGC116611GCTRTTRCACRTGTACTTGTAGTGUITGGTGGTRTACTCAGA 

•• ctAccl accaq(eCCTTCct.RCc . TGGAGTCTTCcAGTGTGIITGRTGiiTIWilGRTAGGTC61;CGGTTCATGCCCCCCRTGCIIGGIIGCTRTTACACRTGTACTTGTAGTGUITGiiTG6TRTACTCAGR 

131 1~ 1~ 1~ 1~ 100 184 
I I 
GCCGGCCTGGGGGIIAGRCRCAGGIITCCIIGGTGRAGTCGCTCCCTACCTCACTRR 
GCCGGCCTGGGGGRAGRCIICAGGIITCCIIGGTGRAGTCGCTCCCTRCCTCACTRR 
GCCGGCCTGGGGGRAGRCRCAGGIITCCIIGGTGIIIIGTCGCTCCCTRCCTCRCTRR 
GCCGGCCTGGGGGRA6RCRCAGGTCCIIGGTGRAGTCGCT TRCCTCRCTRR 
GCCGGCCTGGGGGRAGRCRCAGGIITCCIIGGTGRAGTCGCTCCCTRCCTCRCTRR 
GCCG&cCTGGGGGRAGRCRCAGGIITCCIIGGTGRAGTCGCTCcCTACCTCACTRR 

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 ex on 11 of the mouse Brcal gene. 
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Figure 3.40. Electropherogram of the amplicons of region A of ex on II of the mouse Brca I gene. 
Lanes I, 2, 3, 4 and 5 are the profiles of amplicons obtained from unexposed control (C), exposed 
P generation, exposed F I 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 KDS 1 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 m 

comparison to control (Fig. 3.41). 
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A 
1 10 20 30 40 50 60 10 80 90 100 Ut 12t 130 
I I 
&IITGIICCTCRT6TGTTCT-GTCT6TTG&IITT66TTGG-GIICT ATTG~;TIIGIIT6TCGIICCRTCRGIIIIGC6CIICIITCCTCIIGTCGCRGTIIGTA6GTCTIIIICIIATCIIIiiiGGGTCTCIIIIIiCCtt:CCTTG 
&IITGACCTCRTGTGTTGT -GTIIOICTGTGCGATATGGa;IICTG-<GCATTGI;TIIGIIT6TC611CCRTCRGIIIIGCGCACRTCCTCA6TCGC11GTIIGTA66TCTIIfiCIIATCIIIiiiGGGTCTCIIIIGCCCCct:TTG 

Glillct:TCR TGTTG1111iT6CGC~TRTGGa;~~CTG-CGCRTTGI;TRGRTGTCGIICCRTCRGIIIIGCiiUttltTCCTCA6TCGCRGTIIGTA66TCTIIfltiiATCIIGIIIiGGTCTCIIIIGCCCCct:TTG 
Cll TGTTG1111iTRC6CT~GATRTGGa;IICTG-CGCRTTGI;TIIGIITGTCGIICCRTCRGIIIIGCGCACRTCCTCIIGTC6CIIGTIIGTA6GTCTIIfiCIIATCIIGIIGGGTCTCftii&CCCCct:TTG 

6 1 TRTGTTGT -GTIIOICT6TGCGTT6TC6C611CT RTTGI;T TCIIIiT --cGCIICIITCCTCIIGTCGCRGTIIGTAGGTCTIIfltiiATCIIGIIGGGTCTCIIIIGCCCCct:TTG 
•• otillcc TCa 1. TGTT et . 61 acac T6t.eccot.;o T ,&cc;;ICTG. CGCRTT66TIIGot.etC6aCciiTCilliaaeC6CRCIITCCTCA6TCGC11GTIIGTA66TCTIIIICRRTCR6116G6TCTCIIIIGCCCCCCTT6 

m ~ ~ ~ m ~ - - m ~ ~ ~ - -I I 
IIIR1lt6CGCTTIIIICCTCIIGTCIIi6RiiiiiiiGT11611AftT661111611CR6T611RCTTGR10CTCA6TRTTTOCIIGAIITRCRTTTCRAGmCIIIIR6CGTCIIGTCRTTTGCmRmTCIIIIIItCTIIARCCTR 
llliiDIC6CGCTTIIfltCTCA6TCIIi6RiiiiiiiGTR6RIIAT-=n&T6IIfltTTGATOC1CRGTRTTTiiOIGIIATRCRmlliiGmCIIIIR6CGTCIIGTCRmGCmRTTTTCIIRAIICCTRIIACCTR 
RlilllltCGCGCTTIIfltCTCIIGTCIIi6RiiiiiiiGTR6RIIAT-=n&T6IIfltTTGRTOCTCA6TRTTTOCIIGAIITRCRmCRAGmCIIIIR6CGTCIIGTCRmGCmRmTCliRRIICCTRROCCTR 
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CRCTGTCTTCCIITTTCTRCTTTCTCCTGIICTGII66TTIIII6CGC6TGTCTC11116G6666CTTGA6RCCCTCT6RTTGTTAGOCCTOCTOC1GCGIICT61166RTGTGC6CTTCT6RT66TC6ACRTCTRCCR 
CRCTGTCTTcotmCTRCTTTC1CCTGIICTGII66TTRA6C6CliTGTCTCIIIIGG&6GGCTTGA6RCCC1CT6RTTGTTR6fla:TOCTOCTGCGIICT61166R1GTGC6CTTCT6RT66TC6ACR1CTRa:R 
CRCTGTCTTtCRmCTRCTTTCTCCTGIICTGII6GTTRA6C6CliTGTCTCRIIG666GiiCnGA60CCCTCT6RTTGTTAGOCCTOCTOCTGCUICT6R66RTGTGC6CTTCTGRT66TC6ACRTCTRa:R 
CftCTGTCTICCftTTTCTACTTlCTCCTGRCTliNiGTTflfi6C6CiiTGTCTCRR6GiiGGii[TTGII3AtttTCTGATIGTlfliACCTRCTACT6CGRCTGHGGfiT6T6CIICTTCT6fll6GTC&RCRTCTRCCA 
COC:T6TCTTCCRTTTCTRCTTTCTCCT6ACTGRGGTTRAGCGC616TCTCRIA6G66GGCTTGAGACCCTCTGRTT6TTAGRCCTfiCTACTGCGACTGA&GfiTGTGC6CTTCT6ATAG--ACIITCTACCA 
CfW:TGTCTTCCRTTICTACTTTCKCT6ACTlift6GTTflfi6CGC6T6TCTCAR6666GiiCTTli86ACCCTtT6ATTGTTI&I:CTACTACT6CiiACT6AG6RTGHiCiiCTTCT6AT~RTCTRCCR 

261. 270 280 2:SO ]Ito 30! 
I I 
RTGCGTCA61C-a:RIItCIIIITCCfiiiC GAGGTCIITC 
RTGCG-CAGTCGCCRTRTCGCRCAGTGTRCIHliRCRCRTGRGGTCRTC 
ATiiCG-<MiTC6COITRTC6-CH6C6CRCTTCMCRGRTGR66TCC 
AT&CG-oCRiiTC6CCRTA1CG-CflliCGTACTll:HfiCR&RTGAGCTCC 
RTiiC£r<:R£iTCiiC5RCHfiC&CACR6TGTACftooCfllCRTOCGRTCTct 
RTGCG.Cfllil~qr •• CA8cetJt[a . cAACft .. At.Gftn1Cc ... 

Figure 3.41. Alignment of sequences obtained after direct DNA sequencing ofamplicons of region 
A of exon II 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 ex on 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 amp I icons of region B of exon II of the mouse Brcal gene. 
Lanes 1, 2, 3, 4 and 5 are the profiles of amp I icons obtained from unexposed control (C), exposed 
P generation, exposed F I 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 KDS 1 software, no significant difference 

was observed in size of the amplicons of exposed samples in comparison to control. 

Direct DNA sequencing ofthe amplicons followed by alignment and analysis of the 

sequences using Multalin software revealed a significant change in the sequence of 

amplicons of samples F 1, 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 Fl , 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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T6GTCG6TTTTTIITIIGIITGOCCTGIIT~TTGTTT-TGTGII6TTTT6T6111111TTCCTGIITTTOCCTGT61;Cl;CTGII6TCCIITTCTCCCCGCTTCTGTIIIITG11611TGIITGGIICIIIIII6C 
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I I 
CTOCRIICC CTATCACIICIITTGTIITCII6CII6CTII6CTTOCCTTCTTiitCIIIibtiCfC:111116CCCIICTG1G6CI:GCIIOCT6ClT610C61GIICTGIITTTCIIIIITTCTTCCI6TCCCTGIICGTTCTTTTT 
CTOCRIICC CTHTCIICIICIITTGTIITCII6CII6CT116CTTIICCTTCTTGIICllbtitiULIITRII6CCCOCTGTG6CI:GCIIOCT6ClTGTOCGTGIICTGIITTTCIIIIITTCTTCCTGTCCCTGIICGTTCTTTTT 
CTIIiRACC CTATCOCIICIITTGTIITCII6CII6CTII6CTTIICCTTCT llitCIIIibtiCfC:TRII6CCCOCTGTG6CI:GCIIOCT6CTT6TOC6TGIICTGIITTTCIIIIITTCTTCCT6TCCCTGIICGTTCTTTTT 
CTIIGIIIC CTHTCOCIICIITT6TIITCII6CII6CTII6CTTIICCITmGIICllbtitiULIITRII6CCCIICTGTG6CI:GCIIOCT6CTT6TOC6TGIICTGIITTTCIIIIITTCTTttT6TCCtTGIICGTTCTTTTT 
CT CTHTCOCIICIITTGTIITCII6CII6CTII6CTTOCCTTCTT&ACII6G6CIItii6GTRII6CCCIICTGTG6CI:GCIIOCT6CTT6TOC6TGIICTGIITTTCIIIIITTmttT6TCCCTGIICGTTtTTTTT 

T CTRTCIICIICIITTGTRTCII6CII6CTII6CTTACCTTCTTGIICllbtitiULIITIIR6CtCIICTGTGGCCGCIIACT6ClT6TIIC6TGIICTGIITTTCIIIIITTCTTCCTGTCCCTGIICGTTmTTl 

~ 290 300 310 314 
I I 
61TTOCCTT1116CTGTCIICtTTTiiliiCTCII61Ttt 
GTTTOCCTTTII&CTGTCIICtTTTiiliiClCII&TTCCTTT~II 
6TTTOCCTTTII&CTGICIICtTTT1iliiCTCII6TTCCTTT611-66GC11t11611lll 
6TTTOCCTTTII&CTGTCIICtTTTiiliiCTCII6TTttTTTG~TR 
GTTTOCCTTTII&CTGTCIICtTTT1iliiCTCII6TTCCTTTGIHi66-CIICilGI 
GTTTOCCT11116CTGTCIICCTTT1iliiCTCII6llttttloa. a_..._.. 

Figure 3.43. Alignment of sequences obtained after direct DNA sequencing of amp I icons of region 
8 of exon II 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 ex on 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 II ofthe Brcal gene ofmice 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 exon11 of the mouse Brcal gene. 

:----IOObp 

Figure 3.45. Electropherogram of the amplicons of region C of exon II of the mouse Brcal gene. 
Lanes I, 2, 3, 4 and 5 are the profiles of amp I icons obtained from unexposed control (C), exposed 
P generation, exposed F I 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 KDS 1 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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6666TCTT T611CAT11661111CCTCT TGIIGIITTT&11611611C11TflCIITCIITt!HICT -GIIGfiTOCC'W&F&ifii"'T6116-ft 
IIGII66TCTTCIIfiCT611CAT11661111CCTCT~TTT&11611611C11TACATCIITCIHICT-GIIGfiTGE-COCTGOCIIIIIIT6116-ft 

C&il&li&IGTCTT-4llltlliiiCRT11661111CCTCT-..TCTCIICSITTT&11611611C11TflCIITCIITt!HICT-GIIGfiTGE-COCTGOCIIIIIITGAG-41 
TT TliiiCAT C~ -c&IITTT&11611611C11TACATCIITCIHICT -GIIGfiTGE-COCTGOCIIIIIITGAG-41 

RTCTTCIIACTiiiiCAT TCT T6C6TIICGIITTTGA6AGIICIITACATCIITCATACTCGAGAT GOCIIIIIITGilGTA 
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ACRTTCTTCf1611GTIICIIGTiiCACAC116TTII6CCT6111TIIflt1l6lmlfiiTiiCTTGTCIIfl6AIIOCCOCCTCOCGCII6TATTCIITGIIfiGTAT&TTCCACTOC 
ACATTCTTCIIGil6TACII6TGCACACII6TTII6CCT6111TIIflt1l6lmlfiiTGCTT6TC1&IGIEI6CCOCCTCOCGCII&TATTCIIT611116TRT6TTCCACT6G 
flCIITTCTTCIIGil6TAC116TGCACAC116TTII6CCT6111TIIflt1l6lmlfiiT6CTTGTCIIII6IIIIGCCOCTCOCGCII6TRTTCIITGIIfiGTATGTTCCACT6G 
flCIITTCTTCIIGil6TIICIIGTiiCACACII6TTII6CCT6111TIIflt1l6lmlfiiTiiCTT6TCIII&WI6CCOCCTCOCGCII6TRTTCIITGIIfiGTRTGTTCCACTOC 
flCIITTCTTCIIGil6TIICIIGTiiCACAC116TTII6CCT6111TRACII6IIOCIIIIRTiiCTTGTCAflliflii6CC66CCOCGCII6TATTCIITGIIfiGTATGTTCCACT6G 
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T611CTCCTTCCCA66IICIIIICT1166TR&NB:116116Gl6CCTAII66TGIIIDICT6TiiCCTCCATTIUIT116TATiiCII&CCT66TiiTCT&T~IiT 
T6ACTCCTTCCCIIG6RCIIIlCTII6GT11611111lt11611TAII6GTGIIIDICTGTGCCTCCIITTIUITII6T11TiiCII&CCT6GTGTCT&Tili6IIIWW;T&T 
TliiiCTCCTTCCCII6GACIIIlCTII66Tf1611111lt11611fAII66TGIIIDICT6TGCCTCCATTII6ATII6TATiiCII&CCT66TiiTCT&Till60liiiii6T6T 
TliiiCTCCTTCCCIIG6RCIIIlCT1166Tf1611111lt11611TA1166TGIIIDICTGTGCCTCCATTIUITII6TAT61J16CCTOCTiiTCT&TCIIGCAIWI6TGT 
TliiiCTCCTTCtcRG6RCAACTII66Tfi&NB:116116G6CCTAII66TGIIIICACT&TGCCTCCATTIUITII6TRTiiCII&CCT66TiiTCTiiTCII6-ftiiRIIGT6T 
TliiiCTCCTTCCCII6GfiCIIIICTII6GT11611111lt11611TAII6GTGIIIDICTGTGCCTCCIITTIUITII6TRTiiCII&CCT6GTiiTCT~T6T 
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GOC&TAC-GGCTGCIITACTRTCTfl-TG6AOCCIIC'IGTGTCTCIICCTTII6GCCCTCT6TTTCTACCTRGTT6TCCTG6G111166116TCAC-CII6T66111C 
CTAC1161iCTGCIITACTRTCTII6TOCII6IiCIICIIGTCTCTCIICCTT CCTCT6TTTCTACCTII6TT6TCCTOC6IIII6Gil6TCAC-CII6T66111C 

6CTACII6GCTGCIIT11CTRTCT6-T6GIIIiliCliCII6TCIICCTTII66CCCTCT&TTTCTACCT116TT6TCCTG6G111166116TCIIC&CII6T66111C 
GT&TAC-GGCTGCIITIICTRTCTfl-T6GII66C'ICII&T6TCTCIICCTTII6GCCCTCT&TTTCTACCTII6TT6TCCTG6G111166116TCAC-tii6T66111C 
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I I 
RT11CTTCRT6111TACTGCCCGil6CCG6CTTCTTGIIC'IR6CIITTTCCTCTGTTRTTCIIOCCTRACTiiTGTiiCACTGTACTCT61111611ATGTTCTCIITTTCC 
RTACTTCRT6111TACTGCCCGil6CCG6CTTTGIIC'IR6CIITTTCCTCT&TTRTTCIIOCCTRACT6T&TiiCACT6TACTCT61111611AT6TTtTCIITTTCC 
ATACTTCRT6111TACTGCCCGil6CCG6CTTCTTGIIC'IR6CIITTTCCTCTiiTTRTTC'IG&C1RACT&TiiTGCACT&T11CTCT61111611AT&TTCTCIITTTCC 
AT11CTTCRT6111TACTiiCCCGII6CCOCCTTCTTGIIC'IR6CIITTTCCTCTGTTATTCIIOCCTRACT&TiiTGCACTiiTACTCT61111611ATGTTCTCIITTTCC 
RTACTTCIIT6111TACTGCCCGII6CCOCCTTCTTGIIC'IR6CIITTTCCTCT6TTATTCfiGGCTRACT&TiiTGCACTiiT11CTCT61111611AT6TTCTCIITTTCC 
RTACTTCRT6111TACTGCCCGII6CC6GCTTCTTGIIC'IR6CIITTTCCTCTGTTRTTCIIGGCTRACT&T&TGCACT6TACTCT61111611ATGTTCTCIITTTCC 
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I I 
CACCGCCRTCTCRATTGRTGRT6TATGTCTCTC-TC6TCCCTCTGTC1161166TTTCCTATT6TCII6TTTTTATIUITGRCC ~6GG 
CACCGCCATCTCIIGTTGRTGRT6TRTGTCTCTC-TC6TCCCTCT6TCIIGil6GTTTCCTRTTGTCIIGTTTTTATIUITGRCCT6fll~6GT 
CACCiiCCIITCTCIIGTTGRTGRTGTRTGTCTCTCIIRATC6TCCCTCT6TCIIGII66TTTCCTATT6TCII6TTTTTATII6ATGRCCT611T6GGR&NB:T6GT 
CACCGCCRTCTCIIGTTGRTGRTGTRT6TCTCTC~C6TCCCTCT&TC116116GTTTCCTATT&TCII6TTTTTRTII6RTGRCCT6AT~OCR 
CACCGCCRTCTCIIGTTGRTGRTGTRTGTCTCTCIIRATC&TCCCTCT6TC116116GTTTCCTRTT6TCIIGTTTTTRTII6ATGRCCT6AT~6G 
CACCGCCIITCTCfleTTGRTGRTGTRTGTCTC~lC&TCCCTCT6TC116116GTTTCCTRTTiiTCIIGTTTTTRTR6ATGIICCt.&IT6GGA&NB:T6G . 
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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 ex on 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 ex on 11 of the mouse Brca I gene. 

