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             Susanne M. Gollin, Ph.D. 

THE DNA DAMAGE RESPONSE PATHWAY IN ORAL SQUAMOUS CELL 
CARCINOMA 

 
Rahul A. Parikh, Ph.D. 

University of Pittsburgh, 2006

Nearly 45% of oral squamous cell carcinomas (OSCC) are characterized by amplification 

of chromosomal band 11q13, which occurs by breakage-fusion-bridge (BFB) cycle 

mechanism. The first step in this cycle involves loss of distal 11q. Consequently, critical 

genes involved in the DNA damage response pathway, MRE11A, ATM, H2AFX and 

CHEK1 are lost in the step preceding 11q13 amplification. We hypothesized that this loss 

on distal 11q may lead to a diminished DNA damage response in OSCC. Characterization 

of OSCC using fluorescence in situ hybridization revealed partial loss of MRE11A, ATM, 

H2AFX and CHEK1 in all cell lines with 11q13 amplification and in additional cell lines 

without 11q13 amplification. Quantitative microsatellite analysis and loss of heterozygosity 

studies confirmed this loss. Quantitative PCR and immunoblotting revealed reductions in 

RNA and protein expression of MRE11A, ATM and H2AX. All cell lines with distal 11q 

loss exhibited aberrant gamma-   H2AX foci and increased chromosomal instability to 

ionizing radiation. Surprisingly, distal 11q loss also correlated with reduced sensitivity 

to ionizing radiation.  Although the literature attributes  poor prognosis in OSCC to 11q13 

gene amplification, our results suggest that distal 11q deletions may be equally if not more 

significant. 

We observed an upregulation of the ATR–CHEK1 pathway in a subset of OSCC 

with loss of the G1 cell cycle checkpoint. We hypothesized that this upregulation protects 
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OSCC from premature chromatin condensation or mitotic catastrophe (cell death) by 

enhancing the S phase and G2 phase checkpoints. In OSCC, we observed a gain in ATR 

gene copy number; whereas CHEK1 is partially lost at the gene level. However, we 

observed that both ATR and CHEK1 are overexpressed in a subset of OSCC with loss of 

the G1 cell cycle checkpoint. Inhibition of ATR or CHEK1 with caffeine or with the 

respective siRNAs results in an increased susceptibility of OSCC to DNA damaging 

agents. Thus, inhibition of the ATR–CHEK1 pathway in OSCC may aid the current 

therapeutic modalities used in the treatment of OSCC. The public health significance of our 

studies involves the development and use of distal 11q loss and ATR–CHEK1 upregulation 

as biomarkers for OSCC. 

 

 

 

 

 

 

 

 

 

 

 

 

 
v 



TABLE OF CONTENTS 

ACKNOWLEDGEMENTS ..................................................................................................... XII 

1.0 INTRODUCTION........................................................................................................ 1 

1.1 OVERVIEW......................................................................................................... 1 

1.2 EPIDEMIOLOGY OF ORAL SQUAMOUS CELL CARCINOMA............. 2 

1.3 ETIOLOGY OF ORAL SQUAMOUS CELL CARCINOMA........................ 3 

1.3.1 Tobacco .......................................................................................................... 3 

1.3.2 Alcohol ........................................................................................................... 5 

1.3.3 Viral infections .............................................................................................. 6 

1.3.4 Other risk factors.......................................................................................... 7 

1.4 CHARACTERISTICS OF ORAL SQUAMOUS CELL CARCINOMA....... 8 

1.4.1 Chromosomal instability .............................................................................. 8 

1.4.2 11q13 amplification....................................................................................... 9 

1.4.3 Genetic progression models ....................................................................... 12 

1.5 THE DNA DAMAGE RESPONSE PATHWAYS.......................................... 13 

1.5.1 Important players in the DNA damage response..................................... 13 

1.5.2 Cell cycle checkpoints and cancer ............................................................. 17 

1.5.3 DNA damage repair machinery................................................................. 19 

1.5.4 Telomeres and telomerase activity in cancer............................................ 21 

1.5.5 Cell death and apoptosis in cancer............................................................ 22 

2.0 MATERIALS AND METHODS .............................................................................. 24 

2.1 SUBJECTS AND SAMPLE COLLECTION.................................................. 24 

2.2 CELL CULTURE.............................................................................................. 24 

2.2.1 OSCC cell lines............................................................................................ 25 

2.2.2 AT null cell line ........................................................................................... 25 

 
vi 



2.2.3 Controls........................................................................................................ 25 

2.3 PREPARATION OF DNA PROBES FOR FISH ........................................... 26 

2.4 FLUORESCENCE IN SITU HYBRIDIZATION (FISH).............................. 27 

2.5 PARAFFIN FISH............................................................................................... 28 

2.6 ANAPHASE BRIDGE FORMATION ASSAY .............................................. 28 

2.7 CLONOGENIC CELL SURVIVAL ASSAY.................................................. 29 

2.8 RNA EXTRACTION AND REAL TIME PCR.............................................. 29 

2.9 IMMUNOBLOTTING...................................................................................... 31 

2.10 CELL CYCLE ANALYSIS BY FLOW CYTOMETRY............................... 32 

2.11 CHROMOSOME BREAKAGE STUDIES..................................................... 33 

2.12 PCC INDUCTION IN OSCC ........................................................................... 33 

2.13 SIRNA TRANSFECTION ................................................................................ 34 

3.0 RESULTS ................................................................................................................... 36 

3.1 DISTAL 11Q LOSS IN A SUBSET OF OSCC............................................... 36 

3.1.1 A segment of distal 11q is partially lost in a subset of OSCC................. 36 

3.1.2 Distal 11q loss results in changes in expression of MRE11A, ATM, 

H2AX and CHEK1..................................................................................................... 40 

3.2 CONSEQUENCES OF DISTAL 11Q LOSS IN OSCC................................. 42 

3.2.1 Distal 11q loss is associated with aberrant γ–H2AX focus formation.... 42 

3.2.2 Distal 11q loss is associated with chromosomal instability ..................... 44 

3.2.3 Distal 11q loss is associated with radioresistance..................................... 46 

3.3 LOSS OF THE G1 PHASE CHECKPOINT IN OSCC ................................. 51 

3.3.1 Loss of the G1 checkpoint in a subset of OSCC........................................ 51 

3.3.2 The p53 pathway in OSCC......................................................................... 53 

3.4 ATR–CHEK1 UPREGULATION IN OSCC.................................................. 58 

3.4.1 Copy number and structural changes involving the ATR and CHEK1 

genes….. ...................................................................................................................... 58 

3.4.2 Mechanism of ATR gain and ATR translocations .................................... 64 

3.4.3 ATR and CHEK1 are overexpressed in a subset of OSCC..................... 67 

3.4.4 An upregulated ATR–CHEK1 pathway is associated with 

radioresistance............................................................................................................ 72 

 
vii 



3.5 INHIBITION OF THE ATR–CHEK1 PATHWAY SENSITIZES OSCC TO 

DNA DAMAGING AGENTS............................................................................................ 73 

3.5.1 Caffeine, a non–specific kinase inhibitor sensitizes OSCC to IR-induced 

DNA damage............................................................................................................... 73 

3.5.2 ATR and CHEK1 siRNA sensitize a subset of OSCC to ionizing 

radiation and aphidicolin induced DNA damage.................................................... 78 

4.0 DISCUSSION ............................................................................................................. 84 

4.1 THE ROLE OF DISTAL 11Q LOSS IN OSCC CARCINOGENESIS........ 84 

4.2 ATR–CHEK1 UPREGULATION IN OSCC AND RADIOSENSITIVITY 90 

4.3 RADIOSENSITIZING AGENTS FOR OSCC............................................... 95 

4.4 3Q GAIN IN OSCC AND ITS RELATIONSHIP TO DISTAL 11Q LOSS 99 

4.5 CHRONOLOGY OF GENETIC EVENTS IN OSCC................................. 102 

APPENDIX A  LIST OF BAC AND CEP USED FOR FISH ANALYSIS ......................... 106 

APPENDIX B  SEQUENCES FOR ATR AND CHEK1 SIRNA ......................................... 107 

APPENDIX C  LIST OF ANTIBODIES USED IN IMMUNOBLOTTING....................... 108 

BIBLIOGRAPHY..................................................................................................................... 109 

 
viii 



 LIST OF TABLES 

Table 1. Common forms of smokeless tobacco (adapted from GOLDENBERG et al. 2004) ....... 4 

Table 2. QRT–PCR reagents......................................................................................................... 30 

Table 3. Summary of FISH copy number changes for MRE11A ATM, H2AFX and CHEK1 in 

OSCC cell lines............................................................................................................................. 37 

Table 4. Summary of chromosomal aberrations in OSCC in response to IR. .............................. 45 

Table 5. Baseline anaphase bridge formation in OSCC. .............................................................. 46 

Table 6. Results of clonogenic cell survival in OSCC in response to ionizing radiation. ............ 48 

Table 7. Results of cell cycle analysis in OSCC in response to ionizing radiation. ..................... 52 

Table 8. TP53 mutations in OSCC. .............................................................................................. 56 

Table 9. Results of FISH analysis for the ATR and CHEK1 genes............................................... 59 

Table 10. ATR, CHEK1 and CCND1 FISH in primary head and neck tumors............................. 62 

Table 11. Frequency of ATR, CEP 3 and CEP11 in anaphase bridges in OSCC and GM09607. 66 

Table 12. Clonogenic cell survival of OSCC to different doses of IR ......................................... 72 

Table 13. Important genes on distal 11q that may be lost in a subset of OSCC........................... 86 

Table 14. IC50 for different kinases in response to caffeine.......................................................... 95 

Table 15: Different probes mapping to the respective genes used for FISH analysis ................ 106 

Table 16: List of antibodies used for immunoblotting with their relative concentrations.......... 108 

 
ix 



LIST OF FIGURES 

Figure 1. 11q13 amplification in OSCC by the BFB mechanism................................................. 11 

Figure 2. A schematic representation of DNA damage signal transduction................................. 13 

Figure 3. QuMA studies to map segmental loss of microsatellite loci on distal 11q. .................. 38 

Figure 4. Loss of heterozygosity studies performed on OSCC for multiple loci on distal 11q.... 39 

Figure 5. RNA expression changes for MRE11A, ATM, H2AX and CHEK1 in OSCC............. 40 

Figure 6. Protein expression changes for MRE11A, ATM and H2AX in OSCC ........................ 41 

Figure 7. γ-H2AX focus formation at the end of 1 h following 2.5 Gy IR treatment. ................. 43 

Figure 8. Clonogenic cell survival of OSCC to IR compared with control NHOK. .................... 47 

Figure 9. Summary of results for distal 11q loss and its effects in representative OSCC............ 50 

Figure 10. Comparison of cell cycle profiles of UPCI:SCC066 and 104 in response to IR......... 51 

Figure 11. p53 activation and expression in response to IR in a subset of OSCC........................ 53 

Figure 12. p53 and ATR expression in a subset of OSCC............................................................ 54 

Figure 13. FISH results for the TP53 gene (red) compared with CEP17 (green)......................... 55 

Figure 14. Changes in p53 expression following treatment with a proteosomal inhibitor. .......... 57 

Figure 15.   Structural and numerical changes in ATR and CHEK1 genes in tumor cell lines..... 60 

Figure 16.  Results for ATR, CHEK1 and CCND1 FISH in primary head and neck tumors and 

adjacent normal tissue................................................................................................................... 63 

Figure 17. ATR translocation in SCC084 and isochromosome 3 formation in SCC104 .............. 65 

Figure 18. Presence of ATR (green), CEP11 (aqua) and CEP3 (red) in anaphase bridge. ........... 67 

Figure 19. qRT–PCR analysis for ATR  and CHEK1 RNA expression in subset of OSCC........ 68 

Figure 20. ATR and CHEK1 protein expression in OSCC detected by immunoblotting. ........... 69 

Figure 21. Activation of downstream effectors of ATR in response to IR and UV. .................... 71 

Figure 22. Cell cycle profiles of UPCI:SCC066 and 104 in response to IR and caffeine treatment

....................................................................................................................................................... 74 

 
x 



Figure 23. The frequency of PCC formation (cell death) in untreated cells, in response to 

aphidicolin with or without 1mM caffeine pretreatment. ............................................................. 76 

Figure 24. Clonogenic cell survival of UPCI:SCC084 to different doses of caffeine. ................. 77 

Figure 25. Clonogenic cell survival of OSCC to different doses of caffeine ............................... 78 

Figure 26. ATR and CHEK1 siRNA mediated protein knockout in UPCI:SCC104 ................... 79 

Figure 27. Flow cytometeric analysis following treatment of ATR and CHEK1 siRNA ............ 81 

Figure 28. Induction of premature chromatin condensation and mitotic catastrophe following 

ATR and CHEK1 siRNA treatment.............................................................................................. 82 

Figure 29. Clonogenic cell survival of UPCI:SCC066 and 104 to ATR siRNA treatment.......... 83 

Figure 30. Important genes that can be amplified (red) or lost (blue) on distal 11q. ................... 87 

Figure 31. MLL (yellow) amplification in UPCI:SCC070............................................................ 88 

Figure 32. Model for OSCC sensitization to DNA damaging agents........................................... 97 

Figure 33. A genetic progression model for OSCC.................................................................... 105 

 
xi 



ACKNOWLEDGEMENTS 

I would like to thank my advisor, Dr. Susanne M. Gollin for providing me with the 

opportunity to work in her laboratory. Her constant support, encouragement and advice made my 

stay away from home so much easier. I thank her for always being ready to listen to and answer 

my questions, however trivial they may seem. I am extremely grateful to her for keeping me 

focused on my project and helping me develop my scientific writing skills. I could not have 

worked for a better advisor and mentor. 

 

 I thank the members of my advisory committee Dr. Robert Ferrell, Dr. Baskaran 

Rajasekaran, Dr. William Saunders and Dr. Lin Zhang for their guidance and having time for me 

in spite of very busy schedules. I greatly appreciate the suggestions and help I received from Dr. 

Baskaran Rajasekaran and Dr. Chris Bakkenist to study the biochemical pathways in OSCC. 

 

I would like to thank Mr. Dale Lewis, Dr. Jason White and Dr. Zhisheng Yu for their 

enormous help and support with my project. I would like to thank Dr. Brian Henson for his help 

and suggestions regarding my dissertation. I had a great experience, both at an educational and at 

a personal level working with different members of the Gollin laboratory. I would like to thank 

the past and present members of the Gollin laboratory for making my experience extremely 

rewarding. 

 

I thank my parents, my brother and my wife without whom none of this would have been 

possible.  

 

 

 

 
xii 



PUBLIC HEALTH SIGNIFICANCE 

 

 

Cancer is a growing health problem in the U.S. and worldwide. Cancer is a leading cause of 

morbidity and mortality in the U.S., second only to coronary heart disease. With significant 

improvements in the health care industry and longevity, the incidence of cancer is predicted to 

increase significantly over the next few decades (YANCIK 2005). Since carcinogenesis involves 

a stepwise accumulation of genetic insults over a period of time, these genetic defects can be 

used to differentiate tumor cells from normal cells. Such molecular biomarkers will also be 

useful in predicting response to conventional therapy and patient prognosis. Distal 11q loss and 

3q gain are common genetic events that occur in the process of head and neck squamous cell 

carcinogenesis. Our studies demonstrate that 11q loss in OSCC is associated with defects in 

DNA damage response, increased chromosomal instability and resistance to ionizing radiation. 

Thus, distal 11q loss may be useful as a molecular biomarker to predict the behavior of OSCC. 

Although oral tumors represent less than 5% of all cancers in the U.S., they have a very low 

survival rate and very high rates of relapse, secondary tumor development and resistance to 

therapy. We observed that ATR and CHEK1 overexpression protect OSCC from DNA damaging 

agents and provide a growth and survival advantage. Thus, inhibition of the upregulated ATR–

CHEK1 pathway can sensitize a subset of OSCC to DNA damaging agents and potentiate 

conventional forms of therapy.  The results of this study will not only help us to understand the 

basic biology of OSCC, but also play a role in our choice of therapeutic modalities, and focus 

development of targeted therapy for a subset of OSCC. 
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1.0  INTRODUCTION 

1.1 OVERVIEW 

Cancer is a common term used to describe malignant tumors. Although most researchers and 

physicians can practically describe cancer, it is very difficult to define. Cancer or neoplasia 

include different conditions characterized by uncoordinated and unregulated growth of cells with 

a tendency to invade normal tissue and/or spread to distant sites (metastasis). Certain tumors, like 

Chronic Myelogenous Leukemia (CML) arise from a single cell which underwent a genetic 

change and thus, the cells are clonal in origin. In comparison, solid tumors acquire a number of 

genetic insults over time and are constantly evolving. The early genetic insults occur in a large 

area surrounding the tumor and thus, secondary tumors can develop from the primary tumor–

adjacent “normal tissue” (SLAUGHTER et al. 1953). Certain solid tumors undergo a multi–step 

process of cancer progression, which was first described by Vogelstein and his colleagues in 

colon cancer (KINZLER et al. 1996). With improvements in the diagnosis and treatment of 

medical conditions and diseases, there is a significant increase in life expectancy. This leads to 

an aging population with a very high proportion of individuals in the 65+ year age group. Since 

cancer is the leading cause of morbidity and mortality in this age group, the incidence and 

prevalence of cancer is also expected to increase exponentially over the next decade (YANCIK 

2005). Thus, innovative strategies for prevention, early diagnosis and effective treatment are 

needed to effectively manage the extremely large burden of cancer patients in the near future. 

11111 1  



1.2 EPIDEMIOLOGY OF ORAL SQUAMOUS CELL CARCINOMA 

Worldwide, head and neck squamous cell carcinoma (HNSCC) is the sixth most common cancer 

and the third most common cancer in developing nations. There were 404,575 new cases in 

2002, constituting 3.7% of the total estimated cancer cases worldwide (PARKIN et al. 2002). 

According to a recent study by the American Cancer Society, in 2006, there are expected to be 

approximately 30,990 new cases of HNSCC and 7,430 deaths related to HNSCC (JEMAL et al. 

2006). HNSCC encompass tumors of the tongue, oral cavity, pharynx and larynx. Of these, 

tumors of the oral cavity and tongue, that is oral squamous cell carcinomas (OSCC) account for 

more than 90% of all HNSCC (SCHANTZ and YU 2002). Although, the elderly population 

account for most of the cases of OSCC, recently there has been a significant increase in OSCC 

incidence in the younger age group (MARTIN-GRANIZO et al. 1997, SILVERMAN 2001). 

Leukoplakia, erythroplakia, nicotine stomatitis, tobacco pouch keratosis and oral submucosal 

fibrosis are common premalignant lesions which may progress to OSCC (NEVILLE and DAY 

2002). Leukoplakia, which is a white discoloration in the lining of the oral cavity, is very 

common in the elderly population. Nearly 10-15% of leukoplakia lesions progress to OSCC over 

a period of time (PETTI 2003). In addition to tobacco and alcohol consumption, dietary habits, 

genetic predisposition, and unknown risk factors may play a role in the increased incidence of 

OSCC observed recently (LLEWELLYN et al. 2004). In spite of better methods of diagnosis and 

new procedures for treatment, there has not been a significant difference in the five year survival 

rate for HNSCC over the past 30 years; it was 59% during 1995-2000 and 54% during 1974-

1976 (JEMAL et al. 2006).  Thus, there is a need to develop new biomarkers for effective 

screening, and therapeutic strategies for treatment of leukoplakia and OSCC. 
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1.3 ETIOLOGY OF ORAL SQUAMOUS CELL CARCINOMA 

The common risk factors for oral squamous cell carcinoma are tobacco chewing, smoking, 

alcohol consumption and human papillomavirus (HPV) infection (RHODUS 2005). Vitamins A 

and C, on account of their antioxidant activity are shown to be protective against the 

development of oral leukoplakia and squamous cell carcinoma (NAGAO et al. 2000). The 

combined effects of tobacco use, alcohol consumption and poor dietary habits account for over 

90% of head and neck cancer cases (REICHART 2001). 

1.3.1 Tobacco 

In the U.S., cigarette smoking is a common form of tobacco consumption (TOMAR 2003). 

However, in the rest of the world, the use of smokeless tobacco either by chewing it or by 

inhaling it is fairly common. Cigarette smoke and smokeless tobacco contain a number of 

carcinogens, like tobacco-specific nitrosamines (TSNA), benzopyrene, aldehyde derivatives like 

formaldehyde, acetaldehyde and crotonaldehyde, arsenic, nickel and nicotine (REICHART 

2001). Cultural habits and lifestyle difference may account for the disparity in OSCC incidence 

in the U.S. versus the rest of the world. For example, in India, where chewing tobacco with betel 

quid is very common, OSCC is the most common cancer (GOLDENBERG et al. 2004). 

However, in this day and age of globalization, these habits and lifestyles have disseminated 

throughout the world and may account for the increased incidence of OSCC worldwide 

(GOLDENBERG et al. 2004). 

 In the U.S., there have been a number of arguments in favor of promoting use of 

smokeless tobacco to reduce the use of cigarettes. Nearly 4.5% of males and 0.3% females use 
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smokeless forms of tobacco (TOMAR 2003). This form of tobacco consumption is 

predominantly seen among young adults between 18–25 years of age and is a growing concern 

(TOMAR 2003). Smokeless tobacco leads to the development of premalignant conditions like 

oral submucosal fibrosis (OSF), leukoplakia and erythroplakia (CHAKRABARTI et al. 1991, 

SHIU and CHEN 2004).  

Table 1. Common forms of smokeless tobacco (adapted from GOLDENBERG et al. 2004) 

Vernacular name Ingredients Population 

Pan/betel quid 
Areca nut, betel leaf, lime, 

condiments and sweeteners with or 
without tobacco 

Indian subcontinent, Southeast Asia, 
Southern America 

Zarda Boiled tobacco India and Middle East 
Mishri Burned tobacco India 

Shammah Tobacco, ash and lime Saudi Arabia, Yemen 
Toombak Tobacco and sodium bicarbonate Sudan 

 

At the cellular level, cigarette smoke condensate (CSC) induces DNA double strand breaks 

(DSB) by generating reactive oxygen species in normal human fibroblasts and keratinocytes. 

These DSB contribute to the formation of anaphase bridges, micronuclei and chromosomal 

imbalances in normal cells and cancer cell lines (LUO et al. 2004). Cigarette smoking has been 

correlated with increased expression of the fragile site, FRA3B and a deletion of the tumor 

suppressor gene, FHIT (STEIN et al. 2002). Cigarette smoking is also associated with increased 

fragile site expression and sister chromatid exchanges and thus, can induce chromosomal 

rearrangements (KAO-SHAN et al. 1987).  The Areca nut, an important constituent of certain 

types of smokeless tobacco, contains a number of carcinogenic nitrosamines which induce 

cytogenetic abnormalities (DAVE et al. 1992). Thus, cigarette smoking or smokeless tobacco 

consumption can predispose normal cells to precancerous and cancerous genetic changes. 
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1.3.2 Alcohol 

Chronic alcohol consumption is an important risk factor for developing cancer of the oral cavity, 

pharynx, larynx and esophagus (BROWN 2005).  Alcohol can act in a number of ways to induce 

or facilitate carcinogenesis. Ethyl alcohol acts as a solvent and increases the permeability of the 

oral mucosa to a number of carcinogens like nitrosamines, asbestos, polycyclic hydrocarbons and 

carcinogens present in tobacco (SEITZ et al. 1998, 2004). It has been shown that chronic 

alcoholism is associated with poor oral hygiene and deficiency of anti–oxidants like reduced 

glutathione, zinc, magnesium and vitamins A and C (POSCHL et al. 2004).  On absorption, ethyl 

alcohol is converted into acetaldehyde by the action of alcohol dehydrogensase (ADH) (SEITZ 

et al. 2004). Acetaldehyde has been shown to interfere with DNA synthesis, enhance cell injury, 

cause cell cycle defects and induce chromosomal aberrations. Thus, acetaldehyde generated from 

alcohol metabolism has a strong mutagenic and carcinogenic effect (SEITZ et al. 2004). Alcohol, 

by itself, can induce the formation of toxic oxygen radicals and reactive oxygen species, which 

may contribute to DNA damage in cells (SEITZ et al. 2004).   

Alcohol consumption combined with the use of tobacco accounts for nearly 75% of upper 

aerodigestive tract tumors (OGDEN 2005). In addition to aerodigestive tract cancers, alcohol 

consumption leads to cancers of the liver, colon, rectum, breast, and pancreas (BOFFETTA and 

HASHIBE 2006). When compared with tobacco consumption, public awareness regarding 

alcohol consumption and its causal relationship to OSCC and other cancers is poor (FABIAN et 

al. 1996). Thus, there is a need to improve public awareness regarding the harmful effects of 

alcohol consumption and its causal relationship with a number of cancers. 
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1.3.3 Viral infections 

Human papillomaviruses (HPV) are important etiological factors for cervical and other 

anogenital cancers. Although there are over seventy HPV strains, only HPV 16, 18, 31, 33, 35 

and 45 are associated with cancers (DE VILLIERS 1994). A strong association between oral 

cancer and the high–risk HPVs 16 and 18 has been demonstrated (McKAIG et al. 1998, 

GILLISON et al. 2000, MORK et al. 2001). Most of the dysplastic and carcinomatous changes 

induced by pathogenic HPVs are mediated by the viral oncoproteins E6 and E7. Both E6 and E7 

target critical tumor suppressor genes involved in cell cycle regulation (MUNGER et al. 1992). 

The p53 protein is targeted for degradation by the oncoprotein E6 (WERNESS et al. 1990). E7 

acts on pRB and disrupts the pRB–E2F complex; this causes changes in transcription and 

activation of a number of genes involved in cell proliferation (PHELPS et al. 1998). Recently, 

members of our laboratory demonstrated HPV integration at three distinct chromosomal fragile 

sites in an OSCC cell line (RAGIN et al. 2003). Thus, HPV integration at fragile sites may 

enhance chromosomal instability in OSCC. HPV may contribute to carcinogenesis by interfering 

with activation of the NFκB signaling pathway (SPITKOVSKY et al. 2002) and activation of 

telomerase (KLINGELHUTZ et al. 1996) 

The Epstein Barr virus (EBV) commonly causes nasopharyngeal carcinoma, Burkitt 

lymphoma, Hodgkin lymphoma and other B–cell lymphomas (YOUNG and RICKINSON 2004). 

The EBV–encoded latent membrane protein 1 (LMP1) is the central transforming factor and is 

essential for transforming B lymphocytes in vitro (KAYE et al. 1993). EBV has been associated 

with OSCC, especially in immunocompromised patients. Investigators have isolated EBV-

derived LMP1 from OSCC. Thus, EBV infection may play a role in OSCC pathogenesis 

(GONZALEZ–MOLES et al. 2002).   
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1.3.4 Other risk factors  

Even though environmental factors or personal habits like alcohol and tobacco consumption and 

HPV infection account for 85–90% of OSCC, nearly 15% of patients who develop OSCC do not 

have any risk factors. Fanconi anemia patients have a 500–fold risk of developing OSCC, 

supporting the possibility of genetic susceptibility to head and neck cancer. A number of 

disorders, which involve mutations in DNA damage response genes, including xeroderma 

pigmentosum, Fanconi anemia, Bloom syndrome, and ataxia telangiectasia demonstrate an 

increased susceptibility to cancer development (PRIME et al. 2001).  It has been observed that 

specific haplotypes at the X-ray repair complementing defective repair in Chinese hamster cells 

1 (XRCC1) and glutathione S-transferase M3 (GSTM3) loci may be associated with an increased 

risk of progression from leukoplakia to OSCC (MAJUMDER et al. 2005). In addition, 

polymorphisms of the glutathione S-transferase T1 (GSST1) are associated with altered 

susceptibility to OSCC (EVANS et al. 2004). Thus, a genetic component and gene–environment 

interactions may play a role in the susceptibility to develop OSCC.  

It has been shown that reactive oxygen species are important mediators in the 

carcinogenic action of tobacco and ethyl alcohol in OSCC. Thus, anti–oxidants like vitamins A 

and C are protective against the formation OSCC. People with poor oral hygiene and nutritional 

defects (common in chronic alcoholics) have an increased incidence of OSCC (POSCHL et al. 

2004). Red and processed meat consumption leads to a 2-3 fold increase in risk of developing 

OSCC, while consumption of fruits and vegetables reduces the risk of developing OSCC by half 

(LEVI et al. 1998). Thus, a healthy lifestyle and dietary habits may confer protection against a 

number of tumors, including OSCC. 
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1.4 CHARACTERISTICS OF ORAL SQUAMOUS CELL CARCINOMA 

1.4.1 Chromosomal instability 

One hallmark of solid tumors is chromosomal instability, which helps drive cancer growth and 

progression. As the tumor progresses, its genotype evolves into one that is optimized for 

proliferation, spread and invasion into surrounding tissues. Thus, over a period of time, genetic 

alterations that confer a growth advantage are selected (ALBERTSON et al. 2003). 

Chromosomal instability is a state of continuous, dynamic, propagated changes in chromosome 

structure and/or number, which is usually seen in solid tumors. OSCC exhibit a high level of 

chromosomal instability with near-triploid or tetraploid karyotypes composed of multiple clonal 

numerical and structural chromosomal abnormalities (VAN DYKE et al. 1994, GOLLIN 2001, 

JIN et al. 2002). Chromosomal segregational defects involving multipolar spindles are a 

common cause of numerical chromosomal instability in OSCC (SAUNDERS et al. 2000, 

GISSELSSON et al. 2002). The anaphase bridges and micronuclei observed in OSCC may be 

caused by defects in the DNA damage response and/or dysfunctional telomeres (GOLLIN 2001, 

GISSELSSON 2003). Anaphase bridges are intermediates in the process of gene amplification 

(SHUSTER et al. 2000, SAUNDERS et al. 2000).  

Changes in DNA ploidy and chromosomal abnormalities can be detected in tumor– 

adjacent normal tissue and dysplastic tissue and also in premalignant lesions of the oral cavity 

(SUDBO et al. 2001, SUDBO et al. 2002). Thus, chromosomal instability is a relatively early 

event in head and neck tumor development.  A high degree of chromosomal aneuploidy and 

changes in DNA ploidy in OSCC are correlated with lymph node metastasis, poor response to 

treatment and poor prognosis (HOLM 1982, STELL 1991). Even though OSCC exhibit a high 

 
8 



degree of cytogenetic heterogeneity, certain chromosomal changes like 11q13 amplification, 

gains involving 3q21–q29, 5p, 8q, 18q and 22q and losses involving 3p, 8p, 9p, 11q, 13q and 21q 

occur regularly and may play a role in OSCC development and progression (BOCKMUHL and 

PETERSEN 2002).  

1.4.2 11q13 amplification  

Amplification of chromosomal band 11q13, one form of chromosomal instability, is present in 

nearly 45% of OSCC (GOLLIN 2001). 11q13 amplification is an independent prognostic factor 

which correlates with higher stage disease, lymph node involvement, shorter time to recurrence, 

and reduced overall survival (AKERVALL et al. 1997, FRACCHIOLLA et al. 1997, 

MICHALIDES et al. 1997, MIYAMOTO et al. 2003). Gene amplification, the generation of 

extra copies of a gene or genes, is a common genetic defect in human tumors, including OSCC 

(SCHWAB 1998). Amplification and subsequent overexpression of critical genes has been 

shown to lead to dysregulation of the cell cycle, resulting in cellular proliferation and tumor 

formation and/or progression (LUNDBERG et al. 1999). Chromosomal band 11q13, which 

harbors the locus for a key cell cycle regulatory gene, cyclin D1 gene (CCND1) and other 

neighboring genes, is the most frequently amplified genetic segment in OSCC (AKERVALL et 

al. 1997, GOLLIN 2001, HUANG et al. 2002). 11q13 amplification is also present in a smaller 

percentage of other carcinomas (SCHRAML et al. 1999). Several genes have been shown to be 

amplified in this region, including CCND1, EMS1 which encodes human cortactin, an actin 

binding protein possibly involved in the organization of the cytoskeleton and cell adhesion 

structures, TAOS1 and TAOS2, two genes that we have identified with unknown function 

(HUANG et al. 2002 and unpublished data), FADD, the FAS-associating protein with death 
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domain gene, and FGF3 and FGF4 (fibroblast growth factors 3 and 4, also called INT2 and 

HSTF1). Cyclin D1 is a critical cell cycle regulatory protein that drives the cell from the G1 to 

the S phase of the cell cycle. Cyclin D1 binds a cyclin-dependent kinase, CDK4 or CDK6. This 

is followed by phosphorylation and inactivation of the retinoblastoma protein pRB, resulting in 

release of the bound E2F transcription factors and cell cycle progression (WEINBERG 1995). 