--- lOObp 

+---IDD'bp 

Figure 3.47. Electropherogram ofthe amplicons of region D ofexon I I ofthe mouse Brcal gene. 
Lanes I, 2, 3, 4 and 5 are the profiles of amp I icons obtained from unexposed control (C), exposed 
P generation, exposed F I 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 KDS 1 software, no significant 

difference was observed in size of the amplicons of exposed samples m 

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 m 

comparison to control (Fig. 3.48). 
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----~----~----~----+-----+-----~----~---------------------+----~-----1 6016TGTT..CTiiTII-WfGIITIHiTRTCTT&IRITIICIIHlGCIIIiGATiillllGtlliTCTGT~CTCTCCRTGTCTRTTCTCII&IICOITCTT6II&CIIITCTATiiiETG&Tfllli6TT 
&CAGTGTT...CTGT11-6TGATfH;TRTCTT&IRIT~TGAGGCTGTCTiiT~CTCTCCRTGTCTRTTCTCRGACtATCTTGAGCIIATCTAlliiETG6Tfllli6TT 
TflliTiiTT...CTiiTIHiTGIITfH;TRTCTT&IRITCIIIIIfi-«<IGGTGAGGClliTCTGT~CTCTCCRTGTCTRTTCTCRGACtRTCTTGAGCIIATCTRl&IIGTGiiTfllliliTT 

IIIC6CAGT6TTIICT TGIIT TATCTT&IRI I DIIIII6CiiDI&6BT61161ltl6TCTGT~CTCTCCRT6TCTRTTCTCRGACtRTCTTGAGCIIATCTAlliiETGiiTfllli6Tl 
G&KIIT~TGTT ..CTGTII-&TGIITfH;TRTCTTGIIRT~ TGAGGCTGTCTGT~ClCTCCRTGltTRTTCTCRGACtRTCTTGIIGCIIITCTRl&IIGTG&TfllliliTT 
•••••••• oca~~TGTT .CTGt.fl . liTGATR .GTftlCTT~T&ROOCTGTCTGT6C11611CTTCTClCCRTGTClftTTCTCRGACtftTCTlli116CRIHCTRTGR6TG6lfllli6Tl 

rn - ~ - = ~ ~ ~ = ~ ~ - ~ ~ I I 
mCII66mliCTCT-.:cTGIIT611CCTiiCT6611TGIIT&TTGIRITIIC~TACTII6CTTTGiiT61111G&TGIICTITRIITGGII6fii;IITCTGCTGTCm~CCTGIIGIIIIG66IIGT 
ffiCII66mGCTtTGAGACACCTGIITGIICCTGCTGGATGATGTl&IRITIIC~TIICTIIGCffiG6T61111G&T611CATRIITG6AGR611TCTGCT61Cffi~CCT-T 
mCII66ffi6CTCTGIIGIICIICCTGIITGIICCT6CTGGATGIIT6TTGIRIT~TAClllliCTTTG6T6111166TGIICTITRIITG6AGR611TCTGCTGTCTTTIIICGGIII6CIITCCTGIIGIIIIG66IIGT 
ffiCR66ffi6CTCTGAGACACCTGIITGIICCTGCTGGATGIITGTT,_~TIICTIIGCTTTG6~TGIICTITRIITG611611611TCT6CT6TtmiiiCGGIII6CIITCCT-T 
ffiCIIG6ffiliCTCT-.:cTGIITGIICCTGCTGGAT611T6TTGAAAT~ACTIIGCTTTG6T611AG6TGIICTITRIITG611611611TCTGCT6TCm~TCCTGIIGIIIIG66IIGT 
ffiCII66ffi6CTCTGAGACACCTGATGIICCTGCTGGATGIITGTTGIRITIIC11666111:11TIICTIIGCTTT66T6111166TGIIOITRIITG6AGR611TCT6CTGTtm~TCCT-l 

2S1 m 21111 290 300 :no 320 nt JoiO 350 3A62 
I I 
ctiiGT-CClflliTCCTGTRIICCiliTGCIITCliRAGTCTCA611GTCT~TCTII6GIIAIITTR611ATC6TC-GIICTCCRT 
CCIIGT-CCTR6TCCTGTRIICCCRTGCIITCGAIIGTCTCR6116TCT~CT-TTAGMTC6~CCRT66T 
CCIIGTA61liiGCCCTRGTCCTGTRIICCCRTGCRTCGAIIGTCTCR6116TCT~TCT-TTAGMTCGTC~TCCIIT66T 
ctiiGT1166111iCCCTRGTCCT6TRIICCCRT6CIITCGAIIGTCTCR6116TCT~CT-llft611ATCGT~~ 
CCIIGTA61liiGCCClflliTCCT6TRIICCCIITGCIITCGAIIGTCTCR6116TCT~TCT,_TTRGRIITC6Ttft6ARGIIGII-6tlCCR 
ctiiGTA61liiGCCCTflliTCCTGTRIICCCRTGCIITC-.rcrCR61161CT~Cl-TTAGMTC6TC-.-.ocGACltolt • • •• 

B 
1 10 20 30 40 50 60 .,. 10 ~ 100 uo 120 130 
I I 
IICGA-Tttn- TTTCClllliRDiCTCTGT-TCTGIIGACTTCGIITGCRT006TlftCRG611CTRGGiiCTCCTIICTG&RCTcttTTCTC116611T6CTTCC6TliiiiiiYICRILR611TtTCTCCIITTRTGT 
CM-TCTII--liTTTCTIOIC9:TCTGTGGA611CTCCG11611CTTCSRT6CRT666TTIICRii6ACTIIGGGCTCCTIICTGiiiiCTcttTTCTCRGGATGCTTCC6TTIIIIIIYICitiLRGTCTCTCCIITTATGT 

IICGA-TCTII-TTTCGTR611DiCTCTGTGGAGIICTCTGIIGACTTCSRT6CRTGiiGTTIICRii6ACTIIGGGCTCCTIICTGiiiiCTcttTTCTCR66AT6CTTCC6TT-TCTtTCCIITTATGT 
IICGRIITCT- TTTRGTR611DiCTCT&T-TCTGIIGACTTCSRTGCRT666TTRCAG611CT116661:TctTIICTGGACTCCCTTCTCR66AT6CmCSTT-A&ATCTCTCCRTTATGT 
CGA-TCT1161iTCT-GTRGIIC6CTCT&~CCGIIGACTTC611T6CRT&G6TTIICRG6IICTIIGGGCTCCTIICTGiiiiCTCCCTTCTtii66ATscmt6T1-ft611TCTCTCC11TTATGT 

.Caft. TCTR •• tt T. l lft611C6CTCT6TGGAGIICTCtGIIGACTTC611T6CRT666TTRCRG611CT116661:TCCTIICT6611CTCCCTTCTCR&IiAT6CTTCt6T1-MDMTCTCTCCIITTATGT 

m - ~ ~ ~ ~ ~ ~ = ~ ~ ~ ~ ~ 

' ' CfiCCTTCRCOIIIII6CTII6TRTGTCCCTGTRTmRIICRTCRTCCIIIiCRGiiTCRTCRG6TGTCTCR6fl6DIIIIIttTiiiiiiiiiRCI:TTIICCIICTCRTft611TTGCTCRRGIITG6TCTGIIiRIITRGIICIIT66116ft 
CIICCTTCIICCftfTII6TIIT6TCCCTGTRTTTCRIICRTCRTCC-TOITCII66T6TC1 t116116CiM1CLT-..:cTTIICCIICTCRTI&ITTGCTC1111611T&&TtT-T~6611611 
CfiCCTTtiiCCIIAII&CTIIGTRTGTCCCTGTIITmi!IICRTCRTCC-TOITCII66T6TCTCR6116CiM1CLT6Af111KtTTIICCIICTCRTI1fiiiTTGCTCIWiiiTG6TCT-RGIICIIT6611611 
CfiCCTT~TR6TATGTCCCTGTATTTCftfiCRTCRTCC~OITCII66T6TCTCR6II6CIMICLT-..:cTTIICCIICTCRTI&ITTGCTCMGATG6TCT-RGIICIITG6AGA 
CfiCCTTCI1COilRGCTR6TRTGTCCCTGTATTTCftfiCRTCRT~TOITCII66TGTCTCAGIIGCRiliiCCT-..:cTTIICCIICTCRTRGIITTGCTCRRGIITG6TCT-Til6RCRTGGIIGA 
CRCCTTCI1COilRGCTR61RTGTCCCTGTATTTCARCRTCRT~TCATCRG6T6TCTCAGIIGCRiliiCCTGAiftR:CTTACCIICTCATRGIITTGCTCRRGRTG6TCTGIIiRIITil6RCRTGGIIGA 

261 !10 200 290 :100 31o :120 no :MO 35851' 
I I 
6AA6TCT6Cfltft6HCA6tCTCACCCTCCT6tTTTTnHnTCM6ATAtTIATCfttTiftCft66RAtRCTTI&cT&Ii f&UX iCWCC1\i6C1611 
GIIR6TCT6CIICJI6RCftliCCTCIICCCTCCTGCTmTTAffiCRIIGIITIICTTATCIICTT~mGCT~GA 
611RGTCT6CACA611CA6CCTCIICCCTCC16CTmTTAffiCR11611TIICTTATCIICTT~ffi6CT 611 

=~~====m~~~~~~=~~=~~::::=::m~~~~ii6Rt~~~T6 
611116TCT6CIICRGIICIIGCCTCIICCCTCCTGCTTTTTTAffiCRIIGIITIICTTATCACTT~m6CTGRcr~o. 

Figure 3.48. Alignment of sequences obtained after direct DNA sequencing of amplicons of 
region 0 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 m 

region 0 of ex on 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 exon11 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 ex on 11 of the mouse Brcal gene. 

Thus, while the nucleotide sequence of ex on 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 KDS 1 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. 

bp 

bp 
bp 
bp 
bp 

365 bp 
bp 
bp 

bp 

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 Fl 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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----~----~----~----~----~----~----------------+-----+-----+-----~----1 
TRT~TCTCT&I!IiCCTCftRRCCGCCTCCflC-lTGCTTTGCCTCIICIIIICTCCTTGGTTCAGGG611TGGGIICRAGCt6611mCIICCTftCTGGTiliGCftRIIGTTRTOIAIIGTctTTTRTCIICACT 
RffiiiCRRRTCTCT&I!IiCCTCftRRCCGCCT TTGCmGCCTCliCflRCTCCTTGGTTCAGGG611TGGGIICRAGCt6611mCIICCTACTGGTCAGCAIIACTrRTOIAIIGTctTTTRTCACRCT 

TCTCTOOGCCTCIIRAtCGCCTCCflC-TTGCmGCCTCIICIIIICTctTTGGTTCAGGG611TGGGIICRRGCCGGIImCRCCTftCTGGT~TTRTCRRIIGTctTTTRTCACRCT 
liCIICliiii!TCTCT&I!IiCCTCftRRCCGCCTCCflC-TTGCmGCCTCIICIIIICTCCTTGGTTC11666611TGiiGIICIIII6ttGGIIffiCIICCTIICT61iT~TTRTCRRIIGTCCTTTRTCIICACT 

-T~TCTCT&I!IiCCTCftRRCCiiTRT TGCffiGCCTCIICIIIICTCCTTGGTTC11666611Tr;r;G~~CIIII6tt6611mCRCCTRCT&6TCII6C-;Tilll~CCTTTRTCIICACT 
••• at . ceclllllllCl[TGII6CCTCilllltCCiicc TCCllc . t lGCTTTGCCTCACiliiCTCCllGGTTCIIIiGGiilllGtiGIICRAGCt6611mCIICCTIICT&61 CRGCIIliiGlllllCIIIRGTCCTTTRTCIICACl 
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GCRCACIIIICMCCCIIIICTCrRTGCCCCTGGCC6CT6TCGCGR6611TGGCIIGCACCiiTCIICT&6GTGIITGTGIIIICGIIGIITTGG6GGCCC-CT6TC6GGTGC6T6GIIGCCTT6GIITTTCCTRAGTC6 
GCAC110111CIIftCCCRRCTCTRTGCCCCTGGCC6CT6TCGCGR6611TGGCIIGCACCiiTCIICT6GGTGIIT6TGIIIICGIIGIITTGG6GGCCC-CT6TC6GGTGC6TGGIIGCtTT66RTTTCCTIWiTCii 
GCRCACIIIICMCCCIIIICTCTRTGCCCCTGGCCGCT&TCliCiiiiGGRTGGCIIGCACC6TCIICT6GGTGIITGTGIIIICGIIGIITTGG6GGCCCIWHft:CT&TC6GGTGC6TGGIIGCtTT66RTTTCCTIWilCii 
liCIICIICRIICIICIIIICTCTIITGCCCCTGGCC6CTGTCGCGR6611TG6CIIGCACC6TCIICT6GGTGIITGTGIIIICGIIGIITTGG6GGCCC-CT&TC6GGTGC6T66116CCTT66RTTTC[11WilCG 
GCAC1IOIRCIIftCCCIIIICTCTRTGCCCCTGGCC6CT61CGCGR6611TG6CIIGCACC6TCIICT6GGTGIIl6TGIIIICGIIGIITTGG6GGCCCIWHR:CT&TC6GGTGC&T66116CCTT66RTTTCCTIWil­
GCIICIICIIICflllCCIIIICTClftlGCCctTGGCCGCTGTC6CGIIG6AlG6CIIGCACC6lCIICT6GGTGIIT6TGIIIICGIIGIITTGG6GGCC~CTGTC6GGTGCG16GIIGCCTT&6ftlTTCCTIWilcw 
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6CT611CCTT61166TCCCC6GTCIIGT&6CRTCT&TIICT6TT6TCTCTCCR6CT6CIICIIlifiii&OCTTTTCCTCC6CCIIC&611GCT6T6Gtl1C6111111TIIC&fiC5& 
6CTGIICtTT61166TCCCC&6TCIIGTGGCRTCT6TIII:T6TT6TCTCTCCR6CTGCIII:IIliiiii&OCTTTTCCTCC6CCIIC&611GCTGT6Gtl1C6111111TIII:GIII:GT 
6CT611CtTT61166TCCCC&6TCIIGTGGCRTCT6TIICTGT16TCTCTCCR6CT6CJICIIlifiii&OCTTTTCCTCCGCCIIC&611GCTGTGGCIIC5AIIRTIII:GIIC 
6CT611CtTT61166TCCCC&6TCIIGTGGCRTCT6TIICTGTT61CTCTCCR6CT6CIICIIGIIIIGOCmTCCTCCGCCIIC&6IIGCTGT6Gtl1C6111111TIII: 
GCTiiiCtTTGIIGGTCCCt&6TCII6TGGCRTCT&TACT61TGTCTCTCCR6CT6CIICIIGIIIIIi6CTITTCCTCC6CCIICG6116[TGTGGCIIC6AIIIITIICGIICiil! 
GCTGIICtTTGIIGtTCCCCGGltiiGTGGCRTCTGTIICTGTT6TCTCTCCRGCT6CJICIIGiliiGGCTTTTCCTCCGCCilC&611GCTGTGO:llC5IIIWITIICooco. 
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TTTTC61llffit-GT6CCIICII6CTCC6T&6t&6116611RRA6Ct:TTC T6T6CR6CTGGIIGIIGIITIRliGTIICI191TGCCIICTGIICCGGGGIICCTCAA6GTCR6CtGIICTT-TCCRRQ;CTCCIICGC 
..:-.TRTTTC-GT6CCIICR6CTCC6T66CGiiflliliT~T1iiT6T6CR6CT66IIIiiiGIICIIIT~TGCCIICTiiiiCC6GGaiCCTCI¥&iTCIIGmRCTT-TCCRRQ;CTCCIIC6C 