Overexpression of CCND1 may lead to shortening of the G1 phase of the cell cycle and thus, 

premature transition to the S phase of the cell cycle, resulting in propagation of unrepaired DNA 

damage, accumulation of genetic alterations, and a growth advantage for the cells.  Hittelman 

and colleagues report that 11q13 amplification occurs early in the pathogenesis of OSCC, in 

premalignant lesions prior to development of invasive carcinoma (IZZO et al. 1998). 11q13 

amplification with cyclin D1 overexpression is a critical event in the pathogenesis of OSCC and 

is associated with a poor prognosis (AKERVALL et al. 1997).  

 11q13 amplification in OSCC occurs by the breakage–fusion–bridge (BFB) mechanism, 

first described in maize by geneticist Barbara McClintock in 1938 (McCLINTOCK 1938, 

McCLINTOCK 1939). As depicted in Figure 1, the first step in the BFB model of 11q13 

amplification is loss of a distal portion of chromosome 11, resulting in an unprotected 

chromosome end which fuses with its sister chromatid to form a dicentric chromosome. During 

chromosomal segregation, the two centromeres are pulled to different poles, leading to additional 

breaks and the cycle continues until a derivative chromosome 11 with 11q13 amplification is 

formed (SHUSTER et al. 2000). During the initial step of 11q13 amplification, a segment of 

distal 11q harboring important genes involved in DNA damage repair like MRE11A (11q21), 

ATM  (11q22.3), H2AFX ( 11q23.2) and CHEK1 (11q24) is lost. 
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Figure 1. 11q13 amplification in OSCC by the BFB mechanism 

The initiating event in 11q13 amplification is a break at the distal end of chromosome 11 

resulting in a sticky end which fuses with its sister chromatid to give rise to a dicentric 

chromosome. The two centromeres of this dicentric chromosome are pulled to opposite poles, 

forming a bridge between the two daughter cells. Breakage of the dicentric chromosome yields 

more sticky ends and the cycle continues until a derivative chromosome 11 with 11q13 

amplification is capped and stabilized by a chromosomal segment bearing a telomere. 

Most of the clinical correlations with 11q13 amplification have been attributed to 

amplification and overexpression of CCND1 and genes present in the 11q13 amplicon.  

However, the loss of distal 11q, with a number of important genes including ATM, H2AFX, 

MRE11A and CHEK1 may play an important role in the development and progression of OSCC. 
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1.4.3 Genetic progression models 

The concept of field cancerization was first described in oral tumors in 1953 (SLAUGHTER et 

al. 1953). They proposed that dysplastic changes occur simultaneously in multiple areas or over 

a widespread area. Thus, a tumor is surrounded by dysplastic tissue which is precancerous. This 

model explains how local recurrences, multiple tumors or second primary tumors may develop in 

the vicinity of or at the site of the primary tumor. In terms of genetic changes, it has been 

demonstrated that a number of ‘genetic insults’ accumulate and contribute to chromosomal 

instability and eventually lead to the formation of a tumor (KINZLER et al. 1996).  The 

chronological order of the genetic insults and their relative contribution to tumor formation can 

be evaluated by studying the dysplastic and premalignant tissue surrounding the primary tumor. 

A number of such genetic insults and their chronological order have been described in OSCC 

(CALIFANO et al. 1996, FORASTIERE et al. 2001). Common events described in the 

progression to OSCC are loss of heterozygosity at 9p21 which involves loss of p16, loss of 

heterozygosity at 3p14 (FHIT gene), 17p13 (TP53 gene) and amplification of 11q13 (HA and 

CALIFANO 2003). 3q gain is frequently seen in frank carcinoma of the head and neck and is 

associated with poor prognosis (ASHMAN et al. 2003). In OSCC, deletion or mutation of the 

TP53 gene and the p16 INK4A/ARF (CDKN2A) locus have been observed in the ‘normal tissue’ 

surrounding the tumors, which suggest that these are early changes. Such alterations have also 

been observed in breast, cervical and lung cancer. Amplification of chromosomal band 11q13 in 

the form of a homogenously staining region (HSR) leads to the amplification and overexpression 

of a number of genes like cyclin D1 (CCND1), Cortactin (EMS1), TAOS1 and 2, and FGF3 and 

4 (HUANG et al. 2002). This event may trigger and drive tumor formation in nearly half of all 

oral tumors. 
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1.5 THE DNA DAMAGE RESPONSE PATHWAYS  

1.5.1 Important players in the DNA damage response 

The DNA damage response involves the sensing of DNA damage followed by transduction and 

amplification of the damage signal through a very complex network of cellular pathways. The 

initial DNA damage is detected by sensors which attract a number of proteins involved in DNA 

damage response to the site of damage. The transducers, in turn activate multiple effectors which 

initiate and regulate different cellular activities like cell cycle checkpoints, DNA repair, telomere 

maintenance and apoptosis (KHANNA and JACKSON 2001, JACKSON 2002).  

DNA damage

Sensor

Transducers

Effectors

Cell cycle 
regulation

DNA 
repair

Telomere 
regulation

Epigenetic 
changes

Apoptosis
 

Figure 2. A schematic representation of DNA damage signal transduction  

The DNA damage is initially detected by sensors like the MRN and 9-1-1 complexes. The 

damage signal is then modulated, transduced and amplified by the protein kinases ATM and 

ATR. A number of downstream effectors, like CHEK2, CHEK1, BRCA2 and p53 are activated 
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and trigger a number of cellular responses to DNA damage (Figure 2 adapted from JACKSON 

2002). 

 

The MRE11A, RAD50 and NBS1 (MRN) complex and the RAD9, HUS1 and RAD1 (9–

1–1) complex act as sensors for DNA damage. Both of these complexes play an important role in 

the detection and modulation of the DNA damage response. The MRE11A protein has intrinsic 

DNA binding and nuclease activity and forms a complex with RAD50 and NBS1 (TRUJILLO et 

al. 1998). Under normal conditions, the components of the MRN complex are diffusely scattered 

in the nucleus. However, in response to DSB, these components assemble and bind to the area of 

damage, forming visible foci (STRACKER et al. 2004). Following phosphorylation of NBS1 by 

ATM on Ser-343, the MRN complex increases the efficiency of ATM activity by improving 

ATM binding to its substrates (LEE et al. 2004). Inherited mutations in MRE11A lead to ataxia 

telangiectasia-like disorder, characterized by chromosomal instability and a defective S-phase 

checkpoint (STEWART et al. 1999).  

The 9–1–1 complex is a heterotrimeric complex with a sliding clamp–like structure 

which resembles the structure of proliferating nuclear antigen (PCNA) (THELEN et al. 1999). 

The 9–1–1 complex is loaded to areas of damaged DNA with the help of RAD17 which acts as a 

clamp loader. The clamp–like action of the 9–1–1 complex at sites of DNA damage helps to 

recruit, activate and modulate ATR and its downstream effectors like CHEK1, BRCA1 and the 

Fanconi proteins. Thus, the 9–1–1 complex coordinates cell cycle progression and DNA repair at 

sites of DNA damage (PARRILLA–CASTELLAR et al. 2004). Inhibition or depletion of the 9–

1–1 complex leads to impaired ATR–dependent CHEK1 phosphorylation, cell cycle checkpoint 

defects and chromosomal abnormalities (BAO et al. 2004). Recently, amplification and 
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overexpression of RAD9A on 11q13 have been reported in breast and lung cancer (CHENG et 

al. 2005, MANIVA et al. 2005). 

The phosphatidyl inositol 3–kinase (PI3K) like protein kinases, ataxia-telangiectasia 

mutated (ATM) and ataxia telangiectasia and Rad3 related (ATR) act as transducers of the DNA 

damage signal (SHILOH 2001). In response to DNA damage, both ATM and ATR 

phosphorylate a number of substrates on serine (SQ) or threonine (TQ) residues and activate 

them (SHILOH 2001a). The ATR gene is located in chromosomal band 3q24, while ATM is 

located at 11q22.3. ATM responds mainly to DNA double-strand breaks (DSBs) caused by 

ionizing radiation, while ATR is activated in response to stalled replication forks and DNA 

damage induced by UV radiation or certain chemotherapeutic drugs (HELT et al. 2005). After 

DNA damage, ATM undergoes autophosphorylation at Ser-1981. This causes a conformational 

change and activation of the ATM protein (BAKKENIST et al. 2004). The activation of ATM or 

ATR initiates a signaling cascade that involves the phosphorylation of substrates like CHEK2, 

p53, MDM2, NBS1, SMC1, BRCA1, and H2AX (SHILOH 2001a, SHILOH 2001b). Thus, 

following DNA damage, ATM and/or ATR orchestrate a coordinated cascade of events that 

culminate in cell cycle arrest and DNA repair or apoptosis (ABRAHAM 2001, SHILOH 2001a, 

SHILOH 2001b). At the cellular level, ATM loss is associated with chromosomal instability, 

radioresistant DNA synthesis, as well as a loss of the G1 checkpoint in response to DNA damage 

(MEYN 1999).  An ATM–deficient (AT) cell line has been shown to have an overactivated 

ATR-CHEK1 pathway which results in a prolonged G2 arrest after ionizing radiation (WANG et 

al. 2003). Inhibition of this upregulated ATR-CHEK1 pathway sensitizes AT cells to ionizing 

radiation (WANG et al. 2003). Homozygous deletions of the ATR gene in mice are embryonic 

lethal (DE KLEIN et al. 2000). In humans, partial loss of ATR activity causes the autosomal 
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recessive disorder, Seckel syndrome (O’DRISCOLL et al. 2003). ATR plays an important in 

replication surveillance and repair along with its partners, the ATR interacting protein (ATRIP) 

and replication protein A (RPA) (CORTEZ et al. 2001, ZOU and ELLEDGE 2003, BYUN et al. 

2005). ATR has also been shown to play a very important role in regulating chromosomal fragile 

sites (CASPER et al. 2002). It has been shown that ATM regulates loading of ATR to sites of 

DNA damage (CUADRADO et al. 2006). Thus, even though ATM and ATR are activated in 

response to different types of DNA damage, there is overlap between the two pathways. 

It has been shown that the histone variant, H2AX is phosphorylated on its Serine-139 

residue by ATM or ATR in response to DNA damage (BURMA et al. 2001, WARD and CHEN 

2001).  The phosphorylated H2AX (γ-H2AX) forms visible complexes at sites of DNA double 

strand breaks that help in recruitment and localization of numerous DNA repair factors like 

ATM, ATR, BRCA1, the MRN complex, CHEK1 and CHEK2 (SHILOH 2001).  The 

phosphorylation of H2AX persists until DNA repair is completed or the cell is forced to undergo 

apoptosis. Haploinsufficiency of an H2AX allele on a p53-deficient background has been shown 

to cause clonal nonreciprocal translocations, amplifications, and increased genetic instability and 

also increases cancer susceptibility in mice (BASSING et al. 2003, CELESTE et al. 2003).  

CHEK1 and CHEK2 are highly conserved effector kinases which transmit signals from 

ATM and ATR to downstream proteins. This in turn leads to cell cycle checkpoint activation, 

and DNA repair (BARTEK and LUCAS 2003). CHEK1 mainly acts during the G2 and S phases 

of the cell cycle to initiate cell cycle checkpoints in response to DNA damage (LIU et al. 2000). 

The early lethality of CHEK1-deficient embryonic cells (TAKAI et al. 2000) and early 

embryonic lethality of CHEK1-deficient mice (LIU et al. 2000) suggests that CHEK1 plays a 

very important role during early development and viability in mammals (KALOGEROPOULOS 
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et al. 2004). CHEK1-induced G2M arrested is mediated through phosphorylation and 

inactivation of the Cdc25 phosphatases (SANCHEZ et al. 1997). In addition to CHEK1 and 

CHEK2, a number of other proteins like p53, MDM2, ABL1, SMC1, BRCA1 and BRCA2, the 

Fanconi proteins and are phosphorylated and activated by ATM and ATR (SHILOH et al. 2001a, 

SHILOH et al. 2001b). Thus, perturbation of either ATM or ATR may have a ripple effect and 

affect the regulation and control of numerous proteins and pathways involved in the DNA 

damage response. 

1.5.2 Cell cycle checkpoints and cancer 

The cell cycle is a series of predetermined events every cell passes through prior to 

division into two daughter cells. The cell cycle is divided into four main phases, G1 phase which 

is the first gap or growth phase, S phase, during which histones and DNA are synthesized, G2 or 

the second gap or growth phase and the mitotic (M) phase during which the cell divides. The 

major purpose of the cell cycle is to assure high fidelity duplication of the genetic material and 

equal distribution to the two daughter cells.  In response to stress or damage to the cell, there are 

three major cell cycle checkpoints: one at the G1-S transition, the second within the S phase and 

one at the G2-M transition. Every cell has an option to stop or proceed further during the G1 and 

the G2 phases of the cell cycle in response to pro– and anti-proliferative signals (LUKAS et al. 

2004). The G1-S phase and the G2-M phase checkpoints are placed just before the critical steps 

of DNA replication and chromosome segregation, cell division, respectively (LUKAS et al. 

2004). It has been suggested that defects in cell cycle checkpoints may contribute to the genomic 

instability seen in various cancers (KASTAN et al. 2004). The fact that p53, a very important 
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regulator of the G1 phase checkpoint is mutated in more than 50% of all cancers provides proof 

that cell cycle defects are linked to development of cancer (LEVINE 1997, MASSAGUE 2004). 

The dominant checkpoint in mammalian cells traversing through the G1 phase into the S 

phase is a p53–dependent pathway which is initiated mainly by ATM/ATR and CHEK2/CHEK1, 

respectively in response to DNA damage (LUKAS et al. 2004, LEVINE 1997, MASSAGUE 

2004). Factors promoting the entry of cells into S phase involve expression of the cyclins D, E 

and A, whereas those which inhibit entry into the S phase are activated p53, p21 and p27, and 

dephosphorylated Rb. The G1 cell cycle checkpoint is frequently dysregulated in OSCC 

(MICHALIDES et al. 2002). 

The mammalian S phase response to DNA damage is a combination of three separate 

responses (BARTEK et al. 2004). A replication checkpoint is activated in response to stalled 

replication forks during DNA synthesis (BARTEK et al. 2004). A separate S phase checkpoint 

prevents cells from dividing before faithful replication is complete. A loss of this checkpoint 

results in apoptosis of the cells with incomplete DNA replication. In response to DNA double 

strand breaks outside replicating areas, an independent intra-S phase checkpoint is activated. All 

three S phase checkpoints are p53 independent, but rely on the ATR/ATM kinases and 

CHK1/CHK2 proteins for activation (BARTEK et al. 2004).  Abrogation of the S phase DNA 

damage checkpoint by caffeine leads to premature mitosis, premature chromatin condensation 

(PCC) and apoptosis in response to DNA damage (NGHIEM et al. 2001). 

The aim of the G2 (G2M) checkpoint is to prevent cells with improper DNA replication or 

DNA damage from entering mitosis. The critical regulator of the G2 checkpoint is the pro-mitotic 

cyclin B/CDK 1 kinase complex which in turn is regulated by the ATR, CHEK1 and CDC25 

phosphatase family of proteins (O'CONNELL et al. 2005). The G2 checkpoint partly relies on 

 
18 



p53-dependent mechanisms. However, it has been shown that p53-independent mechanisms are 

sufficient to sustain G2 arrest. Entry of cells with DNA damage into mitosis results in activation 

of an M phase–specific, p53-independent pathway that results in mitotic catastrophe and 

apoptosis (O'CONNELL et al. 2005). It has been shown that knockout of either CHEK1 or ATR, 

results in mitotic catastrophe during embryogenesis or loss of replication checkpoint control in 

cycling Xenopus extracts (HEKMAT-NEJAD et al.  2000). 

 Since the G1 phase checkpoint is lost in a large number of tumors, there is growing 

interest in S and G2 phase checkpoint abrogating agents which can sensitize these tumors to 

chemotherapy and radiotherapy (ZHOU et al. 2003). 

1.5.3 DNA damage repair machinery 

Endogenous or exogenous agents continuously inflict normal cells with DNA damage. The most 

common form of DNA damage is in the form of double strand breaks (DSB) (JACKSON 2002).  