TC6TRTTTC-GT6CCIICII6CTCC61GliCGGIIGGIIIIITTCT616CR6CI66IIIiiiGIICIIITIICIIGITGCCRCTiiiiCC6GGaiCCTC/IIIIililCfiGCCQI(TT-TCt1DiGCTCCIIC6C 
CtiTRmC-61 lCC6T~TTCT&lGCR6CT60itttbiiUIIIUIT~TGCCIICTiiiiCC6GGaiCCTC111161iTCR6CtGIICTT-TCCIWiGCTCCIIC&t 
6TRmCCGT6CCIICR6CTCC6T&6C6-ddi&CC66-TGT6CR6CT6GIIGIIGIICIIIIJICfl&ITGCCIICTiiiiCC6GGaiCCTC111161iTCR6CtGRCTT-TCCIWiGCTCCflC6C 

•••• c6TAmC . GloCCRC11oCTCC6l&6C66116Ga11ft116CCttc TGTGCR6CTGGIIe-...:IIGTIICI!&ITGCCIICT~TC111161iTCRGccoft[TT-TCC-.t:TCCIICGC 
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I I 
IICCC611C111iGTTTTT6&6CCCCCilRTCTC&TTCIICRTCIICCCII61liiiC6GTGCTGCCRTCCTCiiCliiiCII6Ctifi66G6CRT1161161TG661TGTT61616CIIGTGT6RT-TTTGIITIIIICTTT 
ftCCC611C111iGTTTTT66GCCCCCilRTCTC6TTCIICRTCIICCCIIGTGIIC6GT6CTGCCRTCCTC&I:IJIICII6C&Gfi66G6CRTII6RGTT66GTTGTTGT616CIIGTGTGRT-TTTGIITIIIICm 
ftCCC611C111i6TmT&IiGCCCCCilRTCTC6TTCIICRTCACCOIIiTW&6TGCT6CCRTCCTC6CGIICR6C6IiCCfi66G6CRTII6RGTTG661TGTTGTGT6CIIGTGTGRT-TTTGIITIIIICm 
11CCC611C116GTTTTTG&6CCCCCRIITCTCGTTCIICATCIICCCIIGTGIIC6GTGCTGCCRTCCTC6CGIICR6C6IiCCfi66G6CRTIIGIIIilTGii6TTGTTGTGT6CIIIiTGT6RTIIIIR6GIICTTTGIITIIIICTTT 
11CCC611C116GTmTGii6CCCCCilRTCTCGTTCIICRTCIICCtiiGTGIIC6GTGCTGCCRTCCTC6CGIICR6C6IiCCfi66G6CRT116111ilTG661TGTTGTGT6CIIIiTGTGRTIIIIR6GIICTTTGIITIIIICm 
IICCCiillCIIGGTmT66GCCCCCRRTCTC&TTCftC11TCRCCCRGTGIICGGTGCTGCCRTCCTC6CGIICR6C6IiCCfi66G6CRTII6RGTTG6GTTGTlGTGT6CIIIiTGTGRTRIIIl&GIItTTT611TIIIICTTT 
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I I 
GCTGIItCR6TII66TGIIIIRTCC&GCTT6TCCCRTCCCCTGIIIICCJHi6IIGTT6T61lti6C111116CC- T6&116tiC6GTTTGIIGGCTCl16&11611TTTGT66665 
GCTGIICtiiGTA66TGIIAATCC&Gtn&TCCCRTCCCCTGIIIICCRII6GilGTTGTGII&6CI1AIIGCIITGT61iAGGC6GmGAGGCTCIIIHI61ITTTGTR6CT 
6CTGIItCR6TIIGGTGIIAATCC&GCTTGTCCCRTCCCCTGIIIICCAIIGGIIGTTGTGII&6CI1AIIGCIITGT6IliiG&:6GTTTGIIGGCTCRT -IIGIITTTGT&6ft~ 
GCTGIICtiiGTA66TGIIAATCC&GCTT6TCCCRTCCCCTGIIIICCRII6GilGTTGTGIIGGCAIII6CRIIGTG6RilGC66TTTGIIGCI:TCI'I6-ft6RTTTT 
6CTGIICCR6TRG6TGIIAATCC&GCTTGTCCCRTCCCCTGIIIICCAIIGGII61lGTGIIGGCI1IIIIGCIT6611&61:6GmGAGGCTt T&TSC 
GCTGIICtiiGTAGGTGIIAATCC&GtnGTCCCRTCCCCTGIIIICCRII6GilGTTGTGII6GCIIIIII&C..t.oTGGIIGGC6GTTTGIIGaCTCfto . flool tt .... o ••• • • 

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). 

A 

B 

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 ofSer formed a hydrogen bond with the backbone oxygen 

of the Cys 37 residue (Fig. 3.57). 

A B 

Figure 3.57. Difference in H-bonding of the - SH group ofCys 41 in wild-type (A) and the -OH 
group of Ser 41 in mutant (B) with the backbone oxygen of Cys 3 7 in rotamer 3. 
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3.6. SLOT-BLOT ANALYSIS OF EXPRESSION OF P53, BRCAl 

AND BRCA2 PROTEINS IN SELECTED HUMAN CANCERS 

Slot-blot analysis was used to study the expression ofP53, 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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Control + Head and neck cancer 

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 < 0.00 l. 

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 11 lll lV v vi Vll viii ix X xi xii 

A 

B 

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 express ion 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). 8-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 (f) and 
stained with India ink for total protein (If). 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 m 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 Brca I 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). 
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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-Brca I antibody (I) and 
stained with lndia ink for total protein (ll). B-densitometric plot (mean ± SD) obtained. n- number of 
samples; ~~~ indicates significant decrease at P < 0.00 I. 
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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). 
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Figure 3.65. Upregulation in expression of Brca I protein in PBL of patients suffering from head and 
neck cancers in comparison to control. A- slot-blots immunoprobed with anti-Brca l antibody (I) and 
stained with India ink for total protein (ll). 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). 

151 



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 totaJ protein (II). 8-densitometric plot (mean± SO) 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., 1994; 

Kuttan et al., 1995; Chiba et al., 1998; Kannan et al., 1999; Ralhan et al., 2001; Hsieh 

et al., 2001; Goan et 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" BRCAl 

(murine Brca1) and BRCA2 (murine Brca2) proteins during chronic exposure to BN, 

beginning with onset of exposure and culminating ultimately in the discemable 

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 carcmogen may be transmitted multigenerationally or 

transgenerationally by in utero 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 oftransgenerational 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 eta/., 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 RAD51 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 et al., 2001). Similarly, exon 27 of the 

Brca2 gene was selected because it codes for the COOH- terminus of the Brca2 protein 

which directly interacts with RAD51 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 et al., 2002), and to cause 

hypersensitivity to DNA crosslinks, increased chromosomal instability, and reduced 

life span in mice (Donoho et 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 organ weight are important indicators of the health status of 

laboratory mice (Cullen~-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 

Fl, 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 ofthe liver (Fig. 3.1 c & d). However, 

the F1 mice developed nodules after 8 weeks of exposure (Fig. 3.1 g & h), the F2 mice 

(Fig. 3.1 i & j) after 6 weeks of exposure and the F3 mice after 4 weeks of exposure to 

AEBN (Fig. 3.1 k & 1). 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 Fl, F2 and F3 
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congestion of misfolded proteins (Shiraishi et al., 2006). The extensive disruption of 

the ER observed upon chronic exposure to AEBN (Fig. 3.3 II b & c), could ~ead to 

calcium release from the ER lumen. Aberrant Ca2
+ regulation in the ER may cause 

protein unfolding because of the Ca2
+ -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 et 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 II-a and I-a). However, the hepatocytes ofP 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 e) and number (Fig. 3.4 li-e through e) 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 cristae (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 c into the cytosol, where it triggers 

caspase activation (Evan and Vousden, 2001). Cytochrome c is enriched in the 

intennembrane space encased by the cristae 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, 

Brca1 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 

159 



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 ceiis 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; Moil and Petrenko, 2003). Elevation of the levels of 

Brca1 and Brca2 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 

sp~een 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 level of 

p53, Brca1 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 level 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 c & 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 fmdings 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 et al., 2001). This aspect may be the subject of future 

investigations. 

The levels of both Brca1 and Brca2 proteins were found to decline below age-matched 

control level after 4 weeks of exposure onwards. The level of Brca1 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 Brca1 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 Brca 1 and 

Brca2 proteins below the basal level maintained in age-matched control mice. The 

pattern of alteration in cellular levels of Brca1 and Brca2 proteins is, therefore, nearly 

identical. This observation may be explained on the basis of a previous report that 

Brcal and Brca2 are coordinately regulated (Raj an et al., 1996). 

The Brca1 and Brca2 proteins are required for the preservation of genomic stability 

(V enkitaraman, 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 Kachnic, 2003), leading to instability of the genome. In fact, it has been reported 

that cells deficient in the murine homolog of BRCA2 sustain spontaneous aberrations in 

chromosome structure; gross chromosomal aberrations have also been reported in 

Brca1-deficient mouse cells, and in BRCAJ or BRCA2 deficient human cancer cells 

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



level of the Brcai and Brca2 proteins, would explain the previously reported induction 

of chromosomal aberrations and sister chromatid exchange upon exposure to AEBN 

(Kumpawat et 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, I988; Pariat and Sharan, I998), 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 BRCAJ 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 

BRCAI RNA as well as protein, followed by a reduction to below basal levels 

(MacLachlan et al., 2000). It was suggested that BRCAI participates in the 

accumulation of p53 during the early periods of DNA-damage, and subsequently, p53 

may be responsible for the reduction of BRCAI to or below basal level after the initial 

treatment by repressing BRCAI 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 Brcai 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 et 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 II of the BRCAJ gene have been widely reported in breast 
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and ovanan cancers (Risch et al., 2001; Ciernikova et al., 2003; Byrski, 2003; 

Valarmathi et al., 2004; Muller et'(ll., 2004; Tommasi et al., 2005 and Saxena et al., 

2006). However, exon 11 of the murine Brcal gene (Appendix Til 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 

p53 gene, exon 11 of the Brcal gene, and exon 27 ofthe 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 Brca1 and Brca2 proteins, by a 

mechanism as previously described (MacLachlan et al., 2000; Wu et al., 2003). 

AEBN-induced carcinogenesis, therefore, proceeds through a senes of distinct 

responses of the p53, Brcal and Brca2 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 "caretaker" 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 Brcal 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, Brcal 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 model 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, Brca1 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 

spleruc 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, Brcal and Brca2 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, Brca1 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, Brca1 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 ofFl (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 Brca1 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 ofF1 (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 Brca1 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 ofBrca1 and Brca2 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 ofp53 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), Brca1 (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 ofthe 

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 ofp53, Brca1 and Brca2 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 Brca1 and 

Brca2 proteins are downregulated below control level; the promotion stage involves 

downregulation of p53 protein to control level, and the Brca1 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, Brca1 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 

Fl 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 ofpreneoplastic 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 Brca1 protein. The Cys and Ser residues assumed three different orientations 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 sp~ificities between wild-type and mutant Brcal proteins as 
revealed by molecular modeling 

( Rotamer 1 Protein ( H-bond ( Bond length (Bond angle 

I'Wild4ype j Cys41- Asp38 j2.19A 166.07° 

I Mutant J Ser41-Asp38 J2.34A 170.70° 

~~ Wild-type j Cys41- Cys37 I Bond absent 

I Mutant I Ser41-Cys3 7 I 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 RAD51-iriteraction domain of the mutant Brca1 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 Brca1 

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, 

Brca1 and Brca2 proteins, as well as mutation of exon 11 of the Brcal 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, Brca1 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, Brca1 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, Brcal 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 et a/., 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 preneoplastic nodules of the liver, which was closely 

associated with crucial alterations in the levels of p53, Brca1 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, BRCAJ 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, Brca1 

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, Brca1 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, BRCAl 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 ofp53 (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 

BRCAI 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 BRCAI (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 BRCAI and 

BRCA2 proteins. The alterations observed in this study pertaining to the levels of p53, 

BRCAI 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, BRCAl and BRCA2 proteins observed in different 

cancers 

I Cancer I P53 I BRCAl I BRCA2 

I Head & neck (class I) I • I • I • j Head & neck (class II) I ... I • l • I Breast I • I • I • I Cervix I • I • I • +-+ indicates invariant from control level 

j 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 oftubulin, 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 eta/., 1996). DNA-damaging drugs cause DNA double strand breaks either 

directly or indirectly, and it is widely accepted that the absence of BRCAJ expression 

leads to hypersensitivity of cells to DNA-damage based chemotherapy. Thus, 

abrogation of BRCAJ protein expression in HBLlOO breast cancer cells resulted in 

increased sensitivity to both cisplatin and etoposide. The presence of BRCAJ has been 

reported to promote an increase in sensitivity to antimicrotubule agents (James eta/., 

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 p53-dependent mechanism suggesting that 

loss of p53 function 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 eta/., 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 p53 protein that is an 

indicator of resistance to cisplatin, doxorubicin and vinblastine. The same cancers also 

had elevated BRCA1leading 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 o(the study of chronic exposure o(Swiss Albino mice to AEBN 

1. Chronic exposure of Swiss Albino mice (P generation) to AEBN at a dose of 2 mg 

m1"1 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 ofp53, Brca1 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 Brca1 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 Brca1 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 Brca1 and Brca2 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 Brca2 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 Brca1 and Brca2 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 o(the studv o(transgenerational exposure o(Swiss Albino mice 

toAEBN 

1. The responses of p53, Brca1 and Brca2 tumor suppressors in Fl, F2 and F3 mice 
I 

subjected to transgenerational exposure to AEBN differed from that in P generation 

mice subjected to chronic exposure to AEBN . 
• 
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2. In Fl, 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 Fl 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. Fl, 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 Fl, F2 and F3 rruce. The 

mutation observed was a o~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, Fl, 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 o(the study o(p53, BRCAl and BRCA2 proteins as a potential 

biomarkers of cancer 

1. Determination of levels of p53, BRCAI 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. 
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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 betel 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 transgenerationally exposed mice remained invariant in 
comparison to age-matched controls. Liver nodulation was significantly advanced, developing in Fl 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. 

1. Introduction 

Betel nut (BN), Areca catechu L is a commonly used mastica­
tory which is 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; lARC. 
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 
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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 at.. 
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 at.. 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 at., 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 G 1/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 (Pi tot eta!., 1989), one objec­
tive of this study was to elucidate the dose-dependent response of 
the p53 protein during long-tenn chronic exposure to BN, begin­
ning with onset of exposure and culminating ultimately in the 
discemable 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. Matert.lls 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 Gsr 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 lgC) was obtained from Sigma Chemical Company. St. 
louis. MO. USA (catalog No. A 5187), 5-bromo-4-chloro-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 Hysellndia 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. Cardnogen exposure protocol and experimental design 

(a) Chronic exposure regimen. AEBN, prepared as described earlier (Wary and Sharan, 
1988), was administered to the mice at a concentration of 2 mgjml of drinking 
water in a chronic oral exposure protocol for a period up to 24 weeks (Fig. I ). The 
amount of drinking water consumed by each mouse per day was approximately 
7 ml, i.e. the amount of AEBN cons umed 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. Exposed and control mice were sacrificed in groups of live mice at inte rvals 
of 2. 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. I. 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 Fl generation exposed mice. Post-weaning, i.e. at 6 weeks of age. the 
Fl mice were separated from their parents. male and female mice being main­
tained separately, 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 Fl 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 Fl exposed mice. 
Respective controls for the F2 and F3 generations were also raised similarly. A 
strict coding system was followed to maintain the Fl. F2 and F3 generations 
and their respective controls. AEBN exposed Fl. 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 5-71J.m 
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% (wfv) whole homogenate 
of liver was prepared using 1.5 ml of the cell extract buffer (0.1 M Tris-HCI pH 7.5, 
0.25 M sucrose, 0.1 M NaCI, 3 mM EDTA. 10 mM 2-mercaptoethanol and I mM PMSF) 
and 0.15 g of liver. A whole homogenate of spleen cells was prepared using 1 ml of 
the buffer and one whole spleen. Similarly, 10% (wfv) 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 blood lymphocyte sample 

Blood lymphocytes were isolated as previously described (Kma and Sharan, 
2006) and lysed with cell lysis buffer (20mM Tris-HCI pH 8.0. JOmM NaCI, 0.5% 
Triton X-100, 5mM EDTA, 3mM MgCh and lOmM PMSF) at -20 "C for 30min 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 (400ng for slot and 150 11g for Western blots) were 
slot or Western blotted onto 0.45 11m nitrocellulose membrane using Bio-Dot SF 
Microfiltration Apparatus or Mini-Protean II 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 I :50,000 for slot-blot and 1:5000 for Western 

Table! 
Primers used for amplification of selected regions of mouse p53 gene. 

Amplified region (size) Sequence (5'-+ 3' ) Strand r. (' Cl 

Exon 5 (264bp) ATC GTT ACT CGG CIT GTC CC Sense 
TAA CCC CAC AGG CGG TGT T Antisense 56.5 

Exon 7 (212 bp) TAG TGA GGT AGG GAG CGA CIT Sense 
CTG GGG AAG AAA CAG GCT AAC Antisense 54.8 

blot The secondary antibody incubation was at a dilution of I : 15,000 ror 2 hat 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 rumors 
of transgenerationally exposed mice, using proteinase-K and CTAB (Ausubel et at.. 
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 I ). PCR amplifications were performed in a 151-lol reaction 
mixture containing 0.5 11-g genomic DNA. IX Taq DNA polymerase buffer, 1.5 mM 
MgCI2, 90 11-M of d!IITPs, 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 followed by cycle of denaturation at 94 •c for I min, 
annealing (see Table 1) for 1 min and extension at 72 •c for I min). Final exten­
sion was conducted at 72 •c for 7 min. The amplified products were lyophilized 
(Hero Lyolab 3000, Heto-Holten A/5. Allered, Denmark) and sequenced by direct 
nucleotide sequencing using ABI's AmpliTaq FS dye terminator cycle sequencing 
chemistry (Bangalore Genei Pvt. Ltd.,lndia). The nucleotide sequences thus obtained 
were analyzed with BLASTN (Altschul et at.. 1997) and Multalin (Corpet, 1988). 