In response to DNA damage, different repair pathways are activated depending on the type of 

DNA damage and the cell cycle phase during which the damage is induced. In vivo, hypoxia, 

replicative stress and deprivation from nutrients commonly lead to the formation of reactive 

oxygen species which induce DSB. Exogenous factors which cause DSB are ionizing radiation 

and certain chemicals (KHANNA and JACKSON 2001). Thus, normal cells continuously 

undergo a basal or background level of DNA damage which needs to be repaired.  

The common DNA damage repair pathways include homologous recombination repair 

(HRR), non-homologous end-joining (NHEJ), nucleotide excision repair (NER), base excision 

repair (BER), and mismatch repair (MMR) (WOOD et al. 2001).  HRR is the predominant form 

of repair during the S and the G2M phases of the cell cycle. In HRR, the DNA segment lost is 
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accurately reproduced using the intact DNA sequence on the sister chromatid.  Genes involved in 

this repair mechanism include: RAD51, RAD54, XRCC2, XRCC3, BRCA1, ATM, ATR, BLM, 

Tip60 and p53 (BERNSTEIN et al. 2002).  NHEJ which predominantly occurs during the G1 

phase of the cell cycle involves direct ligation of broken DNA ends. Thus, NHEJ is a form of 

salvage repair which results in a considerable loss of genetic material in certain cases (CHU et 

al. 1997). Ligase IV, XRCC1, and the DNA–PK complex including the Ku70, Ku80 proteins and 

catalytic unit of DNA–PK (DNA–PKCS) play an important role in NHEJ (SMITH and 

JACKSON 1999, HEFFERIN and TOMKINSON 2003). Since NHEJ often results in loss of 

genetic material. it is only used when there is no template to guide the formation of the same 

DNA material. During the S, G2 and M phases, when a sister chromatid is available, conservative 

HR occurs preferentially (SALEH-GOHARI et al. 2001). DNA damage caused by UV radiation, 

certain chemotherapeutic agents like cisplatinum, and bulky adducts which distort the normal 

configuration of the DNA helices are repaired by NER. NER can occur in non-transcribed areas 

and is called global genomic repair (GGR) or it can occur during transcription, which is called 

transcription coupled repair (TCR) (WOOD 1997). Defects in genes involved in NER lead to an 

increased predisposition to cancer, especially skin cancer (HOEIJMAKERS 1994, DE BOER 

and HOEIJMAKERS 2000). BER protects mammalian cells from mutations or biochemical 

changes like methylation, oxidation or reduction, which affect individual bases (SWEASY et al. 

2006, BERNSTEIN et al. 2002). Usually only the affected nucleotide is excised, i.e., short–patch 

BER.  In contrast, up to eight nucleotides around the affected nucleotide can be excised in long–

patch BER (KROKAN et al. 2000). The MMR pathway corrects nucleotide mismatches and 

insertion or deletion loops (IDL) (KUNKEL and ERIE 2005). In humans, MSH2, MSH3 and 

MSH6 form heterodimers which recognize and repair base–base mismatches and IDL (JIRICNY 
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2006). Mutations of genes involved in MMR lead to a very high rate of background mutations, 

microsatellite instability, and predisposition to cancer (PELTOMAKI 2003). Defects in the 

MMR pathway lead to development of hereditary non-polyposis colorectal cancer (HNPCC) 

syndrome and other tumors (AALTONEN et al. 1993, ESHLEMAN and MARKOWITZ 1996). 

In addition to mismatch repair, MMR proteins are also involved in sensing DNA damage, 

regulation of homologous recombination and DNA recombination (MOHINDRA et al. 2002, 

JIRICNY 2006).  

Thus, there are a number of DNA damage repair pathways which are activated in 

response to the nature, cell cycle time–point and duration of the DNA damage. Defects in one or 

more of these pathways are a common feature of different tumors. 

1.5.4 Telomeres and telomerase activity in cancer 

Telomeres are highly specialized “TTAGGG” repeats which protect the ends of chromosomes. A 

loss of telomere integrity results in end–to–end chromosomal fusions and misrecognition of 

chromosomal ends as DSB (ARTANDI et al. 2000). Telomerase is a ribonucleoprotein complex 

with enzymatic activity which maintains telomeres. A catalytic unit, telomerase reverse 

transcriptase (TERT) and telomerase RNA (TR) are important components of telomerase 

(NUGENT and LUNDBLAD 1998). Telomerase adds the TTAGGG repeats to the ends of 

chromosomes (BLACKBURN 1991). Telomerase is normally active only in germline cells and 

embryonic stem cells. In somatic cells, the telomere length shortens after every cycle of cell 

division until it reaches a “critical length.” This signals the senescent cell to undergo 

programmed cell death. It has been demonstrated that enhancing telomerase activity causes 

telomere lengthening and increases the life span of normal human cells (BODNAR et al. 1998, 
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VAZIRI and BENCHIMOL 1998). In contrast, most cancer cells activate telomerase or rely on 

other pathways, collectively called alternative lengthening of telomeres (ALT), to prevent 

telomere attrition (KIM et al. 1994, BRYAN et al. 1997). Thus, a high level of telomerase 

activity in advanced cancers allows the tumor cells to proliferate continuously and indefinitely 

(MASER and DEPINHO 2002). Thus, telomere length serves as a surveillance system to 

monitor the number of cell divisions and prevent genomic instability and progression to cancer. 

p53 deficiency protects cells with critically short telomeres from cell death (CHIN et al. 1999). 

Telomere loss in cells is associated with end to end chromosome fusions, resulting in 

chromosomal translocations and formation of dicentric chromosomes and anaphase bridges 

(O’HAGAN et al. 2002, SABATIER et al. 2005). Thus, telomere dysfunction on a p53 deficient 

background can promote chromosomal instability and initiate pro–carcinogenic changes. 

1.5.5 Cell death and apoptosis in cancer 

Growth and progression of any tumor can be achieved either by increased proliferation or 

reduction in cell death. Thus, inactivating mutations or deletions of pro–apoptotic genes or 

translocation or amplification of anti–apoptotic genes may confer tumor cells with a survival 

advantage. The TP53 gene and its family members, TP63 and TP73 are master regulators of the 

delicate balance between cell proliferation and cell death. p53 and Rb mediate a form of 

programmed cell death called apoptosis. A number of genes involved in apoptotic pathways are 

highly conserved evolutionarily. Since cells with excessive DNA damage or telomere attrition 

are subjected to apoptosis, apoptosis can be considered as a mechanism which protects cells from 

carcinogenic changes. Loss of p53 and Rb is commonly seen in tumors and causes uncoupling of 

damage/stress signals, cell growth and cell proliferation (SHERR and McCORMICK 2002). 
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Loss of apoptotic pathways, a common feature of tumors, confers the cancer cells with a growth 

advantage (HANAHAN and WEINBERG 2000). Apoptosis is mediated by a family of protease 

enzymes called caspases (ALNEMRI et al. 1996). All caspases are tightly regulated and 

activated only when a cell is committed to undergo apoptosis (RIEDL and SHI 2004). Defects in 

apoptotic pathways due to loss of p53 function or by other mechanisms is a common feature of 

cancer (IGNEY and KRAMMER 2002). There is an increased interest in enhancing apoptosis in 

cancer cells (FESIK 2005). 

 In addition to apoptosis, there are a number of other mechanisms that lead to cell death, 

including premature chromatin condensation (PCC), mitotic catastrophe (MC), necrosis and 

autophagy (OKADA and MAK 2004, BROKER et al. 2005). MC is triggered in cells which 

undergo premature mitosis with DNA damage. Morphologically, cells that undergo mitosis 

appear as giant cells with micronucleus formation and nuclear fragmentation (CASTEDO et al. 

2004). Survivin, a regulator of the M phase checkpoint plays an important role in protecting cells 

from undergoing mitotic catastrophe. PCC is fragmentation of chromatin following premature 

entry of the cell with DNA damage through the replicative S phase checkpoint. Morphologically, 

S phase PCC resemble mitotic catastrophe. Necrosis usually follows an inflammatory reaction 

and involves swelling of the cell followed by release of enzymes and electrolyte and pH 

imbalances. Autophagy is a lysosomal mediated degradation of cellular components and presents 

as vacuolation and bleb formation within the cells (BURSCH et al. 2000, KIM et al. 2000). 

Since, a number of tumors have defects in the p53–mediated apoptotic pathways, there is 

growing interest in inducing cell death in these tumors through other mechanisms (BROKER et 

al. 2005). 
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2.0  MATERIALS AND METHODS 

2.1 SUBJECTS AND SAMPLE COLLECTION 

OSCC cell lines were established from tumors surgically removed from anonymous consenting, 

previously untreated patients (GOLLIN et al. unpublished data). Normal human keratinocytes 

(NHOK) were established from uvulopalatopharyngeal tissue obtained from University of 

Pittsburgh Medical Center. The tissue was collected from anonymous consenting patients with 

IRB approval. Peripheral blood for Fluorescence in situ Hybridization (FISH) was collected from 

normal anonymous donors. GM09607, an AT fibroblast cell line, was purchased from Coriell 

Cell Repositories. The hTERT cell line was obtained from Dr. Jim Rheinwald.  

2.2 CELL CULTURE 

We selected eleven OSCC cell lines for the distal 11q loss study and twenty OSCC cell lines for 

ATR and CHEK1 studies from the OSCC cell lines established in our laboratory. The ATM–

deficient, AT cell line (GM09607) was used as a positive control, since it is documented to have 

an upregulated ATR–CHEK1 pathway, and normal human oral keratinocytes (NHOK) or human 

keratinocytes transfected with TERT and HEK293 cell line were used as negative controls. 
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2.2.1 OSCC cell lines 

OSCC were cultured in M10 medium composed of Minimal Essential Medium (Gibco 

Invitrogen, Grand Island, NY), supplemented with 1% non-essential amino acids, 1% L-

glutamine, 0.05mg/ml gentamicin and 10% fetal bovine serum (FBS) (Gibco Invitrogen).  For 

subculturing OSCC, adherent cells were detached from the flask surface by trypsinizing with 

0.05% trypsin and 0.02% EDTA (Irvine Scientific) for 3–5 min at 37oC in 5% CO2 incubator. An 

equal amount of M10 medium was used to inhibit trypsin activity following detachment and cells 

were replated. 

2.2.2 AT null cell line 

GM09607 (Coriell Cell Repositories, Camden, NJ) was cultured using Dulbecco’s Modified 

Eagles Medium (DMEM) (Gibco Invitrogen), supplemented with 1% non-essential amino acids, 

0.05mg/ml penicillin-streptomycin-L-glutamine, and 10% FBS. Subculturing was performed as 

described for OSCC. 

2.2.3 Controls 

We used anonymous NHOK cells established in our laboratory from uvulopalatopharyngoplasty 

specimens as controls.  In brief, NHOK cells were cultured in serum-free KGM-2 medium 

(Clonetics, Walkersville, MD), supplemented with bovine pituitary extract (BPE), hEGF, insulin 

(bovine), hydrocortisone, GA-1000 (Gentamicin, Amphotericin B), epinephrine and transferrin 

as per the manufacturer’s instructions (supplements supplied in the KGM-2 BulletKit™, 
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Clonetics). The hTERT cells were cultured in Keratinocyte-SFM supplemented with 25µg/ml 

BPE, 0.2ng/ml epidermal growth factor, 0.3mM CaCl2 and penicillin-streptomycin (Gibco 

Invitrogen).  These keratinocytes were expanded to high density in a 1:1 mixture of 

Keratinocyte-SFM and DMEM-F12.  The DMEM-F12 was a 1:1 mixture of calcium-free and 

glutamine-free DMEM and Ham’s F-12 supplemented with 25µg/ml bovine pituitary extract, 

0.2ng/ml epidermal growth factor, 1.5mM L-glutamine and penicillin-streptomycin (Gibco 

Invitrogen). 

2.3 PREPARATION OF DNA PROBES FOR FISH 

A single colony of E. coli carrying the individual BAC (mapping to ATR, ATM, CHEK1, CCND1 

H2AFX, MRE11A and TP53) (Individual BAC numbers are listed in APPENDIX A) was 

incubated overnight at 37oC in 5 ml of Luria–Bertani (LB) medium with 50 μg/ml 

Chloramphenicol. The bacteria were centrifuged at 10,000 x g for 30s. The bacteria were 

resuspended in 100 μl of STET (8% sucrose, 5% Triton X100, 50mM EDTA, 50 mM Tris pH 

8.0). Freshly prepared alkaline SDS (0.2 NaOH, 1% SDS) was added  to lyse the bacteria and the 

solution was incubated at 24oC for 2 min. Cold ammonium acetate (4oC) was added and the 

solution was incubated for 5 min on ice. Following this step, the bacteria were centrifuged at 4oC 

for 15 min at 16,000 x g. Equal amounts of phenol and chloroform were added to the supernatant 

to extract the DNA. The top layer of the mixture was treated with 0.6 x volume of isopropanol 

and centrifuged at 4oC for 15 min at 16,000 x g. The supernatant was drained and the pellet 

washed with 70% ethyl alcohol and air dried. The DNA was resuspended in 100– 200 μl of Tris–

EDTA (TE) buffer (QIAGEN, Valencia, CA) and stored at 4oC. 
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2.4 FLUORESCENCE IN SITU HYBRIDIZATION (FISH) 

In order to prepare mitotic cells for FISH analyses, HNSCC cells were harvested following 5 h 

of 0.1μg/ml Colcemid™ (Irvine Scientific, Santa Ana, CA) treatment, hypotonic KCl (0.075M) 

treatment for 16 min and fixation in 3:1 methanol:glacial acetic acid.  All other cells were 

harvested using the same method, except that 1 h of Colcemid™ was preferred for non-tumor 

cells. 

FISH analysis was used to detect copy number changes for the respective genes in the 

OSCC cell lines. For FISH analysis, cells were harvested, dropped onto slides, treated with 

RNase/2XSSC, and dehydrated using serial treatments with 70%, 80% and 100% of ethyl 

alcohol. Chromatin was denatured with 70% formamide and dehydrated in 70%, 80% and 100% 

of ethyl alcohol. The BAC probes for FISH, described in detail in Appendix A, were obtained 

from Children’s Hospital of Oakland Research Institute (CHORI, San Francisco, CA). Using a 

nick translation kit from Vysis, Inc. (Downers Grove, IL), extracted DNA was precipitated with 

ethyl alcohol, resuspended in hybridization buffer, and allowed to pre-anneal for 1-2 h at 37oC.  

Each probe was hybridized for 16 h at 37oC, after which slides were washed with SSC/Tween-

20. Slides were counterstained with DAPI and mounted with antifade prior to analysis.  All FISH 

analyses were carried out using an Olympus BX-51 epiflorescence microscope (Olympus 

Microscopes, Melville, NY).  An Applied Imaging CytoVision workstation with Genus v3.6 

software was used for image capture and analysis (Applied Imaging, San Jose, CA). 
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2.5 PARAFFIN FISH 

A 4-5 µM thick slice of paraffin embedded tissue was mounted on a positively charged 

microscope slide. The slides were aged overnight at 60oC, following which they were 

deparaffinized with Xylene for 5 min at room temperature. The slides were dehydrated with a 

series of 70%, 80% and 100% ethyl alcohol washes, each wash lasting 2 min at room 

temperature. The slides were then treated with 0.5 X SKIP Dewax solution at 80oC for 15 min 

followed by treatment with pepsin containing protease solution for 15 min at 37oC. After two 

washes with 2XSSC, each lasting 5 min, the slides were fixed in 10% Formalin for 10 min at 

room temperature. After 2XSSC washes, the slides were dehydrated with a series of 70%, 80% 

and 100% ethyl alcohol washes and allowed to dry on slide warmer. The probes for paraffin 

FISH were prepared as described for regular FISH. The hybridization of the FISH probes and 

post hybridization treatment of the paraffin slides was carried out as described for regular FISH. 

Unless otherwise specified, 100 nuclei from tumor tissue and 100 nuclei from normal tissue were 

analyzed for copy number changes of different genes. 

2.6 ANAPHASE BRIDGE FORMATION ASSAY 

To check for the presence of ATR gene in anaphase bridges, each OSCC cell line was plated in 

chamber slides and allowed to grow until the cell lines reached 80–90% confluence. 5 ml of 

Colcemid™ was added to each chamber slide and the slides were incubated at 370C in 5% CO2 

incubator for a period of 24 h. At the end of 24 h, the medium was aspirated and cells were fixed 

with 3:1 methanol to acetic acid fixative for a period of 45 min. FISH using BAC probes to the 
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ATR gene labeled with Spectrum Green™, CEP3 labeled with Spectrum Orange™ and CEP11 

labeled with Spectrum Aqua™ was performed as described above. Fifty anaphase bridges per 

OSCC or GM09607 were evaluated for the presence of ATR, CEP3 or CEP11. 

2.7 CLONOGENIC CELL SURVIVAL ASSAY 

To assess cell survival in response to ionizing radiation, we performed a clonogenic survival 

assay. Two thousand cells were seeded in 60 mm Petri dishes and allowed to adhere overnight. 

Cells were then treated with increasing doses of γ-irradiation at 1, 2.5, 5, and 10 Gy using a 

Gammacell 1000 Elite irradiator (Nordion International, Inc., Ottawa, Canada) with a 137Cs 

source at a dose rate of 4.42 Gy/min.  The culture medium was replaced at the end of 7 days. 

Untreated cells cultured in parallel were used to determine relative plating efficiency. After 12 

days, the cells were fixed with 70% ethyl alcohol, and stained with Giemsa (Sigma, St. Louis, 

MO), and the number of colonies was counted.  A colony was defined as a cluster of ≥50 cells, 

having formed from a single cell. All experiments were performed in triplicate, and the error was 

reported as one standard deviation from the mean. 

2.8 RNA EXTRACTION AND REAL TIME PCR 

RNA extraction for real time PCR was performed using TRIzol reagent (Invitrogen) 

according to the manufacturer’s instructions. The extracted RNA was purified using the RNeasy 

Mini kit (QIAGEN) and resuspended in 100 μl RNase free water. The RNA samples were 
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purified of unwanted DNA with the DNA–free DNase kit (Ambion, Austin, TX) according to the 

manufacturer’s instructions. RNA concentrations were determined using the SmartSpec 3000 

(Bio-Rad Laboratories) and normalized to 40ng/μl. Reverse transcription was carried with three 

inputs for each sample: 400ng of total RNA, 100ng of total RNA and a negative control with no 

reverse transcriptase. The RT set-up is described in the Table below: 

Table 2. QRT–PCR reagents 

Input 
Reagent Company 400 ng 100 ng No reverse 

transcriptase
     

10 x PCR Buffer II Applied Biosystems 10 μl 10 μl 10 μl 
MgCl2 (25 mM) Applied Biosystems 30 μl 30 μl 30 μl 
dNTP (25 μM) Roche Molecular Biochemicals 4 μl 4 μl 4 μl 
MMLV 10 U/μl Ambion 1 μl 1 μl 0 μl 

RNase Inhibitor (40 U/μl) Applied Biosystems 1 μl 1 μl 1 μl 
Hex Primer (500 μΜ) Applied Biosystems 2.5 μl 2.5 μl 2.5 μl 
Nuclease free Water Ambion 41.5 μl 49 μl 42.5 μl 

RNA (amount)  10 μl 2.5 μl 10 μl 
 

The thermocycler conditions were set up as: 25 oC for 10 min, 48 oC for 40 min, 95 oC for 

5 min and hold at 10 oC. The cDNA was diluted 2.5 times to yield working concentrations of 

1.6ng/μl and 0.4ng/μl. 

For quantitative PCR (qRT–PCR), 5μΜ of each primer, 10 μΜ of probe, 25 mM dNTPs, 

25mM MgCl2, AmpliTaq Gold enzyme (Applied Biosystems) were used. The Taqman primers 

and probes for ATR, CHEK1 and the control, 18S rRNA were obtained from Applied 

Biosystems. qRT–PCR was carried out at  95°C for 10 min followed by 40 cycles of  95°C for 

15 s and 60°C for 60s using the 7300 Real-Time PCR System (Applied Biosystems). Each 

sample was run in triplicate along with the no reverse transcriptase control. For each plate, at 

least three wells were set up with the master mix but without any cDNA template (no template 
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control). The RNA expression levels were quantified relative to the Universal Reference cDNA 

obtained from Clontech (Mountain View, CA). 

2.9 IMMUNOBLOTTING 

Immunoblotting was utilized to detect protein expression of MRE11A, ATM and H2AX in 

HNSCC cell lines, and also to assess the phosphorylation levels of H2AX following exposure to 

2.5 Gy IR.  Flasks of each cell line were trypsinized, washed with ice cold 1x phosphate–

buffered saline (PBS) and lysed on ice with a solution containing 50 mM Tris, 1% Triton X-100 

(Sigma), 0.1% sodium dodecyl sulfate (Bio-Rad Laboratories, Hercules, CA), 150 mM NaCl 

(Fisher Chemicals, Fairlawn, NJ), 1mM dithiothretol (DTT) (Fisher Scientific, Inc., Hampton, 

NH), 10 µg/ml leupeptin (Roche Applied Science, Indianapolis, IN), 10 µg/ml pepstatin (Roche 

Applied Science), and 1 nM phenyl methyl sulfonyl fluoride (PMSF) (Santa Cruz 

Biotechnology, Inc., Santa Cruz, CA). The soluble cell lysate was centrifuged at 2000 x g for 15 

min and transferred to a clean microcentifuge tube. Histone H2AX was extracted from the 

remaining pellet containing insoluble protein and chromatin.  The pellet was treated with 0.1% 

HCl for 20 min on ice, and then centrifuged at 10,000 x g for 10 min.  The supernatant was again 

transferred to a clean microfuge tube. 

Protein concentrations resulting from the standard and acid lysis procedures were 

determined using the Bio-Rad Quick Start Bradford Protein Assay Kit using a SmartSpec 3000 

(Bio-Rad Laboratories). The acid lysate was neutralized with Tris-EDTA (TE) pH 8.0 prior to 

normalization.  Normalized lysates with a protein concentration of 1μg/μl were resolved by 

 
31 



sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) and transferred onto an 

Immobilon-P membrane (Millipore Corporation, Billerica, MA). After blocking with 5% non-fat 

dry milk (NFDM) for 1 h, the membrane was incubated overnight with the desired primary 

antibody (APPENDIX C) at room temperature. Following three 5 min washes in 1xTBST (Tris-

buffered Saline Tween-20), the membrane was incubated with the appropriate secondary 

antibody (1:3000) for 2 h.  Target proteins were visualized using the Western Lighting™ 

Chemiluminescence Reagent Plus kit (PerkinElmer Life Sciences, Boston, MA) according to the 

manufacturer's instructions. To verify equal protein loading in the gels, membranes were stripped 

and re-probed with antibodies against β-tubulin (Santa Cruz), actin (Sigma Immunochemicals, 

St. Louis, MO). Individual antibodies, their concentrations and characteristics are listed in 

APPENDIX C. 

2.10 CELL CYCLE ANALYSIS BY FLOW CYTOMETRY 

Following the relevant treatments, mock, IR or aphidicolin, and with or without caffeine or 

respective siRNAs, floating and adherent cells were collected at the end of 24 h. These cells were 

washed with phosphate-buffered saline (PBS), and fixed with 70% ethanol. The cells were then 

treated with 80 µg/ml RNase A and 50 µg/ml propidium iodide (Invitrogen-Molecular Probes, 

Carlsbad, CA) for 45 min at 37oC. The stained cells were analyzed using a Coulter Epics XL 

Flow Cytometer in the UPCI Flow Cytometry Facility. 
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2.11 CHROMOSOME BREAKAGE STUDIES 

To check for chromosomal damage in OSCC in response to ionizing radiation, the total weighted 

aberrations per cell were determined for UPCI:SCC084, 104 and 116. Briefly, UPCI:SCC084, 

104 and 116 were subjected to 2.5 Gy of IR. The cells were re-seeded and allowed to repair for 

48 h prior to being harvested after treatment with 18 nM Calyculin A for 30 min (Calbiochem, 

San Diego, CA).  Harvested cells were subjected to a hypotonic treatment before being fixed in 

Carnoy’s fixative.  Slides were then prepared from the cell pellets, solid stained for 8 min in 4% 

Giemsa/PBS solution, and rinsed with distilled water.  50 cells per case (case includes control 

and IR-treated cells) were scored. Chromosome aberrations documented include: chromosome 

breaks, chromatid gaps or breaks, radials, giants, rings, minutes, dicentrics, fragments and dots.  

Chromosome breaks, radials, giants, rings and dicentrics were assigned twice the weight of the 

other aberrations since they involve two chromatid events.  The total weighted aberrations were 

summed, and determined per chromosome and per cell for each treatment.  The standard error of 

the mean was used as the estimate of error in the sample. A Student’s t-test was used to compare 

the raw distributions of total weighted aberrations between the control and IR-treated samples. 

2.12 PCC INDUCTION IN OSCC 

To determine whether inhibition of the ATR–CHEK1 pathway can sensitize OSCC to DNA 

damaging agents, we treated OSCC cell lines with aphidicolin (Sigma), a DΝΑ polymerase-α  

inhibitor to induce DNA damage, and caffeine (Sigma), a nonspecific kinase inhibitor to inhibit 

ATR activity. We used an AT cell line (GM09607) with a deficient G1 phase checkpoint as our 
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positive control and NHOK cells as negative controls. Briefly 75-80% confluent flasks of cells 

were pretreated with 1 mM caffeine for 30 min following which 0.4 μM aphidicolin was added. 

The cell lines were harvested for metaphases 24 h after aphidicolin treatment. A fluorescence 

microscope was used to count mitotic cells that had characteristic features of either normal 

mitosis or PCC. Criteria for distinguishing PCC from normal metaphase were adapted from a 

previous report (NGHEIM et al. 2001). Briefly, interphase cells and cells that with intermediate 

morphology between normal and PCC were not included in the analysis. Partial metaphases with 

PCC were also not included in the analysis. The following criteria were used to identify mitoses 

as PCC or normal: PCC characteristics include well-defined particles by DAPI staining that were 

round, not oblong, particles with no hazy chromatin material; no chromatid-like pairs present; 

and borders of the cellular chromatin were irregular and composed of speckles, not smooth or 

with a hazy appearance (all characteristics must be met). Characteristics of normal mitoses 

include well-defined chromosomes with a primary constriction; at least 40 such chromosomes 

should be found in each metaphase spread.  

2.13 siRNA TRANSFECTION 

 ATR or CHEK1 inhibitions were carried out using the respective siRNAs for a specific 

knockout. RNA interference of ATR and CHEK1 was performed using Smartpool ATR and 

CHEK1 duplexes respectively, obtained from Dharmacon (Lafayette, CO). Nonspecific 

(scrambled) control duplexes (Dharmacon) were used for nonspecific siRNA treatment. The 

duplexes were reconstituted in 1 X DNA–free RNA re-suspension buffer provided by 

Dharmacon and aliquoted according to the manufacturer’s instructions. For transfection, the 
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OSCC cell lines were seeded in 60 mm dishes or T25 flasks and transfected with siRNA 

duplexes using Lipofectamine 2000 (Invitrogen) according to the manufacturer’s instructions. 

The individual siRNA duplex sequences are enumerated in Appendix B. The final working 

siRNA concentration achieved was between 90-100 nM. We used cells treated with no vector 

(untreated), empty vector (mock–treated), cells transfected with a nonspecific siRNA, and a 

specific ATR or CHEK1 siRNA for all of our experiments. At the end of 48 h post-transfection, 

appropriate treatments (ionizing radiation or aphidicolin treatment) were carried out as described 

earlier.   
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3.0  RESULTS 

3.1 DISTAL 11Q LOSS IN A SUBSET OF OSCC 

3.1.1 A segment of distal 11q is partially lost in a subset of OSCC 

According to the BFB model, the first step in 11q13 amplification is loss of a segment of distal 

11q. To determine whether genes located on distal 11q and involved in the DNA damage 

response are lost in OSCC, we carried out dual-color FISH with BAC probes to MRE11A, ATM, 

H2AFX and CHEK1 along with a centromere 11 enumeration probe (CEP 11; D11Z1) (Vysis, 

Downers Grove, IL).  Table 3 summarizes our FISH results in terms of copy number loss in 

relation to the ploidy of each cell line, derived from chromosome 11 centromere enumeration 

and consensus karyotypes.  The copy number ratios of the distal 11q genes were normal or lost 

with respect to CEP 11.  The eleven cell lines were grouped based on FISH assessment of 11q13 

amplification and distal 11q loss as follows: most cell lines with 11q13 amplification 

demonstrated partial loss of copies of all four genes, including UPCI:SCC078, 084, 131 and 136 

(“11q13 amplified with distal loss”).  The OSCC cell lines, UPCI:SCC104, 142 and 122 had loss 

of one or more genes in the absence of 11q13 amplification (“Distal 11q loss but no 11q13 

amplification”). UPCI:SCC099, 116 and 182 did not have 11q13 amplification or distal 11q loss 

(“no 11q13 amplification, no distal loss”). Interestingly, UPCI:SCC078 and 104 did not 
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demonstrate loss of the CHEK1 gene. UPCI:SCC125 is comprised of a highly heterogeneous cell 

population, making its analysis less straightforward than the other cell lines.  There is no 

evidence of 11q13 amplification in this cell line. While the copy number ratios seem to show that 

UPCI:SCC125 is relatively normal in copy number for each of the four distal genes, FISH results 

indicated that results for MRE11A (31% loss, 44% gain), ATM (52% loss, 1% gain), H2AFX 

(43% loss, 25% gain)  and CHEK1 (45% loss, 30% gain) are more a function of the average than 

the norm.  

Table 3. Summary of FISH copy number changes for MRE11A ATM, H2AFX and CHEK1 

in OSCC cell lines. 

FISH Results Cell Line 
UPCI: Ploidy 

11q13 
amp 
(+/-) 

Distal 11q 
loss 
(+/-) MRE11A1 ATM1 H2AFX1 CHK1

SCC099 2-4 - - 1.00 0.98 1.02 1.00 
SCC116 3-4 - - 0.96 0.97 0.96 0.94 
SCC182 3 - - 1.01 0.97 0.98 1.01 

        
SCC078 3-4 + + 0.38 0.54 0.84 1.05 
SCC084 2 + + 0.51 0.52 0.52 0.52 
SCC131 4 + + 0.56 0.59 0.53 0.44 
SCC136 4 + + 0.57 0.60 0.56 0.53 

        
SCC104 4 - + 0.98 0.51 0.50 0.96 
SCC122 3 - + 0.69 0.68 0.71 0.71 
SCC142 3 - + 0.93 0.67 0.79 0.67 

        
SCC1252 3 - +/- 1.08 0.79 0.97 0.93 

 
1Shading indicates partial loss or haploinsufficiency. 
2UPCI:SCC125 is a highly heterogeneous cell line with respect to copy number showing comparable 

number of cells with gain, loss or normal copy number for any given gene. (Parikh, White et al. 

unpublished data). 

Confirmation of physical loss on distal 11q was carried out by Dr. Xin Huang, using 

quantitative microsatellite analysis or QuMA. QuMA was used to map the DNA copy number of 
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segmental microsatellite loci along 11q (Figure 3). The microsatellites, D11S1358, D11S917 and 

D11S1893 are the most relevant as they map near the genes of interest on chromosome 11. The 

results, which demonstrate a loss in copy number of each of these microsatellites confirm the 

findings of our FISH experiments. A number of the tumor cell lines have near-triploid or near-

tetraploid karyotypes, thus DNA copy number of 1 or 2 on the polyploid background reflects a 

loss of copy number.  
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Figure 3. QuMA studies to map segmental loss of microsatellite loci on distal 11q. 
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QuMA was performed for each of the OSCC cell lines in the three groups by Dr. Xin Huang. 

The cell lines were grouped as (A) “no 11q13 amplification, no distal loss”, (B) “11q13 

amplification with distal 11q loss” and (C) “distal 11q loss but no 11q13 amplification”. 

 

LOH analysis was performed by Dr. Bora Baysal as an independent test to validate our 

FISH and QuMA results. Results were available for nine of the eleven OSCC cell lines studied 

by FISH and QuMA.  The results of LOH analysis, summarized in Figure 4, substantiate the loss 

patterns we observed for distal 11q using FISH and QuMA, as extended segments of 11q were 

shown to have complete or partial LOH in the “distal 11q loss without 11q13 amplification” and 

“11q13 amplified with distal loss” OSCC cell line groupings.  The cell lines with “no 11q13 

amplification, no distal loss” do not demonstrate LOH along 11q. 
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Figure 4. Loss of heterozygosity studies performed on OSCC for multiple loci on distal 11q. 