2.8. Imaging and densitometric analysis 

Hematoxylin- eosin stained sections were photographed using Olympus BX60 
brightfield microscope at 400x magnification.lmmunoprobed and India ink stained 
slot- or Western-blotted nitrocellulose membrane were digitized (HP Scan jet 7400C) 
for densitometric analysis using KDS-1 D 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 indepen<lent 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 x2 -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 Fl. 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 Fl, 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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P24 weeks 

Fl 8 week.~ F2 6 week.~ FJ 4 week.'! 

Fig. :Z. 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 ac magnification 400 ~ (bar •20 IJ.m). Normal, controlliver(a) and histological section ofnormalliver(b); nodule formation (arrow) in livers ofP (c). Fl (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). Ul 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 
I, 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, Fl. 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 period of Control Exposed 
AEBN exposure in weeks 

No. of mice Final body Relative organ weight {g/100 g No. of mice Final body Relative organ weight {g/100 g 
{M/F) weight {g± S.D.) bodl£Weight±S.D.) {M/F) weight{g±S.D.) bodl£ weight± S.D.) 

Liver Spleen Liver Spleen 

p 

2 15 {7/8) 30 ± 2.8 4.3 ± 0.20 0.52 ± 0.03 15 {6/9) 30 ± 2.3 4.4 ± 0.24 0.38 ± 0.1011"" 
4 14{7/7) 26 ± 3.0 5.0 ± 0.23 0.54 ± 0.19 14{7/7) 25 ± 3.3 4.8 ± 0.2411 0.60 ± 0.24 
6 15 {6/9) 29 ± 2.3 4.7 ± 0.14 0.45 ± 0.17 15 {7/8) 28 ± 7.3 4.4 ± 0.39"" 0.53 ± 0.11 
8 14{7/7) 30 ± 3.2 5.1 ± 0.44 0.50 ± 0.17 15{8/7) 28 ± 5.3 4.4 ± 0.76"" 0.58 ± 0.25 
10 15 {6/9) 30 ± 2.4 5.0 ± 0.32 0.63 ± 0.23 15 {7/8) 30 ± 0.5 5.3 ± 0.94"' 0.51 ± 0.20 
12 14(7/7) 34 ± 4.9 4.8 ± 0.06 0.51 ± 0.15 15(8/7) 31 ±2.211 M 5.3 ± 0.10 0.58 ± 0.16 
16 15 (7/8) 35 ± 2.3 4.3 ± 0.66 0.40 ± 0.06 15 (7/8) 34 ± 3.7 4.6 ± 1.03 0.32 ± 0.06" ' 
20 16(7/9) 31 ± 1.7 5.0 ± 0.49 0.49 ± 0.16 15{7/8) 30 ± 2.8 4.9 ± 0.31 0.85 ± 0.17'" 
24 16(8/8) 30 ± 5.1 5.0 ± 0.30 0.53 ± 0.07 16(8/8) 31 ± 3.5 5.7 ± 0.73" 0.86 ± 0.10"' 

F1 
4 14(7/7) 31 ± 2.3 4.0 ± 0.03 0.37 ± 0.03 15 {8/7) 33 ± 1.2'' 4.3 ± 0.52' o.s3 ± o.o9··· 
6 15 {8/7) 31 ± 4.1 4.4 ± O.D3 0.56 ± 0.03 IS {8/7) 26 ± 3.0111111 4.6 ± 0.16'" 0.70 ± 0.08'" 
8 15{8/7) 30 ± 0 5.1 ± 0.23 0.43 ± 0.07 15 {7/8) 33 ± 1.8"' 5.3 ± 1.18 0.64 ± 0.24" 
12 14{7/7) 34 ± 4.9 4.8 ±0.06 0.51 ± 0.15 15 {7/8) 31 ± 2.8 5.1 ± 1.36 0.65 ± 0.42 
16 14(7/7) 28 ± 2.0 5.1 ± 1.14 0.57 ± 0.21 14(7/7) 31 ± 3.1 5.7 ± 0.46 0.46 ± 0.06511 

24 15 (8/7) 29 ± 1.2 5.1 ± 0.07 0.34 ± 0,07 16 (9/7) 36 ± 6.9 6.6 ± 1.28" ' 1.20 ± 1" ' 

F2 
4 15(7/8) 26 ± 3.0 5.0 ± 0.23 0.54 ± 0.19 14 (7/7) 25 ± 3.3 4.8 ± 0.24" 0.60 ± 0.24 
6 15 (9/6) 23 ± 0.7 4.3 ± 0.33 0.54 ± 0.17 15 (7/8) 27 ± 1.1'" 5.0 ± 0.45' " 0.70 ± 0.15' 
8 15 (8/7) 32 ± 3.5 5.1 ± 0.44 0.44 ± 0.06 14(7/7) 31 ± 1.2 s .9 ± o.2o··· 0.39 ± 0.03"1\1\ 
12 15 (8/7) 37 ± 2.7 4.3 ± 0.30 0.54 ± 0.22 15 (7/8) 31 ± 1.2""" 5.0 ± 0.33'" 0.68 ± 0.16 
16 15(6/9) 30 ± 2.0 4.8 ± 0.10 0.50 ± 0.14 15 (6/9) 31 ± 1.7 5.3 ± 0.32" ' 1.13 ± 0.52" ' 
24 15 (8/7) 32 ± 2.1 4.5 ± 1.29 0.42 ± 0.43 17 (8/9) 33 ± 2.6 5.2 ± 0.09 0.88 ± 0.27" 

F3 
4 16(8/8) 27 ± 1.7 4.8 ± 0.56 0.44 ± 0.15 15 (8/7) 30 ± 2.0'" 4.6 ± O.o7 0.65 ± O.D3"' 
6 15 (8/7) 28 ± 0.5 4.8 ± 0.14 0.46 ± 0.18 15 (7/8) 23 ± 6.41111 6.1 ± 0.03'" 0.77 ± 0.09" ' 
8 15 (8/7) 31 ± 0.4 5.2 ± 0.13 0.52 ± 0.03 15 (7/8) 27 ± 4.2" 1111 6.3 ± 0.56" ' 0.63 ± 0.19"' 
12 14(6/8) 37 ± 2.7 4.3 ± 0.03 0.54 ± 0.22 15 (8/7) 34 ± 4.111 5.5 ± 0.27'" 0.57 ± 0.12 
16 15 (7/8) 31 ± 3.5 4.7 ± 0.10 0.49 ± 0.03 14(6/8) 35 ± 3.1 " 5.8 ± 0.89'" 0.65 ± 0.09'" 
24 15 (7/8) 33 ± 6.1 5.4 ± 0.92 0.49 ± 0.09 20 (9/ 11 ) 34 ± 3.3 6.7 ± 1.36"' 0.47 ± 0.064 

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. 
11 Significant decrease at P< 0.05 in comparison to age-matched contro l group. 

IIA Significant decrease at P < 0.01 in comparison to age-matched control group. 
44 11Significant decrease at P< 0.001 in comparison to age-matched control group. 
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T.lble 3 
Development of preneoplastic nodules in liver of mice chronically and trans~ner­
ationally exposed to 2 mg/ml AEBN in drinking water. 

Generation Period of exposure after which preneoplastic 
nodules developed in liver {weeks) 

p 

Fl 
F2 
F3 

· 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. 

Control Exposed Control 

2weeks 

4weeks 

6weeks 

Sweeks 

IOweeks 

12 weeks 

16weeks 

20weeks 

(A) 24 weeks 
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32. Cellular level of p53 

The level of p53 protein in control and AEBN exposed mice 
was monitored by slot-blotting in order to facilitate accurate den­
sitometric quantification and confirmed by Western blotting. The 
India ink stained slot-blots (Fig. 3; panel A-Il) and Western blots 
(Fig. 3C-lndia ink stained) did not show significant differences in net 
intensity of control and AEBN exposed samples upon densitometric 
analysis. thus confirming the loading of equal amounts of protein. 
lmmunoprobing with anti-p53 (Fig. 3; panels A-1 and C-anti-p53 
immunoprobed) revealed significant changes in the level of p53 
protein in the liver of AEBN exposed mice ofP generation in compar­
ison to age-matched controls. Upon quantification of slot-blots and 
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fig. 3. pSJ 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 : panell- liver samples immunoprobed with specific anti-p53 antibody; panelll- replica slot-blots 
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 
an.1lysis 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 (I) and replicum blot stained with India ink for total protein (II). Densitometric plots (% of age-matched controls; x ± S.D.) of the level ofp53 protein 
expression in spleen cell {D) and blood lymphocyte {E) samples as obtained by densitometric analysis of the immunoprobed slot-blots (not shown) after normalization for 
equal protein loading. • indicates significant increase at P<O.OS," indicates significant increase at P< 0.01 , "' indicates significant increase at P< 0.001, l\. indicates significant 
decrease at P<O.OS, /!,./!,.indicates significant decrease at P<O.Ql and £1.£\.ll. indicates significant decrease at P<O.OOl. Number ofmicejpoint•15 ± 1. 
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Fig. 4. Various anomalies/alterations observed in Swiss Albino mice transgenerationally exposed to AEBN drinking water (2 mg(ml ). 24-week exposed F2 mouse showing 
pus-tilled 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). (f). 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. 2c). Subsequently, the level ofp53 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 
spleen cells (Fig. 3D) and blood lymphocytes (Fig. 3E)ofthe 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. 30), 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. SA 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 mgfml ) in comparison to age-matched controls. Slot-blots 
of AEBN exposed groups with age-matched controls: panell- immunoprobed with specific anti-p53 antibody; panelll- replica slot-blots stained with India ink for total 
protein for the F1 (A). F2 (C) and F3 (E) generations. respectively. Densitometric plots(% of age-matched controls: x ± S.D.) of the level of p53 protein expression in liver 
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. ••• 
indicates significant increase at P< 0.001, tJ. tJ. indicates significant decrease at P< 0.01. Number of mice{point • 15 ± 1, except 24-week F2 and FJ 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 exposed 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 Fl (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 ofliver (Fig. 6A-ii, B-ii and C-ii). Examination of 
the level of p53 protein in spleen cells and blood lymphocytes ofF1 
(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 

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 sequendng and analysis of mutation 

Exons 5 and 7 of the mouse p53 gene were PCR amplified from 
liver nodules of P, Fl, 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 Uaworski 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 

F2 g~n~ral ion F3 gen~ration 

(Alii (B) ii IC) ii 

Fig. 6. Western blots of liver homogenates of controls and AEBN exposure groups of Fl (A), F2 (B) and F3 (C) mice immunopmbed with anti-p53 (i) and replica blot stained 
with India ink for total protein (ii ). Number ofmicefpoint • l 5 ± I, except 24-week F2 and F3 exposure groups which had 17 and 20 mice. respectively. 
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Fig. 7. Densitometric plots (% or age-matched controls; x ± S.D.) or the level orpS3 protein expression in spleen cell samples or Fl (A), F2 (C) and F3 (E) and blood lymphocyte 
samples or F1 (B), F2 (D) and F3 (F). AEBN drinking water (2 mg{ml ) exposed mice as obtained by densitometric analysis or the respective immunoprobed slot-blots (not 
shown ) after normalization ror equal protein loading. Number or 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 !:> 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 EF63406t ). 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 ). Our 

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-



136 Y. Choudhury, R.N. Shoran I Environmental Toxicology and Pharmacology 27 (2009) 127- I 38 

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; !ARC. 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 promotion. 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 Fl, 
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 p531evel 
of exposed F2 mice after 4 weeks of exposure was the only exception 
(Fig. SC 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/ml in drinking water) in the postnatal environment. Such lack 
of p53 response predictably induced uncontrolled cell proliferation 
as in the 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 Fl mice after 8 weeks, F2 mice 
after 6 weeks and in F3 mice after 4 weeks of exposure (Fig. 2g-l). 
Thus, the development ofpreneoplastic nodules of the liver was sig­
nificantly advanced in exposed Fl mice by 50%, F2 mice by 62.5% 
and F3 mice by75% of the period of AEBN exposure required for ini­
tiation of nodulation in exposed P generation mice (Table 3 ). AEBN 
exposed Fl. 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 
uncontrolled cell proliferation in 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 Fl, 
F2 and F3 mice was mirrored by the spleen (Fig. 7A. C and E) and 
blood lymphocytes (Fig. 78, 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 
Fl progeny through the germ cells. Subsequent exposure of the Fl 
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 Fl and 
F2 mice would inherit a promoting event, hence, the progressive 
advancement of period of preneoplastic nodule development from 
Fl 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 
ofAEBN. 

Studies performed to monitor alterations in the Brca1 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 Brca1 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 ofthe 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 Brca1 gene, to 
evade cell-cycle arrest or apoptosis (Stewart and Pietenpol, 2001 ). 
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Table4 
Details of anomalies observed in mice transgenerationally exposed to 2 mg/ml AEBN in drinking water. 

Type of Generation Anomaly present Aftlicted site AEBN exposure Incidence (%)" 
anomaly (+)or absent(-) period (week) 

fi b + Chest epithelium {tumor diameter • 7.5 mm; tumor load • 2.59)' 24 1/16 {6.25) 
Solid tumor F2 Skin epithelium {tumor diameter- 93 mm; tumor load - 3.40)' 0/17{0) 

F3 + Stomach epithelium (tumor diameter - 30 mm; tumor load • 50.64 )' 24 2/20 (10) 

fi b + Right mandible 24 1/16 (6.25) 
Pus-filled sacs F2 + Gastrointestinal tract 24 

f3 d + Neck 24 1[20 (5) 

Fl 0[16{0) 
Enlarged nodes F2 + Neck 24 1/17{5.88) 

FJd + 24 1[20{5) 

Fl 0[16{0) 

Necrosis f2• + Uver 24 1[17 {5.88) 
F3 + 24 1[20{5) 

Fl 0[16{0) 

Protrusion n• + 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. 

• Number of mice with anomaly[total number of mice exposed to AEBN for the same period of t ime. 
b Anomalies developing in the same Fl mouse. 

' Tumor weight in g/100 g body weight. 
d 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 a!. (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 ofp53 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 oflowering 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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ABSTRACI' Betel nut IS a Widely masticated natural product, 
which IS consumed by over 600 million people across the 
globe The ancient habit of betel nut chewmg, either as dry or 
raw/wet nut, m association With betel leaf and a host of region 
specific additives, mcludmg chewmg tobacco, IS believed to be 
an Important etiological factor for human cancer Alkalmds and 
!herr betel nut specific rutrosamme denvatives produced upon 
metabolic activation mteract With DNA and other cellular 
targets to produce highly vanable mutagemc, genotox1c, 
cytostatic, unmunostatic and teratogemc effects At molecular 
level the betel nut or Its constituents strongly mfluence gene 
expression patterns, especially that of tumor suppressor genes 
Structural damage to nucleus and m1tochondna, etc are also 
mduced The reVIew dwells upon these aspects of betel nut 
mduced carcmogenes1s to show that genetic susceptibility to 
cancer througli generations progressively mcreased due to 
exposure to betel nut 

INTRODUCI'ION 
Areca nut IS the seed of fruit of a tropical palm, Areca catechu 
L (Fig lA) It forms the most basiC mgred1ent of a vanety of 
Widely used social and habitual masticatory products, which are 
often wrapped m the leaf of another tropical creeper, P1per 
betle L , commonly known as the betel leaf Hence, the Areca 
nut Is more commonly known as betel nut (BN) 
(Wamakulasunya 2002) The earliest use of BN as a 
masticatory by humans has been mentioned by Theophrastus m 
scnpts datmg around 430 BCE (Before Common Era), whiCh 
descnbed use of Areca nut as a component of the betel morsel 
Chmese texts of 150 BCE, also mention BN as 'pmltmg' In 
Persia (modern Iran), It IS believed that around 30000 shops 
sold BN m the capital town dunng the reign of Khosrau ll, the 
Kmg of Persia dunng 590 to 628 AD There IS also mention of 
use of BN m one or the other form m different parts of the 
world mcludmg South and South-East Asia, several Pacific 
Islands, many regions of the former SoVIet Uruon, parts of 
North Amenca and Europe (Sharan 1996) The use of BN IS 
deeply mgramed m hJghly vanable socio-cultural and rehg1ous 
practices across the globe (Wamakulasunya 2002) BN Is 
believed to be used by both men and women across all age 
groups and social classes thougli m some societies the latter 
predommate (Wamakulasunya 2002) In old Indian scnpts such 
as Vagbhata (41h century), and Bhavamrsta (13111 century), BN 
has also been descnbed as a 'therapeutic agent' BN users 
report mcreased well-bemg and stamma, a soothmg effect on 
the digestion, protection of the mouth and gums, and some 

euphona Its use was recommended m Wide ranging human 
diSeases and other diSOrders, which mcluded VItiligo or 
leucoderma, leprosy, aneiDla, digestive disorders and 
Infections, urmary and dental mfections, and obesity It has 
been suggested that BN chewmg may confer protection agamst 
dental canes and other mfections In v1tro eVIdence md1cates 
that Areca tarmms may have anti-microbial actiVIty, which may 
contribute to the canostatic properties of BN Furthermore, 
betel stam, which coats the teeth of chewers, may act as a 
protective varniSh (Tnvedy, Craig and Wamakulasuriya 2002) 
BN IS also reported to have aphrodiSiac property and has been 
recommended as a general stimulant In Chma, It has been used 
as a verrmfuge smce the 6111 century (Sharan 1996) The BN IS 
predommantly consumed m Its dry form, which IS usually a 
very hard nut (Fig lD) To make It easy to masticate or chew, 
the BN IS cut mto small to very small pieces (Fig IE) In 
contrast, people m several parts of the world, mcludmg the 
whole of the north-eastern region of India, masticate the raw 
and wet form, which IS relatiVely soft (F1g lG) Hence, larger 
pieces of the nut are masticated (Fig 11) Aged people may 
masticate even powdered form of raw/wet or dry vanety ofBN 

Areca nut IS normally harvested as unnpe (green) or npe 
(orange/red) fruit from the Areca palm (Fig lB-C) The Areca 
fruits may be sun dned for several weeks, fibrous shells 
removed and the hard, dry nuts are ready for use (Fig lD) 
Alternatively, the npe Areca fruits are boiled for several hours 
m an aqueous solution contammg the bark of the plant Eugema 
Jambolana, Jaggery or brown sugar, and vanous edible mls, to 
'cure' It The cured fruits are sun dned for several weeks, 
fibrous shell removed and very hard, brown nuts are ready for 
use (F1g JD) In contrast, npe, partly npe or UCinpe Areca 
fruits are freshly picked (F1g lB-C), fibrous shells removed 
and the relatively soft nuts are ready for masticated (Fig I G) 
OccasiOnally, the fruits can be cured by burymg them mto 
mmst pits for one to two weeks for fermentation (maturation) 
before deshelling and use Such raw and wet vanety of BN m 
the north-eastern part of India IS locally called 'kwa~'or 
'tambur (F1g lG-I) 

The BN Is either consumed alone or With a wide vanety of 
region and socio-cultJrre specific additives as betel qmd (BQ) 
In latter case, dry vanety of BN IS usually wrapped along with 
slaked June ( calcmm oXIde and calcmm hydroXIde or slacked 
bme) and catechu (Acac10 catechu) Without or with a host of 
additives, which may also mclude a vanety of tobacco 



products, perfumes, stimulants, etc , m a ptece of betel leaf 
(Ftg IE-F) The raw/wet vanety of BN ts usually masticated 
With slaked lime wrapped m a betel leaf (Ftg IE, J) and 
occasiOnally supplemented With chewmg tobacco (lARC 1985, 
Sharan 1996, Wamakulasunya 2002) In Indta, most habttual 
chewers of BQ add tobacco, whtle m some countnes, such as 
Papua New Gumea and Chma, tobacco IS not added Betel leaf 
ts penshable and the preparation of BQ ts somewhat complex 
(Ftg IE) Hence, over the past three decades, commercial BQ 
substitutes, flavored and sweetened dry mtxture of Areca nut, 
catechu and slaked lime with tobacco (gutkha) or wtthout 
tobacco (pan masala), have become mcreasmgly popular 
among habttual BN chewers (Narr, Bartsch and Narr 2004) 

1. CONSTITUENTS OF BETEL NUT AND ITS 
ACTIVE PRINCIPLES 

The constituents of BN mclude carbohydrates, crude fiber, fats, 
polyphenols, alkaloids, tannms, proteins, ash and water Trace 
amounts of fluonne, sapogenem, and free ammo actds have 
also been reported m some fonns The relative amounts of these 
constituents are htghly vanable m dry or raw/wet vanety of 
BN Geographical and clnnatlc condttlons of growth of the 
Areca palm tree and the methods of cunng BN also contnbute 
to the observed vanation m the constituents (Sharan 1996) 
Table - I shows the approxnnate content of different 
constituents of dry and raw/wet vanety of BN The raw and wet 
vanety of BN ts relatively ncb m all constituents as compared 
to the dry vanety Notwtthstandmg these vanations, the actwe 
components of both forms of BN, which produce betel nut 
associated effects, are prnnanly the alkalmds, polyphenols, and 
tannins 

(a) Alkaloids Alkaloids are reduced pyndmes BN 
contams pnmanly two alkalmds that are b1olog~cally htghly 
relevant Arecolme (I ,2,4,5-tetraltydro- I -methyl­
pyndmecarboxylic actd, molecular wetght !55 !9 Da) IS the 
most abundant alkalmd ofBN followed by arecardme (1,2,5,6-
tetraltydro-1-methyl-3-pyndmecarboxyhc actd, molecular 
wetght 141 17 Da) Other alkalmds such as, giivacme (methyl 
ester of arecatdme), giiVacolme (methyl ester of giiVacme) and 
arecolmtdme are also present m small to very small or trace 
amounts (Table I) (Sharan 1996) 

(b) Polyphenols and tannins The mam polyphenols of 
BN are catechm, flavanmds, flavan-3 4-dlols, leucocyantdms 
and hexaltydroxyflavans When oxldtzed m the presence of 
hme, these gtve the charactenstic red color to sahva, teeth and 
bps of BQ masticator The predommant tannm of BN ts 
gallotanntc actd In addttion, mmor amounts of gallic actd, D­
catechol and phtobatannm are also present (Sharan I 996) 

(c) Betel nut specific nitrosamines (BSNA) 
Numerous and htghly complex mtrosamme denvattves are 
produced from different alkalmds of BN essentially by 
mtrosatton of the alkalmd m the mouth and stomach, especially 
m actdtc mtheu, and m the presence of mtnc oxtde generated 
by bactenal action (Wary and Sharan 1991, Boucher and 
Mannan 2002) Ftgiire 2 shows a typical and representative 
metabolic pathway of arecolme rutrosation and production of 
different denvatives The maJor btologtcally relevant 
mtrosammes of arecolme, appropnately grouped as betel nut 
spectfic mtrosammes (BSNA), are N-(methylmtrosammo) 
proptonaldehyde (NMPA), N-(methylmtrosammo) proptomtnle 
(NMPN) and N-mtosogiivacolme Of these, MNPA was 
reported to be the most potent BSNA on a molar basts effecting 
both survtval and thml content of cultured human buccal 
epithelial cells and causmg stgiUficant formation of DNA smgle 
strand breaks (Snndqvtst et a! 1989) It IS proposed that NMP A 
may further generate N-(methylmtrosammo) 3-
hydroxypropmnaldehyde and N-(methanoylmtrosammo) 
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proptonaldehyde denvattves, each of whtch can potentially 
produce several dlazohydroxtde denvattves (see Ftg 2) 
Presence of most of these denvattves has been demonstrated m 
the saliva ofBQ chewers (lARC 1985, Nair et al 1985) 

(d) Reactive oxygen species (ROS) -Aqueous extracts 
of Areca nut and catechu were found to be capable of 
generating supermude aniOn radtcals (Ot ) and hydrogen 
perox1de (H20t) at pH greater than 9 5 (Narr et al 1987) While 
sahva was found to mhtbtt both Ot and H20t formation from 
BQ mgredtents, ROS are formed m the alkaline chewmg 
m1xture withm the sahva of a chewer due to the addition of 
slaked lime (Stich and Anders 1989) 

2. GENERAL EFFECTS OF BETEL NUT 
CONSUMPTION 

BN ts masticated or chewed for Its psycho-stimulatmg effects 
(Norton 1998) When BN ts masticated, tt usually produces 
mild psychoactive and cholmergtc effects Due to thts, tt IS 
estimated that over 600 mtlhon mdtviduals are habttual 
consumers ofBN m one form or the other world-Wide (Sharan 
1996) Only three other 'addictive' substances - mcotine, 
ethanol and caffeme, are reported to be more Widely used by 
human bemgs (Norton 1998) In north-east Indta, a raw/wet 
vanety of BN called kwa1 or tambul, consumed Wlth betel leaf 
and slaked !nne, causes an Immediate thermogemc 
physmlogtcal response lasting 2-3 mm With stgnrlicant 
persprratton on the forehead and reddenmg of ear pmnae 
(Sharan I 996) There IS copious production of blood-red sahva 
that stams oral structures After years of chewmg, the teeth may 
become red-brown to nearly black (Sharan 1996, Boucher and 
Mannan 2002) In wtro studtes have demonstrated that Areca 
extracts contammg arecolme mhibit growth and attachment of 
and protem synthesis m human cultured penodontal fibroblasts 
These findmgs suggest that Areca may be cytotoxic to 
penodontal fibroblasts and may exacerbate preeXIsting 
penodontal dtsease as well as Imparr penodontal reattachment 
(Tnvedy, Craig and Warnakulasunya 2002) The use of BQ 
was also found to be assoctated With the appearance of 
hchenmd Iestons on the buccal mucosa and tongue, and betel 
chewer's mucosa, charactenzed by a browntsh-red 
dtscoloratton of the oral mucosa, often accompanied by 
encrustation of the affected mucosa With qutd particles whtch 
are not eastly removed, and With a tendency for desquamation 
and peelmg (Tnvedy, Crarg and Warnakulasunya 2002) 

Acute Ill effects are also reported at htgh rates of usage of BN 
and mclude cardiac arrhythmia, exacerbation of asthma, acute 
psychosiS and acute gut upset (Boucher and Mannan 2002) 
Stgntficant hyperglycemia was observed m male mtce 
admmistered With BSNA, NMPN In fact, a population study 
revealed mcrease m watst stze and wetght, taken as markers for 
hyperglycemia, m drrect relation to paan, a type of lnd1an BQ, 
usage among Astans These studtes, thus, suggest that BN may 
be dtabetogemc (Boucher and Mannan 2002) BN chewmg was 
found to be mdependently assoctated With mcreased unnary 
albumm excretion and albummuna m Taiwanese male patients 
of type - 2 dtabetes (Tseng 2006) BN alkalmds, espectally 
arecolme, have anti-muscarmic effects on the smooth muscle 
They are proposed to bmd to GABA receptors m the bram, 
contnbuting to therr psychoactive effects BN chewmg ts 
thought to reduce the seventy of symptoms m schtzophrema 
With reduction m both pos1ttve and negative symptoms 
Withdrawal symptoms such as mood swmgs, anxiety, 
rrntabtlity, reduced concentration, sleep disturbance and 
cravmg were found to be associated With trymg to qmt the habtt 
of BN chewmg These findmgs 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 m heavy users followmg abrupt cessation of the habtt 



(IARC 2004) One study of cases between 1988 and 1998 also 
reports toXIcity of BN mamfested m different mdiVlduals by 
tachycardia/palpitations, tachypnea/dyspnea, hypotensiOn, 
sweating, vom1tmg, diZZmess, chest diScomfort, abdommal 
colic, nausea, numbness, coma, and acute myocardial mfarction 
With Its related manifestations (Deng et al 2001) 

3. LINK BETWEEN BETEL NUT AND 
CARCINOGENESIS 

Today, there IS sufficient eVIdence that Areca nut or BN as well 
as BQ Without or With tobacco IS carcmogemc to humans 
(Sharan 1996, IARC 1985, 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 chewmg habits and oral 
mucosal diSeases such as leukoplakia, oral submucous fibrosis 
(OSF) and oral cancer has been established, and heavy users 
have a s1gmficantly mcreased mortality rate Oral cancer IS the 
fifth most common cancer worldWide (Narr, Bartsch and Narr 
2004) Of the 390000 oral and oro-pharyngeal cancers 
estimated to occur annually worldwide, 58% occur m south and 
south east Asia In India, there IS reported addition of 75000 to 
80000 new cases of oral cancer each year and the mc1dence 
rates of cancers ofthe oral cavity m both males and females m 
all urban cancer reg~stnes are among the lughest m the world 
Time-trend analysis of cancers at all sites for the penod 1990-
1996 showed a decrease m cancers of the oral cavity m Ind1an 
population based reg~stnes, but an mcrease m the mc1dence 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 mcreased 
consumption of the alternative chewmg products such as, 
gutkha and pan masala (Narr, Bartsch and Narr 2004) In 
Truwan, data on oral caVIty cancer from the penod between 
1986 and 1997 md1cated that those who chew BN belong to a 
h1gh-nsk group (Lm et al 2005) 

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 often develop chmcally VISible 
whitish (Jeukoplakm) or reddish ( erythroplaloa) 1es10ns, which 
may or may not be accompamed by stlffenmg of the oral 
mucosa and OSF These man1festat1ons are well established 
precancerous Jes1ons and are taken as early and Important 
md1cators of oral cancer nsk to an mdJVIdual Some 2 - 12 % 
of these Ieswns have been reported to biTn malignant over 
several years OSF, winch IS predommantly caused by the use 
of Areca nut, Is a senously debilitating and progressive diSease 
marked by stJffemng of the oral mucosa, development of 
fibrous bands and loss of elasticity of the mucosa, resultmg m a 
progressive restnction of mouth opemng Flavonmds, catechins 
and tannins of BN cause collagen fibers to crosslmk makmg 
them less susceptible to collagenase Tins can cause mcreased 
fibrosis due to mcreased collagen production and decreased 
collagen breakdown OSF ts rrreversible and persists even after 
cessation of the cheWing habit, suggesting that components of 
the Areca nut m1tiate OSF and then affect gene expresston m 
the fibroblasts, which then produce greater amounts of normal 
collagen (Narr, Bartsch and Narr 2004) Considerable amounts 
of copper have been found m BN products Copper salts 
Significantly mcrease the production of collagen by oral 
fibroblasts m vztro supposedly by upregulatwn of activity of a 
copper-dependent enzyme, lysyl OXIdase, which catalyses the 
cross lmkmg of collagens and elastin and IS Implicated m the 
pathogenesis of OSF (Narr, Bartsch and Narr 2004) In recent 
years, studies m Indm, Chma, south east As1a and South Africa, 
and on Asian migrants m the UK have shown a clear lmk 
between Areca nut chewmg and OSF (Narr, Bartsch and Narr 
2004) 
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3.2. Betel Nut And Betel Nut Extracts In 
Carcinogenesis 

An mcreased mc1dence of local tumors was observed m mice 
after subcutaneous mjection of aqueous extracts ofBQ without 
tobacco Local tumors were produced m mice and local 
mesenchymal tumors m rats folloWing subcutaneous mJection 
of aqueous extracts of betel nut (AEBN) In hamsters, 
admmistration of Areca nut and application of Its aqueous or 
dimethyl sulphox1de extracts to the cheek-pouch mucosa 
residted m squamous cell carcmomas (SCC) of the cheek pouch 
and carcmomas of the fore-stomach (IARC 1985) While BQ 
has vanous components (IARC 1985, Sharan 1996, 
WamakidasUTJya 2002), a study on Synan hamsters revealed 
that BN fiber and cold aqueous extract are the maJor 
components of BQ that may promote carcmogenes1s m the 
hamster buccal pouch, leadmg to tumor fommtion AEBN has 
been shown to mduce conformational changes m mouse hver 
high mobility group (HMG) proteins similar to that mduced by 
a bepatocarcmogen, d1ethylmtrosamme (DEN), Jeadmg to the 
development of preneoplastic nodules m the hver (Panat and 
Sharan 1998a, 1998b) The post-translational modification of 
protems such as, poly-ADP-nbosylation of HMG (Panat, 
Balachandran and Sharan 1999, Panat and Sharan 2002) and 
hiStone (Sadaa, Schneewe1ss and Sharan 1998, 1999a, 1999b) 
proteins was also strongly affected by exposure to BN resultmg 
m alterations m chromatin organiZatiOn 

a) Cytotoxicity - Areca nut extract was found to 
decrease cell survival, vital dye accumulation and membrane 
mtegnty of cultirred human buccal ep1thehal cells m a dose­
dependent manner BN also caused formation of both DNA 
smgle strand breaks and DNA protem cross lmks (Wary and 
Sharan 1988, SundqVISt 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 arecolme showed different extents of cytostatic and 
cytotoxic effects on Hep2 cells rn vztro, With arecolme, HEBN 
and EEBN bemg the most potent (Sharan and Wary 1992) 
Cultured normal human oral keratinocytes (NHOK) exposed to 
npe BN extract also showed s1gmficant decrease m population 
doublmg, mcrease m senescence, cell cycle arrest at GdS phase 
and decrease m cell proliferation (Lu et al 2006) HaniSters fed 
With powdered diet contammg BN or BQ showed significant 
decrease m the survival rate, body weight, and hyperkeratosis 
and acanthosis of cheek pouch md1cating that BN and BQ 
components may mduce alterations m prohferation and 
differentiation of oral epithelial cells (Chiang eta! 2004) 