LOH studies performed by Dr. Bora Baysal for multiple markers on chromosome 11q 

demonstrate loss of distal loci or genes in cell lines from each of the three groups: A “11q13 
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amplification with distal 11q loss”, B “distal 11q loss but no 11q13 amplification” and C “no 

11q13 amplification, no distal loss”. 

 

3.1.2 Distal 11q loss results in changes in expression of MRE11A, ATM, H2AX and 

CHEK1 

Dr. Xin Huang carried out Taqman quantitative reverse transcriptase PCR (qRT-PCR) and 

immunoblotting to assess whether loss of one or more copies of the MRE11A, ATM, H2AFX and 

CHEK1 genes translates into a reduction in their expression (Figure 5). UP3_344, 348 and 700 

were the NHOK controls used for the study. Overall, we observed that cell lines with distal 11q 

loss generally exhibit a reduction on ATM and H2AFX expression relative to control NHOK cell 

line and cell lines with no distal 11q loss. 
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Figure 5. RNA expression changes for MRE11A, ATM, H2AX and CHEK1 in 

OSCC 

qRT–PCR was performed for the four genes MRE11A, ATM, H2AX and CHEK1 on distal 11q. 

Overall genetic loss of ATM and H2AX correlated well with a reduced expression. 
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UPCI:SCC084, 136, 142 and 125 show increased CHEK1 expression in spite of loss at the gene 

level. UP_344, 348 and 700 are normal human oral keratinocytes (control cell lines). 

Protein expression in OSCC cell lines and various controls was assessed by 

immunoblotting (Figure 6). Cell lines with distal 11q loss tend to have an overall lower 

expression level of the MRE11A, ATM and H2AX proteins compared to those without distal 

11q loss. Further, the relative trends in protein expression correlated with the quantitative RT-

PCR analysis. 

 

 
 

Figure 6. Protein expression changes for MRE11A, ATM and H2AX in OSCC 

Immunoblotting was performed by Dr. Jason White to detect changes in protein expression for 

MRE11A, ATM and H2AX. We observed reduction in MRE11A, ATM and H2AX protein in 

most cell lines with loss irrespective of their amplification status.  

 

Thus, a genetic loss of distal 11q leads to reduction on the RNA and protein expression 

for ATM, MRE11A and H2AX in a subset of OSCC. 
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3.2 CONSEQUENCES OF DISTAL 11Q LOSS IN OSCC  

3.2.1 Distal 11q loss is associated with aberrant γ–H2AX focus formation 

Using phosphorylation of H2AX as a surrogate marker for a proficient DNA damage response, 

Dr. Jason White evaluated the competency of OSCC cell lines to detect double strand breaks and 

initiate repair by formation of γ-H2AX foci after treatment with 2.5 Gy IR. Constitutive 

phosphorylation patterns were observed in some of the cell lines (UPCI:SCC099 and 116) in the 

absence of any apparent overt or exogenous genetic insult. Hence, deficiencies in focus 

formation were assayed by several measurements, including the mean number of foci per cell, 

the distribution of foci in 200 cells, and the percent of focus-positive cells.  Fewer focus-positive 

cells, coupled with a reduced mean number of foci per cell relative to control, are indicative of a 

deficient DNA damage response.  The distribution of foci also shows a deficient response when 

the distribution is skewed toward fewer signals as shown in Figure 7. The highest mean numbers 

of foci were seen in the cells with “no 11q13 amplification, no distal loss” (min = 5.40; max = 

9.45), and these were similar to those of the control fibroblast cell line.  The cell lines that are 

“11q13 amplified with distal loss” showed the lowest mean levels of H2AX foci.  When treated 

with IR, the mean number of foci was more than two-fold lower than cell lines without 11q 

alteration (min = 3.02; max = 4.64).  Cell lines with “distal 11q loss without 11q13 

amplification” showed low to intermediate levels of γ-H2AX focus formation after IR (min = 

3.09; max = 6.83).  While there was focus formation in the untreated AT cell line (GM09607), 

there was essentially no difference between the untreated and treated cells one hour following 

treatment, showing that the cells do not respond normally to IR. 
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Figure 7. γ-H2AX focus formation at the end of 1 h following 2.5 Gy IR treatment. 

The distribution of γ-H2AX focus formation was evaluated by Dr. Jason White in (A) untreated 

OSCC cell lines, NHOK and AT cell line (GM09607) and (B) OSCC cell lines, NHOK and AT 

cell line treated with 2.5 Gy IR at the end of 1 h. 
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3.2.2 Distal 11q loss is associated with chromosomal instability 

The total number of weighted aberrations per chromosome were determined for UPCI:SCC084, 

104 and 116.  Examples of metaphase spreads from each of these cell lines are shown in Figure 

9. Breakage was assessed 48 h post-IR, and breaks were evident in the cell lines with loss of 

distal 11q, irrespective of 11q13 status. Complete results are summarized in Table 4.  We 

determined the 95% confidence intervals for each of the cell lines evaluated for IR–induced 

breakage. There was no significant difference in the total number of weighted aberrations per 

cell between the control (2.52 ± 0.97%) and treated (2.94 ± 0.62%) populations of 

UPCI:SCC116, which represents the “no 11q13 amplification, no distal loss” group. There is 

substantial agreement in the results for UPCI:SCC084 (C = 1.43 ± 0.51%; IR = 6.68 ± 1.40%; p 

< 0.001) and UPCI:SCC104 (C = 3.15 ± 0.76%; IR = 6.68 ± 1.05%, p < 0.001), both of which 

have distal 11q loss. An insignificant increase in chromosomal breaks in UPCI:SCC116 in 

response to ionizing radiation could be caused due to a highly efficient DNA damage repair 

pathway or may be as a result of cells with increased breaks undergoing apoptosis. Thus, 

UPCI:SCC084 (11q13 amplified with distal loss) and UPCI:SCC104 (distal 11q loss without 

11q13 amplification) demonstrated elevated levels of chromosomal aberrations in response to 

ionizing radiation when compared to UPCI:SCC116 (no 11q13 amplification, no distal loss). 
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Table 4. Summary of chromosomal aberrations in OSCC in response to IR. 

Shaded areas indicate statistically significant results with ‘p’ value ≤ 0.001. 

Cell Line 
UPCI: 

11q13 
Amp 

Distal 
11q 
Loss 

Treatment 
Total Weighted 
Aberrations per 

Chromosome ± 95% CI 

Total Weighted 
Aberrations per Cell ± 

95% CI 
Control 0.05± 0.02 2.52 ± 0.97 SCC116 – – 2.5 Gy IR 0.06± 0.01 2.94 ± 0.62 

      
Control 0.03± 0.01 1.43 ± 0.51 SCC084 + + 2.5 Gy IR 0.15± 0.03 6.68 ± 1.40 

      
Control 0.07± 0.02 3.15 ± 0.76 SCC104 – + 2.5 Gy IR 0.15± 0.02 6.68 ± 1.05 

 

The frequency of anaphase bridges in five hundred cells was determined by Dr. Jason 

White and used an indicator of baseline chromosomal instability in OSCC. The frequencies of 

anaphase bridges in each cell line are summarized as percentages in Table 5.  Overall, the lowest 

frequency was seen in normal male lymphocytes (0.7%).  The lowest frequency among all OSCC 

cell lines was seen in UPCI:SCC116 (0.96%), and the highest frequency was seen in 

UPCI:SCC142 (5.63%). In cell lines with no 11q13 amplification and no distal loss, the 

maximum frequency (1.31%; UPCI:SCC099) was lower than any of the frequencies observed in 

the “11q13 amplified with distal loss” and “distal 11q loss without 11q13 amplification” groups.  

In a comparison of proportions, most cell lines with distal 11q loss, irrespective of 11q13 

amplification, have significantly elevated levels of anaphase bridges (p<0.05). The comparison 

was made relative to normal male lymphocytes. For two of the cell lines, UPCI:SCC078 and 

122, the p-value is less than 0.1. Since all anaphase bridge frequencies were measured in 

untreated cell populations, the intrinsic level of chromosomal instability appears to be higher in 

cell lines with 11q loss. 
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Table 5. Baseline anaphase bridge formation in OSCC. 

Anaphase bridge formation was determined in eleven OSCC by Dr. Jason White. All OSCC cell 

lines with significantly high (p value ≤ 0.05) anaphase bridge formation at rest are highlighted in 

grey.  

 

Cell Line 11q13 
Amplification 

Distal 11q Loss Anaphase bridge 
frequency 

    
SCC099 – – 0.96 
SCC116 – – 1.27 
SCC182 – – 1.31 

    
SCC078 + + 1.86 
SCC084 + + 2.65 
SCC131 + + 3.08 
SCC136 + + 3.58 

    
SCC104 – +   4.14 
SCC122 – + 1.87 
SCC142 – + 5.63 

    
SCC125 – + 3.1 

 

3.2.3 Distal 11q loss is associated with radioresistance 

We used clonogenic survival assays to detect sensitivity of OSCC to survival after DNA damage 

induced by ionizing radiation (Figure 8 and Table 6).  Results for the assay in triplicate, were 

grouped as “no 11q13 amplification, no distal loss” (UPCI:SCC099, 116 and 182), “11q13 

amplified with distal loss” (UPCI:SCC078, 084, 131 and 136), and “distal 11q loss without 

11q13 amplification” (UPCI:SCC104, 122 and 142).  Also included were normal human oral 

keratinocyte (NHOK) cells as normal controls and UPCI:SCC125 (separated due to its 

heterogeneity in copy number by FISH).  In the grouped analysis, nearly 60% of NHOKs 
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survived a single unfractionated dose of 1 Gy, and none survived a dose of 10 Gy.  Similarly, the 

OSCC cells with “no 11q13 amplification, no distal loss” showed 56% survival at 1 Gy, and no 

survival at 10 Gy IR.  Conversely, the OSCC cell lines grouped as “11q13 amplified with distal 

loss” had nearly 83% survival at 1 Gy, and 9% survival at 10 Gy IR.  The “distal 11q loss 

without 11q13 amplification” cells had 80% survival at 1 Gy and 7% survival after exposure to 

10 Gy IR.  The UPCI:SCC125 cells had a high surviving fraction after 1 Gy (83.3 ± 5.0%), and a 

small, but visible surviving fraction at 10 Gy (0.7 ± 0.6%). Thus, cell lines with 11q13 

amplification and distal 11q loss (UPCI:SCC078, 084, 131 and 136) and cell lines with distal 

11q loss without 11q13 amplification (UPCI:SCC104, 122 and 142) demonstrate similar 

resistance to ionizing radiation. In contrast, normal human oral keratinocytes (NHOK) and cell 

lines without distal 11q loss are sensitive to ionizing radiation. 
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Figure 8. Clonogenic cell survival of OSCC to IR compared with control NHOK. 
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Grouped analysis for clonogenic cell survival demonstrates that the cell lines with no 

amplification but with loss (red), and cell lines with amplification and loss (blue) show a similar 

survival, while cell lines with no amplification and no loss (orange) show survival comparable to 

the control NHOK. At a very high IR dose of 10 Gy, cell lines with 11q loss, irrespective of their 

amplification status, have an average of  9% cells surviving. 

 

 

Table 6. Results of clonogenic cell survival in OSCC in response to ionizing radiation. 

Cell line 11q13 
Amp 

Distal 
11q loss 

Mock 
treated 1Gy 2.5Gy 5Gy 10Gy 

        
NHOK – – 100±0.0 59.7±2.1 30.3±0.6 6.7±0.6 0.0±0.0 

        
        

SCC099 – – 100±0.0 58.0±1.0 29.7±1.5 5.7±1.2 0.0±0.0 
SCC116 – – 100±0.0 55.0±4.4 23.0±2.6 6.0±1.0 0.0±0.0 
SCC182 – – 100±0.0 56.0±5.2 32.7±4.0 9.3±2.1 0.0±0.0 

        
        

SCC104 – + 100±0.0 82.3±4.7 55.3±2.1 33.7±1.2 7.7±0.6 
SCC122 – + 100±0.0 77.0±1.0 54.7±0.6 24.0±1.7 4.0±1.0 
SCC142 – + 100±0.0 81.0±4.0 51.7±4.6 35.3±1.5 9.7±0.6 

        
        

SCC078 + + 100±0.0 83.0±2.6 56.7±0.6 38.0±1.7 7.0±0.0 
SCC084 + + 100±0.0 80.7±4.6 52.3±5.0 24.7±2.1 7.7±0.6 
SCC131 + + 100±0.0 86.7±2.5 51.7±3.8 37.3±2.1 11.3±2.5 
SCC136 + + 100±0.0 81.7±3.5 55.0±4.6 34.7±2.5 11.0±1.0 

        
        

SCC125 – + 100±0.0 83.3±5.0 40.3±3.2 27.7±0.6 0.7±0.6 
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Figure 9. Summary of results for distal 11q loss and its effects in representative OSCC 

Results from representative OSCC cell lines: UPCI:SCC116 with no amplification of 11q13 and 

no loss of distal 11q.  UPCI:SCC084 with 11q13 amplification and loss of distal 11q and 

UPCI:SCC104 with loss of distal 11q, but no 11q13 amplification.  In (a), FISH images showing 

copy number in H2AFX (green) and CEP11 (red) in each cell lines. UPCI:SCC116, which is 

triploid, shows three CEP11 and three H2AFX signals. UPCI:SCC084,  has two CEP11 signals 

and only one H2AFX signal. UPCI:SCC104 has four copies of the CEP11 and only two copies of 

H2AFX. In (b), γ -H2AX focus formation in control and treated (2.5 Gy IR with 1 h repair) cells.  

After treatment, UPCI:SCC116 develops a large number of foci,  while UPCI:SCC084 and 

UPCI:SCC104 have higher baseline levels of focus formation, but markedly fewer foci in 

response to IR. Examples of common breakage events are shown for each cell line in (c), as 

indicated with a green arrow.  A summary of the total weighted aberrations per cell for each 

representative cell line is shown in (d). The cell survival of each representative cell line, UPCI: 

SCC116, 084 and 104 is depicted in (e). (Parikh, White et al. unpublished data). 
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3.3  LOSS OF THE G1 PHASE CHECKPOINT IN OSCC  

3.3.1 Loss of the G1 checkpoint in a subset of OSCC 

We treated OSCC with ionizing radiation and performed flow cytometry in order to study the 

cell cycle profiles of OSCC in response to DNA damaging agents.  The cell cycle profiles of 

different cell lines to IR are summarized in Table 7.  Figure 10 demonstrates the cell cycle 

profiles of two cell lines, UPCI:SCC066 and 104 in response to 5 Gy IR. We observed that even 

in untreated cells, UPCI:SCC104 has a considerably high percentage of cells in the S and G2M 

phases. Following IR, SCC066 shows accumulation of cells in both the G1 and G2M phases 

while, UPCI:SCC104 shows a predominant accumulation of cells in the S and G2M phases. 

Thus, UPCI:SCC104 demonstrates a loss of G1 phase cell cycle checkpoint in response to IR. 
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Figure 10. Comparison of cell cycle profiles of UPCI:SCC066 and 104 in response to IR. 

UPCI:SCC066 and 104 were  either mock treated or treated with 5 Gy IR and allowed to recover 

for 24 h. At the end of 24 h, flow cytometric analysis show complete loss of the G1 cell cycle 

checkpoint in UPCI:SCC104 with most cells accumulating in the S and G2M phases, 

UPCI:SCC066 cells accumulate at both G1 and G2M cell cycle checkpoints. 
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Table 7. Results of cell cycle analysis in OSCC in response to ionizing radiation.  

Untreated 5 Gy IR (24 h) 
UPCI: Cell Line Sub G0 G1 S G2M Sub G0 G1 S G2M 

         
NHOK 0.1% 71% 13% 15.9% 3% 75% 2% 20% 

GM09607 2% 52.2% 6.8% 39% 6% 34% 8.9% 51.1% 
SCC066 1.2% 70% 13.3% 15.5% 1.9% 50.3% 16.1% 31.7% 
SCC084 0.7% 60% 10% 29..3% 2.4% 32% 12% 53.6% 
SCC104 0.9% 53% 16% 30.1% 2.8% 22% 18% 57.2% 
SCC105 0.7% 67% 13% 19.3% 4% 51% 15% 30% 
SCC116 1.1% 61.9% 15% 22% 4% 49% 15% 32% 
SCC131 1% 66.5% 15.5% 15% 2.5% 32% 11% 55.5% 
SCC136 1% 59.9% 10% 29.1% 1.9% 31.6 25.5 41% 
SCC142 1.3% 62.2% 14.2% 22.3% 2.6% 31% 16% 40.4% 

         
 

Thus, we observed a loss of G1 checkpoint in response to IR in 5 out of 8 OSCC studied. 