b) Genotoxicity - BQ and Its components were found 
to be genotoxic Interestmgly, they also stimulated cell 
proliferation makmg the observed biOlogical effects very 
complex For mstance, while the extracts of BN and 
mflorescence of Pzper betle (IPB) mduced DNA strand break, 
the extracts of BN, IPB, the BN polyphenol (+)-catechm and 
arecoline decreased cell survival and proliferation On the other 
hand, another component of BQ, the aqueous extract of hme, 
was found to mcrease cell proliferatiOn (Jeng et al 1994) 
AEBN was fuund to reduce GSH levels, mduce chromosomal 
aberrations (CA) and delay cell kinetics m mouse bone marrow 
cells With the mduction of SISter chromatid exchange (SCE) 
probably mvolvmg 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 mduce CA m human 
lymphocytes and Chmese hamster ovary (CHO) cells (!ARC 
1985) All components of BQ have been shown to mdiVIdually 
enhance chromatid breaks and exchanges m the range of 12 to 
37 % m human cells rn vztro Frequency of SCE was elevated m 
mouse bone marrow cells when mice were exposed to the 
AEBN and Its tanmn (Pan1grah1 and Rao 1989) AEBN also 



mduced DNA strand breaks and enhanced cell proliferatiOn m 
mouse kidney cells m VItro (Wary and Sharan 1988) A study 
revealed that OSF was largely associated With BN and the 
exfoliated oral mucosal cells of such patients had significantly 
higher numbers of m1cronuc!eated cells The patients also 
exhibited mcreased SCE m crrculatmg lymphocytes md1catJng 
that the carcmogemc agents m BN produce damage not only m 
target tissue but also m other host cells such as cJrculatmg 
lymphocytes (Desai eta! 1996) 

c) Immunotoxicity - Aqueous extracts of raw Areca 
nut Without husk as well as with husk were found to mhJbit the 
phagocytic actiVIty of human neutrophtls m a dose dependent 
marmer (Hung et a! 2005) BQ also mfluenced cytokme 
production of penpheral blood mononuclear cell The 
mononuclear cells of persons suffenng from sec, wrth a long 
history ofBQ chewmg, produced lower levels ofTGF-~, TNF­
n and IFN-y m comparison to normal persons (Hsu eta! 2001) 
Th1s was Indicative of compromiSed Immune system under the 
mfluence ofBQ or BN chewmg 

d) Mutagenicity - Aqueous extracts of BQ Without 
tobacco mduced mutations m Salmonella typh1munum but not 
m Chmese hamster V79 cells BQ also did not mduce any 
s1gmficant micronuclei m SWiss albmo mice (IARC 1985) 
AEBN, on the other hand, mduced mutatiOns m Salmonella 
typh1munum and m Chmese hamster V79 cells besides 
mducmg gene conversiOn m Saccharomyces cerevlSlae as well 
as CA m CHO cells It also mduced micronuclei m bone 
marrow cells of SWiss albmo m1ce while BN tanmn fraction 
mduced gene conversiOn m Saccharomyces cerews1ae (IARC 
1985) Arecolme, AEBN, AAEBN, HEBN and EEBN mduced 
vanable levels of dose dependent unscheduled DNA synthesis 
(UDS) m Hep2 cells m v1tro (Sharan and Wary 1992, Sharan 
1996) Ames test usmg Salmonella typh1munum stram TA 1535 
revealed that arecolme, AEBN and HEBN were weak mutagens 
wlu1e AAEBN and EEBN were strong mutagens suggestmg 
that the mutagemc potential of alkalmds (arecohne) could be 
significantly enhanced by other constituents of BN (Sharan 
1994, Balachandran and Sharan 1995, Sharan 1996) Exposure 
to BN extracts was found to mduce mutatiOns at the 
hypoxanthme phosphonb1syltransforase (HPRT) locus m 
human keratJnocytes (HaCaT cells), which also mcreased 
frequency of appearance of miCronuclei, mtracellular levels of 
reactive oxygen species and 8-hydroxyguanosme m the cells 
suggestmg that stress caused by long-term BN extract exposure 
enhanced OXIdative stress and genetic damage m HaKaT cells 
(Lm and Lee 2006) When aqueous extracts of different brands 
of pan masala and scented BN or supan were tested for 
mutagemc1ty by the Salmonella typh1munum assay usmg tester 
strams TA98 and TA100 therr mutagemc effects were found to 
be Similar to that produced by BN extracts (Polasa , Babu and 
Shenobkar 1993) A study mvolvmg patients of head and neck 
cancer suggested that BQ cheWing may mcrease m1tochondnal 
DNA (mtDNA) mutation m human oral tissues and that 
accumulation of mtDNA deletions and subsequent cytoplasmic 
segregati011 of these mutations durmg cell d!VlSion could be 
Important contributors to the early phase of oral carcmogenesJS 
(Lee et al 2001) 

e) Teratogenesis:- Aqueous extracts of dry as well as 
raw/wet vanetles of BN were reported to be fetotox1c m SWiss 
albmo m1ce leadmg to death, enhanced resorption and reduced 
weight of fetuses Other abnormalities such as hematomas, 
curved tails, abnormal nbs and delay m skeletal maturity have 
also been reported (Smha and Rao l985a) 

3.3. Betel Nut Alkaloids In Carcinogenesis 
Alkalmds of BN are suspected to be Its mam carcmogemc 
constituent (IARC 1985, 2004, Sharan 1996, Norton 1998, 
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Jeng, Chang and Halm 2001, Tnvedy, Craig and 
Wamakulasunya 2002) Early studies found that the application 
of arecrudme to the oral mucosa of experm1ental animals fiuled 
to have any carcmogemc effects unless It was supplemented 
With a known promoter such as, croton oil (Tnvedy, Craig and 
Wamakulasunya 2002) Arecolme g1ven by gavage produced 
lung adenocarcmomas, stomach sec and hver haemangiOmas 
m male mice (IARC 2004) Cheek-pouch apphcatlon of 
arecohne followmg appltcation of slaked lime produced an 
esophageal papilloma m female hamsters, while local 
application of areca1dme to tile cheek pouch d1d not produce 
tumors m male hamsters (IARC 2004) To explam the vanable 
observatiOn, It IS proposed that the alkalmds first requrred 
metabolic activation VIa mtrosatJon to develop Its 
carcmogemc1ty (Wary a!ld Sharan 1991) In rats, the maJOr 
metabolic pathway of arecolme activation IS Vla de­
estenficatiOn and production VIa conjugated mercapturic acid 
In VItro data suggest that arecolme IS metabolized by 
carboxylesterase (EC 3 1 1 1) m mouse hver and kidney Male 
SWiss albmo mice fed Areca nut powder or arecohne showed 
enhanced levels of tile hepatic cytochrome P450 and b5 and 
decreased levels of hepatic glutathiOne (GSH) (IARC 2004) 
Exposure of Sw1ss albmo m1ce to arecolme was found to lower 
poly-ADP-nbosylation of most cellular and histone protems 
and mduce relaxation of chromatm, thereby allowmg the N­
nrtrosammes of arecolme easy access to genomic DNA for 
mteractJon, while the absence of PADPR mduced reparr may 
fuvor tile accumulation of DNA damage (Salk1a, Schneewe1ss 
and Sharan 1999b) 

a) Cytotoxicity - Arecolme was found to mh1b1t cell 
attachment, cell spreadmg and cell migratiOn m a dose 
dependent manner m cultured human gmg~val fibroblasts 
(HGF) (Jeng et a! 1996) In Hep2 cells m vrtro, arecolme 
Inhibited both DNA and protem synfueses m a dose dependent 
marmer, which ultimately resulted m cytostatic effect on cell 
diVlSion (Wary and Sharan 1991) Crude alkaloid extracts of 
green Areca fruit consumed m Taiwan and arecolme were 
found to be mutagemc m Salmonella typh1munum TA100, and 
N-N1trosoguvacolme (NG) was weakly mutagemc m TA98 and 
TA100, With the formation ofNG bemg favored at neutral pH 
(Wang and Peng 1996) Arecolme alone was also only weakly 
mutagemc (Balachandran and Sharan 1995) In v1tro studies 
have shown that arecolme and areca1dme may stimulate 
ctdtured fibroblasts to proliferate and synthesiZe collagen, an 
1n1portant step m development ofOSF However, subsequent m 
v1tro studies have faded to show sun dar effects of arecoline on 
cultured OSF fibroblast It has also been shown that arecolme 
mh1blted collagen synthesis and fibroblast proliferation m wtro, 
md1catJng the cytotoXIc properties of arecolme The d1spar1ty of 
results from m v1tro studies might be md1cative of other agents, 
m addition to arecolme, bemg Important m the pathogenesis of 
OSF (Tnvedy, Crrug and Wamakulasunya 2002) The 
cytotoxiCity of arecolme on the oral mucosal fibroblast (OMF) 
or on Hep2 cells was found to be associated With cellular GSH 
levels and esterase actJVltles on one hand (Jeng eta! 1999), and 
the agents that fuc1htate metabolic activatiOn and mtrosatlon of 
a!kalmds, on the other (Wary a!ld Sharan 1991) In fact, GSH 
depletion and reductiOn of glutathiOne S-transferase actiVlty 
have been demonstrated m cultured human oral keratmocytes 
and m fibroblasts treated With arecolme (IARC 2004) 
Arecolme was also reported to be cytotoxic to human buccal 
fibroblasts m a dose dependent manner wherem the cellular 
glutath10ne-S-transferase (GST) activity was doW11Cegulated m 
a dose dependent mrumer Without mcrease m hp1d perox1dat1on 
Addition of extracellular mcotJne acted synergistically on the 
arecohne-mduced cytotoxicity, mdicatJng that arecoline may 
render human OMF more vulnerable to oilier reactive agents m 
cigarettes vm GST reduction These observations could explam 
why patients who practice the combmed habit of BQ chewmg 



and ctgarette smokmg are at greater nsk of contractmg oral 
cancer (Chang et al 200la) 

Global gene expressiOn profilmg m HGF exposed to arecolme 
revealed that four genes related to mamtenance of genome 
stabtltty and DNA reparr were repressed by arecoltne (Chtang 
et al 2007) They are FANCG, also known as XRCC9 (tumor 
suppressor capable of correctmg CA), CHAFJ and CHAF2 
(encodmg chromatiD assembly factor I, CAFl), and BRCAJ 
(breast cancer suscepttbthty gene tmphcated m DNA damage 
response and DNA reparr) Among them, at least the BRCAJ 
response was dose dependent COX-2/ PTGS2, whtch are 
mvolved m cancer mtttatton and progression, were over 
expressed m HGF cells HSP4Al and DNAAJAJ, whtch belong 
to the HSP70 famtly of stress mduced protems, and GDFI5/ 
MIC-1 were also upregulated by arecolme m a dose dependent 
manner (Chtang eta! 2007) 

b) Genotoxicity - Arecohne was fmmd to mduce 
mutattons m Salmonella typhrmunum and Chmese hamster V79 
cells, and CA m CHO cells It also mduced mtcronuclet, CA 
and SCE m bone marrow cells of Swtss albmo mtce (IARC 
1985, Deb and ChatterJee 1998) However, upon Withdrawal of 
arecolme exposure regtme from Hep2 cells m vrtro the 
mhtbtted DNA synthettc mdex fully recovered (Wary and 
Sharan 1991) suggesttng existence ofweak mteractton between 
BN genotlXID and DNA Arecatdme mduced mutattons m 
Salmonella typhrmunum and Chmese hamster V79 cells It also 
mduced SCE but not mtcronuclet m bone marrow cells of 
SWISS albmo mtce (IARC 1985) Thts arecoline mduced DNA 
damage was found to be mfluenced by endogenous GSH levels 
wtth the frequency of CA and SCE mcreasmg when arecolme 
was gtven to mtce treated With buthtonme sulfoxrrnme (BSO), a 
GSH deplettng agent (Lu et al 2006) 

c) lmmunotoxicity - Arecohne was found to cause 
mhtbttton of both humoral and cell-medtated tmrnune responses 
m nuce (IARC 2004) It ts reported to mterfere With the 
tmmune system by targettng the muscanmc acetylcholme 
receptors of the non-neuronal cholinergtc system (Wen et a! 
2006) Arecohne was also found to mhtbrt the phagocyttc 
acttvtty of human neutrophtls (Hung et al 2005) 

d) Cell-cycle alterations - Arecolme mhtbtted 
growth of human KB eptthehal cells m dose- and ttme 
dependent manners by causmg cell cycle arrest m late-S and 
G2/M phases due to mductton of cyclm BI, Wee I, and 
phosphorylated cdc2 protetns and mhtbttton of p21 protem 
expresston m KB cancer cells In pnmary human gmgtval 
keratmocyes (HGK) arecolme effect was medtated dtfferently 
In thts case, arecolme mduced p21 but mhtbtted cdc2 and 
cyclm B 1 protems Thts clearly suggests that dtfferenbal 
regulation of S and/or G2/M cell cycle related protems m the 
HGK and KB cells play cructal roles m dtfferent stages of BQ 
medtated carcmogenests (Lee et al 2006) Arecolme, whtch 
was cytotoxic to HGF cells due to depletion of mtracellular 
th10ls and mhtbtbon of mttochondnal actlvtty, mduced cell 
cycle arrest m HGF cells at G2/M phase m a dose dependent 
manner (Chang et al 200lb) 

e) Teratogenicity: - Arecolme has been reported to 
mduce abnormaltty m the shape of sperm heads and 
unscheduled DNA synthesis (UDS) m the early spermatid 
stages of SWiss albmo m1ce (Smha and Rao 1985b) It also 
mduced mtcronuclet formation m fetal mouse blood after 
transplacental exposure to BN (Smha and Rao 1985c) 
Arecolme caused general developmental retardation of zebra 
fish embryos predommantly due to a general cytotoxic effect 
mduced by depletion of mtracellular tluols (Chang et al 
200Ic) Arecolme hydrobromtde has been reported to have 
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teratogemc effects on developmg chtck embryos leadmg to 
embryo mortality, retarded development of febtses and other 
abnormalttles The abnonnaltbes mcluded reduced body stze, 
scanty feathenng, general edema With light body color, 
shortened lower beak, clubfoot, nussmg or unosStfied nb and 
shortemng oflong bones (Paul et al 1999). 

4. BETEL NUT AND TUMOR SUPPRESSOR 
GENES PS3, BRCAJ AND BRCA2 

Tumor suppressor genes are cntlcal m carcmogenests because 
loss of therr funct1on(s) results m promotion of malignancy 
(Kmzler and Vogelstem I 997) Promment among them 1s p53 
gene encodmg a 393-ammo actd restdue long p53 protem, 
whtch IS mamtamed at low cellular level m normal cells due to 
MDM2 medtated raptd b!Tnover (Lane 1992, Levme 1997) 
Cells exposed to carcmogen or other stresses raptdly 
accumulate p53 due to tts stabtltzatton and/or mutatton 
Mutated or stabtlized p53 mduces cell cycle arrest at G 1/S or 
G2 checkpomts The qmescent cells are now m a posttion to 
reparr the damage caused by the carcmogen or other stress 
factors and come out of tt Thus, p53 functions as a 
'gatekeeper' tumor suppressor The breast cancer susceptibility 
genes Brcal and Brca2 are other two tumor suppressor genes 
relevant to human carcmogenes1s Both Brcal and Brca2 
protems are functionally grouped as 'caretakers' as they are 
mvolved With repatr of DNA breaks, especially the cnttcal 
double stranded breaks (DBS), vta homologous recombmatton 
(HR) reparr pathway m assoctatlon With RAD famtly and other 
protems (Welsch, Owen and Kmg 2000, Ytlun and West 2002) 

Conststent wtth projected functions of p53, Brcal and Brca2 
tumor suppressor genes, mutation or alteration m expresston or 
both ts expected m these tumor suppressor genes/protems 
durmg carcmogenests Indeed, p53 gene, one of the most 
extenstvely studied tumor suppressor genes, ts known to be 
mutated m a vanety of human and expenmental ammal 
cancers Stmdarly, change m cellular level of p53 protem ts 
also known to occur Accumulation of p53 protem or tts 
stabtltzatlon IS an tmportant mdtcator of the presence of mutant 
p53 protem (Hollstem et al 1991, Hams and Hollstem 1993) 
However, reports pertammg to p53 mutabon status of cancers 
assoctated With BN cheWing have been Widely contradtcting A 
study of Sn Lankan subjects With htstologtcally confirmed oral 
squamous cell carcmoma (OSCC) and the hab1t ofBN cheWing 
With tobacco revealed low expresston of p53 protem 
(Ranasmghe, Warnaknlasurtya and Johnson 1993) A stmtlar 
study m BN and tobacco assoctated OSCC from Southern Indta 
showed nuclear p53 stammg and p53 expresston mdtcattng that 
carcmogens denved from tobacco and BN cheWing may mduce 
p53 mutabons (Kuttan et al 1995) BQ chewers m Tatwan 
exhtbrted stgtUficantly htgher mctdence of p53 gene mutations 
than non-chewers m esophageal squamous cell carcmoma 
(ESCC) The A T --> G C transrtton and G C --> T A 
transversiOn were the prevalent spectra of p53 gene mutatiOns 
and alcohol consumptton could enhance thts pecuhar spectrum 
of p53 mutation m ESCC suggestmg that p53 mtght be an 
rrnportant molecular target of BQ carcmogens m the 
development of ESCC m Tatwanese (Goan et al 2005) 
Another study on pattents of OSCC m Taiwan revealed that 
G C --> A T transitions were the predommant mutations m the 
p53 gene assoctated With BQ and tobacco use (Hsteh et al 
2001) Mutations m the p53 gene were also frequent m OSCC 
spectmens from Sn Lanka obtamed from BQ chewers They 
exlubtted pomt, small deletton and addttton type of mutatiOns 
mamly clustered m exon 5 of the p53 gene These results 
md1cate that exon 5 of the p53 gene could be one of the spec1fic 
targets for some BQ mgredtents, and BQ cheWing may be a 
cntlcal envrronmental factor m the development of OSCC 
(Chiba et al 1998) A study of potentially malignant oral 
lestons (leukoplakta) and OSCC assoctated With BQ 



consumption m northern India revealed a good correlation 
between p53 missense mutations, p53 antibodies and p53 
protem accumulation m matched potentially malignant and 
malignant oral lesions (Ralhan et al 2001) Alternatively, 
mCidence of p53 mutations was reported to be mfrequent or 
absent m oral premalignant lesions and OSCC m subjects 
chewmg BQ With tobacco (Kannan, MumraJan and 
Knshnamurthy 1999) and Without tobacco (Thomas, Brennan 
and Martel 1994, IARC 2004) Mutations m both BRCA genes 
are known to be prevalent m fam1hal as well as sporadic breast 
cancers (RaJan et al 1996, Nadeau et al 2000) However, not 
much IS known about the status of these two Important tumor 
suppressor protems m BN associated carcmogenesis m mice or 
men 