Even UPCI:SCC066, 105 and 116 with an intact G1 checkpoint, had an increased accumulation 

of cells in the G2M phase compared to NHOK. This may be either due to higher number of cells 

in the G2M checkpoint at the time of DNA damage or due to cell line/tumor heterogeneity, 

wherein a fraction of cells in UPCI:SCC066, 105 and 116 lack p53 and are deficient in their G1 

checkpoint. A loss of the G1 checkpoint in OSCC leads to an increased number of cells with 

unrepaired DNA damage entering the S and the G2M phases of the cell cycle. Thus, OSCC with 

enhanced S and G2M phase cell cycle checkpoints are able to avoid p53-independent cell death 

(PCC/MC) and have a growth advantage. Since the commonest cause of a dysregulated G1 

checkpoint is loss of p53 function, we decided to study the p53 pathway in OSCC. 
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3.3.2 The p53 pathway in OSCC 

We studied activation of p53 in response to ionizing radiation in a subset of OSCC. In 

UPCI:SCC105 in our preliminary studies, we observed peak phosphorylation of p53 at the end of 

1 h following treatment with 5 Gy of IR, so we decided to use the 1 h time point for our p53 

phosphorylation studies. Following treatment with 5 Gy IR, we observed a loss of ser-15 

phosphorylation in UPCI:SCC084 and 104. On further evaluation, we observed a complete loss 

of p53 expression in UPCI:SCC084 and 104.  Interestingly, the loss of p53 expression correlated 

well with overexpression of ATR protein in UPCI:SCC084 and SCC104.  
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Figure 11. p53 activation and expression in response to IR in a subset of OSCC.  

(A) Represents a time course for p53 phosphorylation following treatment with 5 Gy IR. In (B) 

we observe loss of p53 expression and ATR overexpression in UPCI:SCC084 and 104. 
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 We observed that loss of p53 protein expression is associated with overexpression of 

ATR in a larger panel of OSCC cell lines (Figure 12). Thus, it is possible that either loss of p53 

leads to ATR upregulation, or overexpressed ATR in OSCC may affect p53 regulation and 

function.  
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Figure 12. p53 and ATR expression in a subset of OSCC. 
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To determine if loss of p53 expression in UPCI:SCC104 and 131 was due to deletion of 

e TP53 gene on 17q13, we performed FISH using BAC probes to TP53 and compared it to 

CEP17 labeled with Spectrum Orange . We did not observe deletion of the TP53 gene either in 

UPCI:SCC104 or SCC131 ( Figure 13). 

th

TM

      

Normal Peripheral blood                                    UPCI:SCC104 

 
UPCI:SCC131 

 

Figure 13. FISH results for the TP53 gene (red) compared with CEP17 (green) 

FISH using BAC probes mapping to the TP53 locus and CEP 17 demonstrates that the TP53 

gene i C104 

and 131 have wild-type TP53 between exons 5–8, but complete loss of p53 protein expression. 

 

B 
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A 

s not deleted in two cell lines UPCI:SCC104  (B) and UPCI:SCC131 (C). Both SC
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TP53 gene sequencing from exons 5-8 was performed by Dr. Cheryl Telmer in a number 

of OSCC cell lines and the results are summarized in Table 8 (TELMER et al. 2003). We 

observed that a number of cell lines which were wild-type for the TP53 gene between exons 5-8 

showed

(TELMER et al. 2003) 

s 

 a complete loss of p53 protein expression. This loss of expression could be due to loss of 

TP53 transcription, deletion of the TP53 gene or due to increased degradation of p53 protein by 

the proteasome.  

Table 8. TP53 mutations in OSCC.  

‘Wt’ refers to wild-type TP53 and ‘Mut’ to mutant TP53. Data for the Table obtained from 

 

Cell line UPCI: sequencing 
(Exons 5–8) 5–9) Mutation 

Dideoxy PMSG (Exon

SCC003 Wt Wt Wt 
SCC036 Mut Mut I195F 
SCC040 Wt Wt Wt 
SCC056 Wt Wt Wt 
SCC070 Wt Mut R248Q 
SCC077 14711ins1 Wt Mut 
SCC084 Mut Mut 13415del1 
SCC099 Wt Mut P177R 
SCC103 Mut Mut R306X 
SCC104 Wt Wt Wt 
SCC105 Mut Mut T155P 
SCC131 Wt Wt Wt 
SCC136 Mut Mut E224X 
SCC142 Wt Wt Wt 
SCC172 Mut Mut T155P 
SCC182 Mut Mut E294X 

 

MDM2 targets the p53 protein for proteasomal degradation and MD

common in a n tumors (MOMAND et al. 1998). To check if enhanced proteasome 

mediated-p53 degradation is the cause for loss of p53 expression, we inhibited the proteasome 

using lactacystin and our results are shown in Figure 14. We found no increase in p53 levels, 

M2 amplification is 

umber of 
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which leads us to believe that the loss of expression is not caused by MDM2–mediated 

proteasomal degradation of p53. 

 

 UPCI:SCC104     UPCI:SCC105 

  
–         +              –             + 

    Lactacystin 

Figure 14. Changes in p53 th a proteosomal inhibitor.  

To check if MDM2 mediated proteasomal p53 degradation leads to loss of p53 expression in 

UPCI:SCC104, we inhibited the proteasome using Lactacystin.  

 

Sequencing of the whole TP5 :SCC104, 131 and 142 was carried out by 

D  

1 cell cycle checkpoint and leads to a compensatory increase in ATR and CHEK1 expression 

which r

 

 

      

 expression following treatment wi

3 gene in UPCI

r. Cheryl Telmer who found early truncation mutations in these cell lines accounting for a loss

of p53 protein expression. Thus, we hypothesized that loss of p53 expression causes a loss of the 

G

egulate the S and G2M phase cell cycle checkpoints. 
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3.4 ATR–CHEK1 UPREGULATION IN OSCC 

3.4.1 ctural changes involving the ATR and CHEK1 genes  

To determine if there are structural or numerical changes in the ATR and CHEK1 genes in 

OSCC, we carried out dual-color FISH with BAC probes to ATR along with a centromere 3 

enumeration probe (CEP 3) and BAC probes to CHEK1 and compared it to centromere 11 

enumeration probe (CEP 11; D11Z1) (Vysis, Do arizes our 

FISH results in terms of copy number gain in relation to the ploidy of each cell line, which was 

deriv d from chromosome 3 centromere enumeration and consensus karyotypes. We observed 

Copy number and stru

wners Grove, IL).  Table 9 summ

e

copy number gains in the ATR gene in all cell lines with distal 11q loss.  In addition, we 

observed in a number of cell lines depicted in Figure 15 and Table 9 that copy number gains 

were associated with isochromosome 3q formation. In UPCI:SCC084, we did not observe copy 

number gain in the ATR gene. However, by metaphase FISH, we observed a translocation of one 

copy of the ATR gene. On further evaluation of UPCI:SCC084, the ATR gene was translocated to 

a derivative chromosome 11 with 11q13 amplification. In addition to OSCC, we observed low 

level amplification (8–10 copies per cell) in an ovarian tumor cell line, Ovcar–3. We observed 

that CHEK1 was partially lost in all OSCC cell lines with 11q13 amplification. Loss of CHEK1 

was also seen in UPCI:SCC122 and 142 which did not demonstrate 11q13 amplification. Of the 

twenty OSCC cell lines studied, we observed ATR gain in ten OSCC and CHEK1 loss in fifteen 

OSCC suggesting that both these events occur frequently in OSCC. 
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Table 9. Results of FISH analysis for the ATR and CHEK1 genes. 

ATR CHEK1 
Cell line 11q13 

Amp 
ATM 
loss %  cells 

with gain 
%  cells 
with loss 

% cells 
with no 
change 

ATR:CEP3 
ratio 

Iso 
3q %  cells 

with gain 
%  cells 
with loss 

% cells 
with no 
change 

E ra
CHEK1:C

P11 tio 

Control – – – – 100% 1.0 – – – 100%  1.0
            

SCC003 + + 53% 1% 46% 1.6 – 1% 93% 6% 1 0.7
SCC029B + + 89% 2% 9% 1.4 – – 99% 1% 1 0.6
SCC032 + + 57% – 43% 1.3 – 1% 99% – 7 0.6
SCC040 + + 53% – 47% 1.6 – 5% 94% 1% 6 0.5
SCC066 – – 2% 3% 95% 1.0 – 1% 1% 98% 1 1.0
SCC070 + + 89% 1% 10% 2.1 + – 98% 2% 7 0.5
SCC077 + + 85% 1% 14% 2.2 + 2% 31% 67% 7 0.6
SCC078 + + 9% 3% 88% 1.0 – – 94% 6% 5 1.0
SCC084 + + 7% – 93% 1.0 – 2% 98% – 2 0.5
SCC099 – – 3% 6% 91% 1.0 – – 100% –  1.0
SCC103 + + 91% 1% 8% 1.1 – 2% 94% 4% 4 0.7
SCC104 + + 98% – 2% 2.2 + 1% 11% 88% 7 0.9
SCC105 – + 2.5% 0.5% 97% 1.1 – 12% 32% 56% 5 0.8
SCC116 – – 3% 2% 95% 1.0 – 3% 10% 87% 4 0.9
SCC122 – + 1% 9% 90% 1.0 – 1% 82% 17% 1 0.7
SCC131 + + 92.5% – 7.5% 2.1 + – 98% 2% 4 0.4
SCC136 + + 78.5% – 21.5% 1.3 – – 96% 4% 3 0.5
SCC142 – + 98.5% – 1.5% 2.1 + – 91% 9% 7 0.6
SCC172 + + 3% 5% 92% 1.1 – 5% 90% 5% 1 0.7
SCC182 – – 1% 1% 98% 1.0 – 3% – 97% 1 1.0

            
MDA231   6% 4% 90% 1.0 – 5% 1% 94%  1.1

MCF7   – 1% 99% 1.0 – – 3% 97%  1.0
            

SK–OV3   4% 3% 93% 1.1 – 1% – 99%  1.0
OVCAR3   99% – 1% 9 – 8% – 92%  1.1



          
 

 

   Peripheral blood                 UPCI:SCC084  

          
 UPCI:SCC104                                                              OVCAR–3       

 

             

                      Peripheral blood                 UPCI:SCC131  

Figure 1  Str ll 
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(A Demonstrates two copies of ATR gene (green) and two CEP 3 (red) signals in a normal 

metaphase. (B) We observed a translocation of the ATR gene (green) in UPCI:SCC084. In 

UPCI:SCC104 (C) The ATR gene (green) is gained with isochromosome 3q formation. In an 

ovarian tumor cell line, OVCAR-3 (D), we observe tandem copy number gain of the ATR gene 

(green) compared to CEP 3 (red). (E) Represents normal metaphase with two CHEK1 (red) and 

two CEP 11(green) signals (F) UPCI:SCC131 with loss of the CHEK1 gene (red) compared to 

CEP 11 (green). 

 

We evaluated five primary squamous cell carcinomas of the oral cavity for ATR and 

CHEK1 copy number alterations (Table 10, Figure 16). We observed a gain in copy number of 

the ATR gene in the tumor tissue in all five tumors, while the surrounding normal tissue 

exhibited normal copy number for the ATR gene and CEP 3. Similarly, CHEK1 was partially lost 

in 35% to 65% of cells in the tumor tissue, while the adjacent normal tissue showed no loss of 

the gene. We observed high level CCND1 amplification in 65% to 100% of the tumor cells, 

suggesting that 11q13 amplification may be an early change in tumor development. Thus, ATR 

gain and CHE ad and neck 

tumors.  

 

 

 

 

 

 

 

 

) 

K1 loss are present not only in OSCC cell lines, but also in primary he

 

 



 

Table 10. ATR, CHEK1 and CCND1 FISH in primary head and neck tumors. 

‘T’ represents the head and neck primary tumor and ‘N’ represents surrounding normal tissue. 

Figures in each column represent % cells with gain, % cells with loss or % cells with no change. 

 

ATR  CHEK1 CCND1 
Sample ID: Amp/ 

Gain 
Normal Loss 

Amp/ 

Gain 
Normal Loss 

Amp/ 

Gain 
Normal Loss 

0
N 2% 98% – – 99% 1% 2% 98% – 

402584 
T 54% 46% – – 35% 65% 100% – – 

3L621340 
N 

T 

1% 

58% 

99% 

42% 

– 

– 

– 

– 

98% 

65% 

2% 

35% 

1% 

99% 

99% 

1% 

– 

– 

1H620781 
T 

2% 

32% 

98% 

66% 

– 

2% 

– 

– 

98% 

51% 

2% 

49% 

3% 

65% 

94% 

34% 

3%

1%

N  

 

3G040281 
N 

T 

1% 

42% 

98% 

58% 

1% 

– 

1% 

– 

  98% 

44% 

1% 

56% 

– 

100% 

100% 

– 

– 

– 

1F620600 
– 

42% 

98% 

57% 

2% 

1% 

– 

– 

99% 

37% 

1% 

63% 

3% 

68% 

95% 

32% 

2%

– 

N 

T 
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 Case # 3L621340: normal tissue      Case # 3L621340: tumor tissue 

      

     

     
Figure 16.  Results for ATR, CHEK1 and CCND1 FISH in primary head and neck tumors 

and adjacent normal tissue. 

 demonstrates gain of ATR gene (green) copy number compared with CEP 3 (red), (B) shows 

loss of the CHEK1 gene (red) compared to CEP 11 (green) and (C)  demonstrates 

amplification of CCND1 gene (red)  compared to CEP 11 (green) in tumor tissue, but not in 

the adjacent normal tissue. 

A 

B 

 C

(A)
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3.4.2 Mechanism of ATR gain and AT ranslocations R t

It has been previously reported that in OSCC, translocations of chromosome 3 are commonly 

associated with 11q13 amplification and frequently, chromosome 3 fragments cap the amplified 

chromosome 11. We observed that three of 20 OSCC cell lines studied (UPCI:SCC078, 084 and 

172) had a translocation between the derivative chromosome 11 der(11) with 11q13 

amplification and segments of 3q along with the ATR gene (Figure 17A, B). Similar 

translocations between chromosome 3 and der(11) with 11q13 amplification in OSCC were also 

reported by another group, suggesting that this event may be common in head and neck tumors 

(JIN et al. 2002). In all three OSCC cell lines, UPCI:SCC078, 084 and 172, this t(3;11) 

translocation was present in all twenty metaphases studied.  

 We observed isochromosome 3q formation in five of 20 OSCC cell lines (UPCI: 

SCC070, 077, 104, 131 and 142) studied. Isochromosome 3q formation is a common mechanism 

of 3q and ATR gain in OSCC. Isochromosom  formation can occur either through centromere 

splitting or by fusion of two chromosomes 3 with breaks at 3p resulting in an isodicentric 

chromosome 3. We observed isodicentric chromosomes 3q in UPCI:SCC070, 077, 104, 131 and 

142, suggesting that centromere splitting is not the mechanism by which isochromosome 

formation occurs in OSCC (Figure 17C). 

e

 
64 



      

A B 

    UPCI:SCC084      UPCI:SCC084 

 
   (ATR: green, CEP3: red)     (ATR: green, CEP11: red, CCND1: aqua) 

C 

                         
 

UPCI:SCC104 (ATR: green, CEP3: red) 
 

Figure 17. ATR translocation in UPCI:SCC084 and isochromosome 3 formation in 

Panel A shows translocation of one copy 

UPCI:SCC104 

of ATR gene (green) from chromosome 3 (red), further 

analysis of UPCI:SCC084  (Panel B) reveals that ATR (green) is translocated to the derivative 

chromosome 11 (red) with amplified CCND1 (aqua). Panel C demonstrates UPCI:SCC104 with 

an isodicentric chromosome 3 and ATR gain (green).  