We have made a systematic effort to study the effect of long 
term and transgenerational exposure of Swiss albmo m1ce to 
AEBN on expression ofp53, Brcal and Brca2 proteins as well 
mductlon of mutation m exons 5 and 7 of the p53 gene and 
exon II of the Brcal gene Chrome exposure to AEBN m 
drmkmg water led to an upregulatlon of p53 protem m liver, 
spleen and penpheral blood lymphocytes (PBL) of exposed 
parental (P) generation mice from 2 weeks onwards reachmg a 
maXImum (2 5 folds of the age-matched control) after 6 weeks 
of exposure m the liver and spleen and 4 weeks of exposure m 
PBL (Fig 3, panel A) Subsequently, the level of p53 protem 
declmed gradually reachmg control level after 16 weeks of 
exposure concomitant with the appearance of pre-neoplastic 
nodules m the liver (F1g 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 
Brcal (Fig 3, panel B) and Brca2 (Fig 3, panel C) protems 
showed Immediate elevation m liver, 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 mutat1on m exons 5 and 7 of the p53 
gene (GenBank accessiOn # EF570972 and EF634061) and 
exon 11 of the Brcal gene (Y ashmm and Sharan 2008, 
unpublished) were detected Transmission electron nncroscope 
(TEM) study of the liver pre-neoplastic nodules after 24 weeks 
of exposure revealed a large number of bmucleated cells With 
enlarged and abnormally shaped nuclei (Fig 4B) as compared 
to the controls (Fig 4A) Disruption of nuclear membrane as 
well as chromatm condensation and margmahzation were also 
observed m a significant number of nuclei (Fig 4C-D) 
Damage to mitochondna was most noticeable The SIZe of 
nomial mitochondria (Fig 4E) was significantly reduced (Fig 
4F) m all cases showmg shnnkage Th1s was also accompamed 
With membrane disruptions (Fig 4C, F, arrow head) The rough 
endoplasmic reticulum membrane organization {F1g 4H) was 
also severely damaged (Fig 4I, arrow head) 

Extensive damage of the m1tochondnal membrane IS a pro­
apoptotic signal and extensive disruption of the ER could lead 
to calctum release from the ER lumen, which can potentially 
tngger ER-stress mduced apoptosis Thus, chrome exposure to 
AEBN caused senous molecular and metabolic damage to cells 
characteriZed by enlarged nuclei, high frequency of abnomially 
shaped nuclei, chromatm condensation and margmalizatlon, 
and damaged membrane (F1g 4) along With downregulated 
p53, Brcal and Brca2 protems {Fig 3) After 16 weeks of 
chrome exposure to AEBN, an mabihty to upregulate p53 
beyond control level, combmed With compromised DNA reparr 
due to downregulation of Brcal and Brca2, are suffiCient to 
allow progression ofhepatocarcmogenesiS 

The effect of prenatal and transgenerational chrome exposure to 
AEBN has been followed up to F3 generation by breedmg In 
stnkmg contrast to the P generation, the liver, spleen and PBL 
of AEBN exposed F!, F2 and F3 generation mice exhibited 
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mvanant expression of p53 protem m companson to age 
matched controls throughout the penod of exposure (Fig 3A) 
Simtlarly, the expression of Brcal (Fig 3B) and Brca2 (F1g 
3C) proteins progressively declined to approximately 80 % that 
of age matched controls only after 2 weeks of exposure m all 
the three tissues exammed Thus, while the P generation mice 
exhibited an mducbon of the tumor suppressive functions of the 
p53, Brcal and Brca2 protems durmg the mitial penods of 
AEBN exposure, the transgenerationally exposed mice faded to 
mduce these tumor suppressors (F1g 3) Concomitantly, a 
Significant advancement m the appearance of hver pre­
neoplastic nodules was observed With each subsequent 
generation suggesting progressive enhancement of transnnss10n 
of carcmogemc nsk due to exposure to BN constituents (Table 
II) Abnormalities, whtch were not observed m P generation 
m1ce, also developed m the transgenerationally exposed m1ce 
Though statistically JnsJgmficant up to F3 generation, these 
abnormalities mcluded enlargement of lymph nodes of the 
neck, development of protuberant pus-filled sacs, necrosis of 
the liver and development of sohd tumors No mutations m 
exons 5 and 7 of the p53 gene were observed m the hver 
nodules as well as sohd tumors of even the transgenerationally 
exposed nnce Thus, while mactivation of the p53 gene 
apparently plays a cruc1al role m BN assoCiated cancer m mice, 
the mactivatlon IS not ub1qmtously through p53 mutation and 
other routes of mactivation requrre to be mvestlgated One 
poss1ble alternative mechanism for p53 mactivation m BN 
carcmogenes1s may be over-expressiOn of MDM2 protem as 
has been shown m OSCC (Shwe et al 2001) In contrast BN 
mduced solid tumors m Swtss albmo mice earned a G - C 
(codon 156, -TGT---> -TCT-) transversiOn mutation m exon 
II of the Brcal gene (F1g 5) Exon II of the Brcal gene 
encodes the two nuclear localization motifs and a regiOn of the 
gene believed to be essential for bmdmg of RADSI (Cressman 
at al 1999) MutatiOn m exon 11 would, therefore, d1srupt 
normal functionmg of the Brcal gene leadmg to DNA repa1r 
defects, which could be p1votal for the development of the solid 
tumors Thus, AEBN can possibly lead to transgeneratJonal 
transmiSSIOn of carcmogemc nsk m SWiss Albmo mice by 
compromJSmg the functions of the tumor suppressor genes p53, 
Brcal and Brcal v1a different mechanisms 

5. BETEL NUT POLYPHENOL AND TANNINS 
IN CARCINOGENESIS 

Tmuc1ty stud1es relating to BN specific polyphenols and 
tannins are not conclusive With both carcmogemc and anti­
carcmogemc effects bemg reported It IS reported that ROS 
produced durmg auto-ox1dat1on of BN polyphenols m the BQ 
chewer's sahva are crucJal m the JmtiatJon and promotion of 
oral cancer (Jeng, Chang and Hahn 2001) Incidences of certam 
cancers, such as esophageal cancer, have been reported to be 
related to consumption of tannms-nch foods such as BN 
suggesting that tannms m1ght be carcmogemc However, other 
reports md1cated that the carcmogemc actiVIty oftannms might 
be related to components associated With tannms rather than 
tannms themselves (Chung et al 1998) 

6. BETEL NUT AND HUMAN GENETIC 
SUSCEPTffiiLITY TO ORAL CANCER 

Exposure to BN carcmogens, partlcularly the alkalo1ds, 
enhances the nsk of cancer m BN or BQ chewers m general 
However, correlation between prevalence of cancer m human 
populations m different parts of the world and habit of BN/BQ 
masticatiOn IS not absolute Th1s suggests that the genetic 
makeup of the masticator has 1ts own mfluence on the ultimate 
manifestation of BN mduced cancer It IS becommg obVIous 
that the mterplay between the genetic constitution and the 
env1ronmental factor(s), determme the fmal nsk of human oral 
cancer followmg exposure to BN or BQ alone or m 
combmat1on With additives, mcludmg tobacco Mere exposure 



to BN or BQ does not commit the chewer to cancer For any 
giVen level of exposure to BN carcmogen, only a proportion of 
exposed mdlVlduals will develop cancer, md1catmg the 
prevalence of mter-md!V!dual differences m susceptibility 
(Spitz and Bondy 1993) Individual susceptibility to cancer may 
result from several factors mcludmg (a) differences m 
metabolism, (b) stabis of DNA reparr pathways and related 
genes, (c) patterns of expression of proto-oncogenes and tumor 
suppressor genes, and (d) nutritional status of the mastlcator, 
etc Vananons m an mdlVldual's metabolic phenotype, 1 e, 
phenotypiC polymorphism, have also been detected m a vanety 
of enzymes mvolved m act1vat10n and detoxification of 
chem1cal carcmogens It IS becommg clearer now that different 
phenotypic and/or metabolic vanations stem from genetic 
polymorphisms prevalent m different populanon groups 
(Bartsch and H1etanen 1996) A number of genetlc 
polymorph1sms have been Identified, which seem to be 
associated With nsk of BN mduced oral cancer m human sub­
populations Table ill depicts the up to date list of 
polymorph1sms observed m BN exposed human sub­
populatiOns With marufestation of oral cancer 

7. POSSffiLE MECHANISM OF BETEL NUT 
INDUCED CARCINOGENESIS 

BN IS a natural plant product characteriZed by a very complex 
and h1ghly vanable mixture of different biochemical and 
nutraceutical consntuents (Table I) Some of these are 
recogniZed as potent carcmogens (e g, alkaloids, polyphenols, 
tanmns, etc ) However, many others, especially those present 
m small to trace amounts, have largely unknown biological 
functions As With nutraceutlcals, 1t IS anticipated that m a 
complex cellular envrronment some of these may functlon as 
mediators, some as modulators, affecters, promoters, and/or 
mbibitors, etc elic1tmg a vanety of biological effects and 
responses The highly vanable constituents of BN should also 
chemically and otherWISe mteract differently w1th different 
b10molecules The s1tuatlon IS further complicated by the filet 
that a host of region, culture and society specific additives, 
notably different types of chewmg tobaccos, are mvanably 
added to BN preparatlon by a traditional mastlcator (Fig I) 
Therefore, 1t IS only expected that the mechanism of BN 
mduced carcmogenes1s would also be highly vanable and 
complex Nonetheless, certam conclusiOns can be drawn from 
the wealth of knowledge available to us (see F1g 6) The 
overall perception IS that alkaloids are the mam carcmogemc 
constituents of BN Polyphenols and tannms may also 
contribute positively to carcmogen1c potency of the alkalOids It 
IS now accepted that alkalmds, the pnmary suspected 
carcmogen of BN, should first undergo metabolic actiVatiOn 
and mtrosat10n to produce the ultimate carcmogemc denvatlves 
together called BSNA (F1g 2) Tb1s may be achieved by de­
estenfication usmg carboxylesterase and may also mvolve 
cytochrome P450, b5 and GSH besides other metabolites The 
acnvated or ultimate carcmogen( s) acqurres capab1hty of 
mteractlon With target biomolecules The mteractlon of BSNA 
or therr activated denvatives With cellular targets formmg 
adducts of different kmds may be the begioomg of 
carcmogenes1s Usmg different physic-chemical methods 
evidence of eXIstence of BSNA adducts has been amply 
demonstrated (IARC 1985) Recently, formatiOn of DNA 
adducts by AEBN and Its consequences has been directly 
shown on a plasmid DNA construct, pMTa4 (Bhattachlll]ee and 
Sharan 2008) Usmg the plasmid model m v1tro and m v1vo 1t 
has been shown that under chrome exposure condition up to 
one BN specific adduct could be formed every 3 nucleotldes In 
other words, up to 3 adducts can potennally be formed per 
hehcal t1rrn of DNA double heliX These adducts were 
essentially unstable and diSSOCiated from DNA m about 24 
hours m !me With known weak, non-covalent and reversible 
nature of mteract10n of BSNA or therr metabolites w1th DNA 
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(Wary and Sharan 1991, Sharan 1996) However, we have also 
discovered that the BN adducts became stable m the presence 
of trace amounts of monovalent cations, Na + and K+ 
(Bhattachlll]ee and Sharan 2008) Smce physiOlogical cellular 
concentrations of these monovalent 10ns are more than the 
concentration required to confer stab1hty to BSNA adducts on 
DNA, 1t explains, at least m part, why habitual BN chewers are 
at !ugh nsk of stable adduct formatiOn on therr genetic matenal 
and consequent nsk of mutagenesiS!carcmogenesis It has been 
shown that the nsk of carcmogenes!S progressively mcreased 
under contlnumg environment of BN exposure (Table II) 
Possible biOlogical consequence of adduct fonnatlon on DNA 
as well as damage mf11cted upon the genetic matenal due to 
presence of such adducts could be many At frrst, adducts on 
DNA may mduce strand break, mduce CA, SCE, UDS, etc 
Secondly, damage to the genetic matenals may cause alteration 
m pattern of gene expressiOn In partiCular, the changes m 
tumor suppressor genes p53, Brcal and Brca2 e1ther by way of 
p53 stab1hzation or mutation m cntical domams are hkely to 
dimm1sh therr tumor suppressor properties and favor 
carcmogenes!S (F1g 3) Tlurdly, BN and therr constituents, 
especially arecolme, has been shown to differentially 
dysregulate cell cycle control, mitochondnal membrane 
potential, GSH level and mtracellular H2<h production m the 
pathogenesiS of OSF and oral cancer (Chang et al 2001d) 
Reduction of GSH content by arecolme and BN extract and 
enhanced cytochrome 

P450 activity, wh1ch were observed m the hver ofm1ce treated 
With BN, could cause mcreased oxidative metabolism of 
carcmogens and reduced detoXIfication GSH depletion leads to 
mcreased oxidative stress that can cause DNA damage and 
trigger several response sigrials Implicated m the carcmogemc 
process (Narr, Bartsch and Narr 2004) Thus, BN and Its 
constituents potentially mterfere With cell s1gnahng pathways 
Little IS understood about these aspects and more research IS 
needed to unravel the mfluence ofBN exposure on the complex 
cell signalmg pathways In spite of th1s, 1t IS known that BQ 
chewmg contributes to the pathogenesis of cancer and OSF also 
by 1mpamng T cell actJvation and by mduction ofPGE2, TNF­
a: and IL-6 production, which fuvors oral mucosal 
mflammation and growth ofOMF and oral ep1thehal cells (Jeng 
et a! 2003) Similar end may also be achieved by activation of 
the MEKI/ERK/c-Fos pathway, which promotes keratinocyte 
mflammat10n, cell survival, and affects cell cycle progressiOn 
(Chang et a! 2004) Alternatively, MMP-2, an enzyme 
belongmg to matriX metalloprotemases (MMP) group of 
proteins that degrade extracellular matnx protems and 
contribute to the tumor mvas10n and metastasis, was found to 
be elevated m most oral tumor patients With long term BQ 
usage while short term BQ usage mcreased the secretion of 
MMP-2 by oral ep1thehal cells and fibroblasts Th1s IS 
suggestive of BQ consumption promotmg oral tumor 
progression tlrrough the mduction of MMP-2 secretion (Kato et 
a! 2005, L!U et al 2005a) Elevation of MMP-9 was also 
observed folloWing BQ chewmg showmg Its role m the 
pathogenesis of oral mucosal lesions (LIU et al 2005b) Due to 
th1s, levels of both MMP-2 and MMP-9 have been suggested as 
possible markers of human oral cancer (Patel eta! 2007) In all 
this, It has to be kept m mmd that mere exposure to BN does 
not commit a cell or an organiSm to carcmogenes1s There are 
metabolic escape routes available to the exposed cell or 
organ!SID by way of complete reparr of damage and attamment 
of normalcy or necrotic or apoptot1c programmed cell death 
(Fig 6) Metabohc, cellular and other genetic fuctors, m 
complex and largely unclear ways, mfluence the path of 
carcmogenes1s triggered by exposure to BN 
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Table I - Constituent of betel nut (BN): Approximate average percent constituent 
of dry and raw/wet varieties of BN (IARC 1985; 2004; Sharan 1996). 

0.35-0.49 
0.18-0.24 
0.10-0.20 

Trace 0.14 
15 23 
18 22 
25 30 
7.5 12 
1.2 2.5 
15 18 

Low High 
Low Hi 

Table II - Estimated transgenerational cancer transmission risk in mice from BN 
(Y ashmin and Sharan 2008; unpublished). 

Chronic AEBN 
administration in 

drinking water to mice 

P generation 
Ft generation 
F2 generation 
F3 generation 

Appearance of pre-neoplastic 
nodules on liver 

8 weeks 
6 weeks 
4 weeks 
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Table III: Genetic polymorphism and susceptibility to oral cancer in humans 

# Gene/r~ion Polymorl!hism Effect 
Pol!ulatioo 

Reference 
JrrOI!J! 

Matnx metallo-
MMP-9-IS62 C> T 

I protemase-9 (MMP9) IS62 C-to-T polymorphism 
polymorphtsm - enhanced 

Tatwanese Tu eta! 2007 
OSCC nsk m young male BN 

promoter 
chewers 

Matnx metallo-
InsertiOn/deletion ( -1171 SA--

SA genotype polymorphtsm-
2 protemase-3 (MMP3) 

>6A) polymorphtsms 
enhanced nsk ofOSF but not As tan Tuetal 2006 

promoter OSCC among male BN users 
NFKB I ms and HO-I L 

NFKBl 
lnsertton (ms)/deletton (del) allelotypes- stgmficantly 

3 
promoter 

polymorphism ( -94 ms/del enhanced nsks for dtfferent As tan Lmetal 2006 
ATTG) m NFKBI promoter subsets ofOSCC m male BN 

chewers 
Polymorphtsms Argl94Trp, Vanant allele ofXRCCI 399 

4 
DNA repatr genes Arg280Hts, and Arg399Gln of codon and XPD- enhanced 

South lndtan 
Ramachandran 

XRCC1 and XPD the XRCCl gene and Lys7SlGln nsk of oral cancer among BQ et al 2006 
of the XPD gene chewers and smokers 
Polymorphtsms m a (GT)n 

Longer (GT)n repeat allele L-
mtcrosatelltte repeat m HO-I 

s Heme oxygenase-! 
promoter m short (S), medmm 

htgher nsk of BN related 
As tan 

Chang eta! 
(HO-I) 

(M) and long (L) alleles 
OSCC, (GT)n repeat alleleS- 2004 
may be protecttve for OSCC 

Cytochrome gene CYP2A6*4C mutatiOn-gene 
Defictent CYP2A6 activity due 

Topcuetal 
6 to deletton - reduced nsk of Sn Lankan 

CYP2A6 deletion type ofpolymorphtsm 
oral cancer nsk m BQ chewers 

2002 

CYP 1 A 1 exon 7 contammg G 

Cytochrome gene 
CYPIAI AIG genotype (IleNal) allele - enhanced nsk for 

Kaoetal 
7 

CYPIA/ 
and GIG genotype (ValNal) m OSCC and oral precancerous Chmese 

2002 
exon 7 leston (OPL) m BN chewer and 

smoker 
Collagen related 
genes 
Collagen IAI and 
IA2(COLIAI and 
COLIA2), Polymorphtsms of stx collagen Multigemc mechamsms 

8 
Collagenase-! related genes, COLI AI, mvolvmg the collagen related 

Tatwanese 
Chtu et al 

(CO Lase), COLIA2, COLase, TGF-~1, genes enhance susceptibtltty to 2002 
transformmg growth L YOXase, and CST3 OSF among BQ chewers 
factor ~I (TGF -~ l ), 
Lysyl OXIdase 
(L YOXase ), and 
Cystatm C (CST3) 

Tumor necrosts 
Bt-alleltc promoter reg ton ( -308) The htgh production allele, 

Chtu et al 
9 

factor-a (TN F-a) 
polymorphism on the TNFa TNF2 - stgmficantly lower Tatwanese 

2001 
gene among mdtvtduals wtth OSF 

Null genotypes of etther or both 

GSTMI and GSTTI null 
GSTMI and GSTTI-

10 genotypes (GSTMI *2 and 
enhanced nsk of development 

South Indtan 
Natr et al 

of leukoplakta followmg 1999 
GSTTl*2) 

exposure to tobacco wtth or 
Glutatluone-S-

- transferase genes 
wtthoutBQ 

GSTMI andGSTTI Homozygous deletton of 
GSTM I gene- enhanced nsk 

Ktetthubthew, 
II 

Genetic polymorphism of for oral cancer, whtch ts further 
That Snplungand 

GSTMI and GSTTI compounded by exposure to 
Au 2001 

ctgarette smoke, alcohol, and 
BQ 
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Figure I. 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 bette 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, !) and consumed as a simple BQ (1) comprising betelleaf(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 F I 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 (1). 
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Figure 5. Part of the nucleotide sequence chromatograms of PCR amplicons representing exon II of Brcal gene of control (top) and 
F I generation of AEBN exposed (bottom) mice liver. It shows induction of a G -+ C transversion type point mutation . 
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Figure 6: Schematic diagram of major metabolic events and milestones in the pathway of bete l nut induced carcinogenesis 
(see text for details). 
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LOCUS 
2008 

APPENDIXll 

Mus musculus p53 gene, exon 7 and partial cds 

EF634061 176 bp DNA linear ROD 28-NOV-

DEFINITION Mus musculus p53 gene, exon 7 and partial cds. 
ACCESSION EF634061 
VERSION EF634061.1 GI:l49784072 
KEYWORDS 
SOURCE 

ORGANISM 

REFERENCE 
AUTHORS 
TITLE 

JOURNAL 
REMARK 

REFERENCE 
AUTHORS 
TITLE 
JOURNAL 

FEATURES 
source 

mRNA 

CDS 

ex on 

ORIGIN 

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. Pharmacal. (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:l0090" 
/chromosome="ll" __ _ 
/map="39.0 eM" 
/PCR_primers="fwd_seq: tagtgaggtagggagcgactt, rev_seq: 
ctggggaagaaacaggctaac" 
<22 .. >131 
/product="p53" 
<22 .. >131 
/codon start=l 
/product="p53" 
/protein id="ABR29561.1" 
/db xref;;:;"GI:l49784073" 
/translation="AGSEYTTIHYKYMCNSSCMGGMNRRPILTIITLEDS" 
22 .. 131 
/number=? 

1 ggatcctgtg tcttccccca ggccggctct gagtatacca ccatccacta caagtacatg 
61 tgtaatagct cctgcatggg gggcatgaac cgccgaccta tccttaccat catcacactg 

121 gaagactcca ggtaggaagg cgcgtggtag gttaggttag cctgtttctt ccccag 
II 



APPENDIX ill 

Mus musculus breast cancer associated 1 (Brca1) gene, exon 11 
and partial cds 

LOCUS 
2008 

FJ497232 1385 bp DNA linear ROD 24-DEC-

DEFINITION Mus musculus breast cancer associated 1 (Brca1) gene, exon 11 and 
partial cds. 
ACCESSION FJ497232 
VERSION FJ497232.1 GI:218533673 
KEYWORDS 
SOURCE Mus musculus (house mouse) 

ORGANISM Mus musculus 
Eukaryota; Metazoa; Chordata; Craniata; Vertebrata; Euteleostomi; 
Mammalia; Eutheria; Euarchontoglires; Glires; Rodentia; 
Sciurognathi; Muroidea; Muridae; Murinae; Mus. 

REFERENCE 
AUTHORS 
TITLE 
JOURNAL 

REFERENCE 
AUTHORS 
TITLE 
JOURNAL 

1 (bases 1 to 1385) 
Choudhury,Y. and Sharan,R.N. 
Exon 11 of mouse Brca1 gene 
Unpublished 
2 (bases 1 to 1385) 
Choudhury,Y. and Sharan,R.N. 
Direct Submission 
Submitted (25-NOV-2008) Biochemistry, North Eastern Hill 
University, Umshing, Shillong, Meghalaya 793022, India 

FEATURES 
source 

Location/Qualifiers 
1. .1385 

mRNA 

CDS 

ex on 

ORIGIN 
1 

61 
121 
181 
241 
301 
361 
421 

ggaaccgctc 

/organism="Mus musculus" 
/mol type="genomic DNA" 
/strain="Swiss Albino" 
/db xref="taxon:10090" 
/chromosome="11" __ _ 
/map="11D (60.5 eM)" 
/PCR_primers="fwd_seq: agtcctggaacgctcaca, rev_seq: 
cagttcctttgagggcaca" 
<1. .>1385 
/gene="Brca1" 
<1. .>1385 
/gene="Brca1" 
/product="breast cancer associated 1" 
<1 .. >1385 
/gene="Brca1" 
/codon start=1 
/product="breast cancer associated 1" 
/protein id="ACK87008.1" 
/db xref;;;;"GI:218533674" 

/translation="GTAQCMTQSTPRENPKELLNRSNNAGSGTEGLKPPLRHALNLSQ 
EKVEMEDSELDTQYLQNTFQVSKRQSFALFSKPRSPQKDCAHSVPSKELSPKVTAKGK 
QKERQGQEEFEISHVQAVAATVGLPVPCQEGKLAADTMCDRGCRLCPSSHYRSGENGL 
SATGKSGISQNSHFKQSVSPIRSSIKTDNRKPLTEGRFERHTSSTEMAGGNENILQST 
VHTVSLNNRGNACQEAGSGSIHEVCSTGDSFPGQLGRNRGPKVNTVPPLDSMQPGVCQ 
QSVPVSDKYLEIKKQEGEAVCADFSPCLFSDHLEQSMSGKVFQVCSETPDDLLDDVEI 
QGHTSFGEGDIMERSAVFNGSILRRESSRSPSPVTHASKSQSLHRASRKLESSEESDS 
TDDEDLPCFQHLLSRISNTPELTRCSSAVTQRMPEKAEGTQAPWKGSSSDCNNEVIMI 

EASQEHQFSEDP" 
<1. .>1385 
/gene="Brca1" 
/nurnber=ll 

agtgtatgac tcagagcaca ccaagagaaa accccaagga actcctcaat 
cgctctaaca atgctgggag tggcacagag ggtctcaagc cccccttgag acacgcgctt 
aacctcagtc aggagaaagt agaaatggaa gacagtgaac ttgatactca gtatttgcag 
aatacatttc aagtttcaaa gcgtcagtca tttgctttat tttcaaaacc tagaagtccc 
caaaaggact gtgctcactc tgtgccctca aaggaactga gtccaaaggt gacagctaaa 
ggtaaacaaa aagaacgtca gggacaggaa gaatttgaaa tcagtcacgt acaagcagtt 
gcggccacag tgggcttacc tgtgccctgt caagaaggta agctagctgc tgatacaatg 
tgtgatagag gttgtaggct ttgtccatca tctcattaca gaagcgggga gaatggactc 

IX 



481 agcgccacag gtaaatcagg aatttcacaa aactcacatt ttaaacaatc agtttctccc 
541 atcaggtcat ctataaaaac tgacaatagg aaacctctga cagagggacg atttgagaga 
601 catacatcat caactgagat ggcgggggga aatgagaaca ttcttcagag tacagtgcac 
661 acagttagcc tgaataacag aggaaatgct tgtcaagaag ccggctcggg cagtattcat 
721 gaagtatgtt ccactggtga ctccttccca ggacaactag gtagaaacag agggcctaag 
781 gtgaacactg tgcctccatt agatagtatg cagcctggtg tctgtcagca aagtgttcct 
841 gtaagtgata agtatcttga aataaaaaag caggagggtg aggctgtctg tgcagacttc 
901 tctccatgtc tattctcaga ccatcttgag caatctatga gtggtaaggt ttttcaggtt 
961 tgctctgaga cacctgatga cctgctggat gatgttgaaa tacagggaca tactagcttt 

1021 ggtgaaggtg acataatgga gagatctgct gtctttaacg gaagcatcct gagaagggag 
1081 tccagtagga gccctagtcc tgtaacccat gcatcgaagt ctcagagtct ccacagagcg 
1141 tctaggaaat tagaatcgtc agaagagagc gactccactg acgatgaaga tcttccctgc 
1201 ttccaacact tactgagcag aataagcaac acacctgagc ttaccagatg cagcagtgct 
1261 gtgacacagc gtatgccaga gaaagcggag gggacccaag caccatggaa gggtagcagc 
1321 agtgactgca ataatgaggt gatcatgata gaggcatctc aggagcatca gtttagtgag 
1381 gatcc 

II 

X 



APPENDIX IV 

Mus musculus mutant breast cancer associated 1 (Brca1) gene, 
exon 11 and partial cds 

LOCUS 
2009 

FJ589202 1386 bp DNA linear ROD 01-FEB-

DEFINITION Mus musculus mutant breast cancer associated 1 (Brca1) gene, exon 
11 and partial cds. ( 
ACCESSION FJ589202 
VERSION FJ589202.1 GI:221706358 
KEYWORDS 
SOURCE Mus musculus (house mouse) 

ORGANISM Mus musculus 
Eukaryota; Metazoa; Chordata; Craniata; Vertebrata; Euteleostomi; 
Mammalia; Eutheria; Euarchontoglires; Glires; Rodentia; 
Sciurognathi; Muroidea; Muridae; Murinae; Mus. 

REFERENCE 1 (bases 1 to 1386) 
AUTHORS Choudhury,Y. and Sharan,R.N. 
TITLE Direct Submission 
JOURNAL Submitted (20-DEC-2008) Biochemistry, North Eastern Hill 

University, Umshing, Shillong, Meghalaya 793022, India 
FEATURES Location/Qualifiers 

source 1 .. 1386 

mRNA 

CDS 

ex on 

/organism="Mus musculus" 
/mol type="genomic DNA" 
/strain="Swiss Albino" 
/db xref="taxon:10090" 
/ch~omosome="11" __ _ 
/map="11D" 
/note="transgenerationally exposed to aqueous extract of 
betel nut (AEBN); exhibit greater susceptibitlity to 
cancer" 
<1. .>1386 
/gene="Brca1" 
<1. .>1386 
/gene="Brca1" 
/product="mutant breast cancer associated 1" 
<1.. >1386 
/gene="Brca1" 
/codon start=1 
/product="mutant breast cancer associated 1" 
/protein id="ACM24793.1" 
/db xref;;;:"GI:221706359" 

/translation="GTAQCMTQSTPRENPKELLNRSNNAGSGTEGLKPPLRHALNLSQ 
EKVEMEDSELDTQYLQNTFQVSKRQSFALFSKPRSPQKDCAHSVPSKELSPKVTAKGK 
QKERQGQEEFEISHVQAVAATVGLPVPCQEGKLAADTMCDRGSRLCPSSHYRSGENGL 
SATGKSGISQNSHFKQSVSPIRSSIKTDNRKPLTEGRFERHTSSTEMAGGNENILQST 
VHTVSLNNRGNACQEAGSGSIHEVCSTGDSFPGQLGRNRGPKVNTVPPLDSMQPGVCQ 
QSVPVSDKYLEIKKQEGEAVCADFSPCLFSDHLEQSMSGKVFQVCSETPDDLLDDVEI 
QGHTSFGEGDIMERSAVFNGSILRRESSRSPSPVTHASKSQSLHRASRKLESSEESDS 
TDDEDLPCFQHLLSRISNTPELTRCSSAVTQRMPEKAEGTQAPWKGSSSDCNNEVIMI 

<1. .>1386 
/gene="Brca1" 
/nurnber=ll 

EASQEHQFSEDP" 

variation 434 

ORIGIN 
1 ggaaccgctc 

61 cgctctaaca 
121 aacctcagtc 
181 aatacatttc 
241 caaaaggact 
301 ggtaaacaaa 

/gene="Brca1" 
/note="S145C" 
/compare=FJ497232.1 
/replace="g" 

agtgtatgac tcagagcaca 
atgctgggag tggcacagag 
aggagaaagt agaaatggaa 
aagtttcaaa gcgtcagtca 
gtgctcactc tgtgccctca 
aagaacgtca gggacaggaa 

ccaagagaaa accccaagga actcctcaat 
ggtctcaagc cccccttgag acacgcgctt 
gacagtgaac ttgatactca gtatttgcag 
tttgctttat tttcaaaacc tagaagtccc 
aaggaactga gtccaaaggt gacagctaaa 
gaatttgaaa tcagtcacgt acaagcagtt 

XI 



361 gcggccacag tgggcttacc tgtgccctgt caagaaggta agctagctgc tgatacaatg 
421 tgtgatagag gttctaggct ttgtccatca tctcattaca gaagcgggga gaatggactc 
481 agcgccacag gtaaatcagg aatttcacaa aactcacatt ttaaacaatc agtttctccc 
541 atcaggtcat ctataaaaac tgacaatagg aaacctctga cagagggacg atttgagaga 
601 catacatcat caactgagat ggcgggggga aatgagaaca ttcttcagag tacagtgcac 
661 acagttagcc tgaataacag aggaaatgct tgtcaagaag ccggctcggg cagtattcat 
721 gaagtatgtt ccactggtga ctccttccca ggacaactag gtagaaacag agggcctaag 
781 gtgaacactg tgcctccatt agatagtatg cagcctggtg tctgtcagca aagtgttcct 
841 gtaagtgata agtatcttga aataaaaaag caggagggtg aggctgtctg tgcagacttc 
901 tctccatgtc tattctcaga ccatcttgag caatctatga gtggtaaggt ttttcaggtt 
961 tgctctgaga cacctgatga cctgctggat gatgttgaaa tacagggaca tactagcttt 

1021 ggtgaaggtg acataatgga gagatctgct gtctttaacg gaagcatcct gagaagggag 
1081 tccagtagga gccctagtcc tgtaacccat gcatcgaagt ctcagagtct ccacagagcg 
1141 tctaggaaat tagaatcgtc agaagagagc gactccactg acgatgaaga tcttccctgc 
1201 ttccaacact tactgagcag aataagcaac acacctgagc ttaccagatg cagcagtgct 
1261 gtgacacagc gtatgccaga gaaagcggag gggacccaag caccatggaa gggtagcagc 
1321 agtgactgca ataatgaggt gatcatgata gaggcatctc aggagcatca gtttagtgag 
1381 gatccc 

II 

xu 
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