 
 Dicentric chromosomes are prone to being pulled to opposite poles during cell division, 

resulting in an anaphase bridge between the two daughter cells. The formation of a dicentric 

chromosome 11 is also an intermediate in the process of 11q13 amplification (Figure 1) and its 
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presence in anaphase bridges may indicate a stage of ongoing amplification and chromosomal 

instability (RESHMI et al. unpublished data). We determined the frequency of ATR gene and 

CEP 3 presence in anaphase bridges and compared it to the presence of CEP 11 in anaphase 

bridges in a subset of four OSCC cell lines and GM09607 (AT cell line). Our results for 50 

anaphase bridges analyzed for each cell line are summarized in Table 11.  We observed an 

increased frequency of ATR gene in anaphase bridges in UPCI:SCC104 and 131, both of which 

have gain of chromosome 3, but not in UPCI:SCC066 and 105 which have normal copy numbers 

for the  in 

anaphase bridges in GM09607, which does not have 3q and ATR gain. Since GM09607 relies 

heavily on the upregulated ATR–CHEK1 pathway for survival, anaphase bridges may serve as a 

mechanism for formation of isodicenteric 3q leading to ATR and 3q gain. Thus, the high 

frequency of ATR and CEP3 in anaphase bridges may represent ongoing selection for 3q gain. 

On the other hand, chromosome 3, on account of its large size may be prone to be present in 

anaphase bridges at an increased frequency. 

 

Table 11. Frequency of ATR, CEP 3 and CEP11 in anaphase bridges in OSCC and 

11q13 ATR Frequency of Frequency of 

ATR gene. Surprisingly, we observed a ease in the frequency of ATR gene presentn incr

GM09607. 

Frequency of Cell Line amplification gain ATR in bridges CEP3 in bridges CEP11 in bridges 
      

SCC066 – – 4% 4% 6% 
SCC104 – + 26% 26% 14% 
SCC105 – – 6% 6% 22% 
SCC131 + + 28% 28% 24% 

GM09607 – – 16% 16% 10% 
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bridge. In GM09607 (Panel B) two ATR copies and two CEP 3 copies are present in the anaphase 

3.4.3 ATR and CHEK1 are overexpressed in a subset of OSCC 

e ATR and CHEK1 genes in OSCC lead to changes 

in expression, we studied ATR and CHEK1 RNA expression using qRT–PCR and protein 

expression by immunoblotting. Our qRT–PCR results are summarized in Figure 19. Since the 

RNA expression was measur ative l re diplo al 

constitution, a relative expressio < 1.5 in OSC  (with near–trip

can be considered as a reduction in relative RNA expression.  

       UPCI:SCC104                                                   GM09607 (AT cell line) 

Figure 18. Presence of ATR (green), CEP11 (aqua) and CEP3 (red) in anaphase bridge.  

UPCI:SCC104 (Panel A) demonstrates two ATR copies and two CEP 3 copies in the anaphase 

bridge (white arrow) while one CEP 11 copy is present in another anaphase bridge (red color).  

 

To evaluate if changes in copy number of th

A B 

ed rel  to a universa ference with id chromosom

n C loid to tetraploid karyotypes) 
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Figure 19. qRT–PCR analysis for ATR  and CHEK1 RNA expression in a subset of OSCC. 
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(A) demonstrates a heat map of ATR (top row) and CHEK1 (bottom row) expression; (B) Bar 

graph depicting relative ATR expression; (C) Bar graph depicting relative CHEK1 expression. 

 

We examined RNA expression by qRT–PCR in eleven OSCC cell lines and GM09607 

(AT cell line). We used NHOK and HEK 293 cells as our control cell lines. UPCI:SCC066, 099, 

105 and 122 showed ATR and CHEK1 expression equal to or lower than the NHOK and 

HEK293 control cell lines. GM09607 which has been shown to have an upregulated ATR–

CHEK1 pathwa strated a 4–fold increase in ATR expression and an 8–fold increase in 

CHEK1 expression. Six out of eleven cell lines, including UPCI: SCC040, 104, 131, 136, 142 

and 172 demonstrated an increase in both ATR and CHEK1 expression. We observed around an 

8–fold increase in ATR expression and an 18-20 fold increase in CHEK1 expression in two 

OSCC cell lines, UPCI:SCC040 and 104. It should be noted that all cell lines with ATM loss 

(UPCI:SCC 104, 131, 136 and 142) other than UPCI:SCC122 demonstrated a significant 

increase in ATR and CHEK1 RNA expression.  

 

y, demon

UPCI:SCC 

Total ATR

Total CHK1

066     084      103      104      131      136      142      172      293 UPCI:SCC 

Total ATR

Total CHK1

066    4      103      104      131      136      142      172      293 08  

Figure 20. ATR and CHEK1 protein expression in OSCC detected by immunoblotting.  

Immunoblotting for ATR and CHEK1 demonstrates high ATR and CHEK1 expression in 

UPCI:SCC084, 104, 131, 136, 142 and 172.  
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Immunoblotting for ATR and CHEK1 proteins shown in Figure 20 confirmed our qRT-

PCR results. We observed an increase in the expression of ATR in all the cell lines with copy 

number gain of the ATR gene. Although UPCI:SCC084, the cell line with the highest basal 

expression of ATR, did not have any gain of the ATR gene, it had a translocation of one of its 

copies of the ATR gene, which may account for the increased expression.  

 

Earlier reports suggested that kinase-dead ATR can inhibit serine15–p53 phosphorylation 

in response to DNA damage and thus, block p53 activation in response to IR and ultraviolet 

5 

following treatment with IR and UV radiation. Since CHEK1 s345 phosphorylation following 

UV rad

 

 

(UV) radiation (TIBBETTS et al. 1999). To check whether the overexpressed ATR in 

UPCI:SCC084 and 104 was kinase-dead,  we assayed CHEK1 phosphorylation on serine–34

iation is preferentially mediated through ATR kinase, we conclude that ATR kinase 

activity is not lost in any of the four cell lines studied (Figure 21). On studying ATR-mediated 

phosphorylation of SMC1 on serine-957 in response to 20 J/m2 UV radiation, we observed that 

UPCI:SCC084 and 104 had much higher levels of SMC1 phosphorylation. Since SMC1 

phosphorylation occurs during the S and G2M phases, our results confirm our earlier findings 

that the G1 checkpoint is compromised in UPCI:SCC084 and 104. We observed increased 

phosphorylation of Cdc25C on serine–216 in response to 5 Gy IR in UPCI:SCC104 compared to 

UPCI:SCC066. Our observations suggest that an overactive ATR–CHEK1 response is present in 

UPCI:SCC084 and 104 and that a higher number of cells with DNA damage enter the S and 

G2M phases in response to DNA damage. 
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       UPCI:SCC066                       SCC084                     SCC104                      SCC105 

         C          IR        UV         C        IR       UV       C        IR       UV      C         IR       UV 

 
 

             UPCI:SCC066        SCC084         SCC104       SCC105 

              C       UV      C       UV        C       UV      C       UV 

 
 

    UPCI:SCC066   SCC104       

                     C        IR       C        IR         

                

A 

B 

C 
pCdc25C (Ser-216)

ActinActin

pCdc25C (Ser-216)

Figure 21. Activation of downstream effectors of ATR in response to IR and UV. 

(A) Phosphorylation of CHEK1 on serine–345 was studied in response to 5 Gy IR and 20 J/m2 

dose of UV radiation in UPCI:SCC066, 084, 104 and 105. 

UPCI:SCC066 and 104. 

 

 
 

(B) Phosphorylation of SMC1 on 

serine–957 was studied in response to 20 J/m2 dose of UV radiation in UPCI:SCC066, 084, 104 

and 105. (C) Phosphorylation of Cdc25C serine–216 was studied in response to 5 Gy IR 
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3.4.4 An upregulated ATR–CHEK1 pathway is associated with radioresistance 

increased resistance to ionizing radiation. Since loss of p53 was also observed in these cell lines, 

We observed that all cell lines with an upregulated ATR–CHEK1 pathway demonstrate 

the resistance to ionizing radiation could be as a result of both loss of p53–mediated apoptotic 

pathways and an upregulated ATR–CHEK1 pathway which promotes G2M accumulation and 

HRR after DNA damage.  

 

Table 12. Clonogenic cell survival of OSCC to different doses of IR 

ATR, CHEK1 Mock Cell line overexpression treated 1Gy 2.5Gy 5Gy 10Gy 

       
NHOK – 100±0.0 59.7±2.1 30.3±0.6 6.7±0.6 0.0±0.0 

       
       

SCC084 + 100±0.0 80.7±4.6 52.3±5.0 24.7±2.1 7.7±0.6 
SCC104 + 100±0.0 82.3±4.7 55.3±2.1 33.7±1.2 7.7±0.6 
SC 35.3±1.5 9.7±0.6 C142 + 100±0.0 81.0±4.0 51.7±4.6 
SCC131 + 100±0.0 86.7±2.5 51.7±3.8 37.3±2.1 11.3±2.5 
SCC136 + 100±0.0 81.7±3.5 55.0±4.6 34.7±2.5 11.0±1.0 

       
       

SCC066 – 100±0.0 56.7±1.1 29.5±2.2 5.5±1.0 0.0±0.0 
SCC105 – 100±0.0 60.1±2.1 32.3±1.5 7.9±2.6 0.0±0.0 
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3.5 INHIBITION OF THE ATR–CHEK1 PATHWAY SENSITIZES OSCC TO DNA 

DAMAGING AGENTS 

3.5.1 affeine, a non–specific kinase inhibitor sensitizes OSCC to IR-induced DNA 

damage 

In order to study the relative contribution of ATR and CHEK1 overexpression to the 

caffeine, which is a non–specific inhibitor of ATM and ATR. OSCC were treated with caffeine 

in combination with a DNA damaging agent (IR or aphidicolin). The following endpoints were 

performed to estimate the sensitivity of OSCC to caffeine: the sub–G0 population in flow 

cytometric studies, the surviving fraction using a clonogenic cell survival assay, and PCC/MC 

formation in response to caffeine.  

We observed a prolonged S and G2M accumulation in a subset of irradiated OSCC cells, 

which suggests that the S and G2M checkpoint are enhanced in IR-treated OSCC. We 

hypothesized t cum  in irradiated OSCC was mediated through the ATR-

CHEK1 pathway, as seen in irradiated AT cells (WANG et al. 2004). We treated OSCC with 

caff on-specif inhibitor T R d evaluated their cell cycle 

profiles following irradiation. W

cells in the S and G2M hases an d population (dead cells) in cell lines with 

an u d ATR- EK1 pat lud 60 ls)

with an intact G1 checkpoint and normal ATR-CHEK1 expression did not demonstrate any 

sensitivity to caffeine

C

radioresistance observed in a subset of OSCC, we determined the sensitivity of OSCC to 

hat the G2M ac ulation

eine, a n ic  of  the A M and AT kinases an

e observed that caffeine clearly reduced the accumulation of 

 p d increase the sub-G0 

pregulate CH hway, inc ing GM09 7 (AT cel . In comparison, cell lines 

. 
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UPCI:SCC066 (Panel A) and UPCI:SCC104 (Panel B) were either treated with 5 Gy IR or 

checkpoint and predominant G2M accumulation following treatment with IR. UPCI:SCC104 

Figure 22. Cell cycle profiles of UPCI:SCC066 and 104 in response to IR and caffeine 

treatment  

pretreated with 1 mM caffeine 1 h prior to treatment with 5 Gy IR, or pretreated with 5 mM 

caffeine 1 h prior to 5 Gy IR and the cell cycle profiles were compared with untreated samples 

from the same cell line.  Compared to UPCI:SCC066, SCC104 exhibited a loss of the G1 

exhibited a caffeine dose-dependent reduction in G2M accumulation and an increase in the sub 
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G0 peak (dead cells), suggesting that caffeine sensitizes  UPCI:SCC104 to IR mediated cell 

death.  

To detect the mechanism of caffeine-induced cell death, we studied ‘S’ phase PCC and 

MC formation in response to only aphidicolin (0.4 μM) or  pretreatment with 1 mM caffeine 1 h 

before aphidicolin treatment (Figure 23). Criteria for distinguishing PCC/MC from normal 

metaphase were adapted from a previous report (NGHEIM et al. 2001).We observed a very high 

percentage of mitotic cells with PCC/MC in UPCI:SCC084 and 104 if pretreated with 1 mM 

caffeine (Figure 23A). This high percentage was comparable with GM0607 (AT cells), which we 

used as our positive control. In comparison, UPCI:SCC066 and 105, with an intact G1 

checkpoint demonstrate low levels of PCC/MC formation, even after caffeine pretreatment. The 

morphology of PCC/MC is depicted in Figure 23B. Thus, caffeine-mediated elimination of the 

G2M peak is caused due to increased death (by PCC/MC) of these cells by entering premature S 

phase or premature mitosis. 
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Figure 23. The frequency of PCC formation (cell death) in untreated cells, in response to 

aphidicolin with or without 1mM caffeine pretreatment.  

(A) Demonstrates the frequency of mitotic cells undergoing PCC/MC in OSCC (UPCI:SCC cell 

lines), NHOK and GM09607. (B) Depicts PCC/MC formation in UPCI:SCC104. 
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W have observed that cell lines with an upregulated ATR-CHEK1 pathway had 

ote 

tim

e 

 increased sensitivity to caffeine in the absence of any DNA damaging agents. 

 
Figure 24. Clonogenic cell survival of UPCI:SCC084 to different doses of caffeine. 

UPCI:SCC084 

Untreated 0.1 mM 0.25 mM 0.50 mM 1.0 mM
Caffeine

e 

prolonged G2M accumulation following irradiation and a reduced sensitivity to IR-induced cell 

death. However, the exact mechanism by which an enhanced G2M checkpoint can prom

radioresistance is not known. It is likely that prolonged G2M accumulation may allow adequate 

e for repair and thus promote cell survival. Since caffeine eliminates the G2M accumulation 

observed in OSCC, we studied the sensitivity of OSCC to different doses of caffeine by a 

clonogenic cell survival assay. We observed that caffeine enhances cell sensitivity to ionizing 

radiation, especially in OSCC with an upregulated ATR-CHEK1 pathway (Figures 24, 25). W

observed that UPCI:SCC084 and 104 showed a significant (> 50%) reduction in colony survival 

at a dose of 0.5 mM caffeine and complete absence of survival at 1 mM caffeine. Thus, we 

conclude that OSCC with an upregulated ATR–CHEK1 pathway (UPCI:SCC084 and 104) 

exhibit

Untreated 1.0 mM 
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Complete inhibition of colony formation in UPCI:SCC084 at a dose of 1 mM caffeine. 
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 Figure 25. Clonogenic cell survival of OSCC to different doses of caffeine  

and control NHOK.  

UPCI:SCC084 and 104 exhibit increased sensitivity to caffeine compared to UPCI:SCC066, 105 

3.5.2 ATR and CHEK1 siRNA sensitize a subset of OSCC to ionizing radiation and 

aphidicolin induced DNA damage 

Small inhibitory RNAs (siRNA) are composed of 21–25 nucleotides which are complimentary to 

a known ‘target’ mRNA (ELBASHIR et al. 2001).  Usually, a pool of two or more siRNA 

duplexes is used to specifically bind to and degrade the ‘target’ mRNA. Usually peak siRNA 

transfection is seen at the end of 48–72 hrs and the mRNA knockout lasts for 1–3 weeks, 

depending on the type and stability of the siRNAs. There is growing interest to use siRNA 

mediated gene targeting to inhibit specific genes involved in cancer and other diseases (WALL 

and SHI 2003). We used siRNA specific to ATR and CHEK1 to reduce their expression in 

UPCI:SCC066 and 104. Transfection efficiency was calculated using a nonspecific siRNA 
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labeled d 

CHEK1 protein levels by immunoblotting at the end of 72 h. We observed a high level of ATR 

and CHEK1 knockout by their specific siRNAs, while a scrambled nonspecific siRNA did not 

inhibit ATR and CHEK1 protein expression (Figure 26). 

 with a fluorescent tag called siGLO (Dharmacon). We confirmed a reduction in ATR an
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Figure 26. ATR and CHEK1 siRNA mediated protein knockout in UPCI:SCC104 . 

We observed a nearly complete loss of ATR and CHEK1 protein expression at the end of 72 h 

following treatment with ATR and CHEK1 siRNAs, respectively. 

1 

knockout using the respective siRNAs (Figure 27).  Even in the untreated sample, we observed a 

We analyzed the cell cycle profiles of UPCI:SCC066 and 104 after ATR and CHEK

very high number of cells in the S (18%) and G2M (29%) phases in UPCI:SCC104. Following 

treatment with 5 Gy IR, at the end of 24 h, we observed a very high percentage of cells (nearly 

55%) accumulating in the G2M phase in UPCI:SCC104 compared to 31% in UPCI:SCC066. 

Following treatment with ATR siRNA, in  irradiated SCC104, we observed a significant 

reduction in the G2M accumulation of cells from 55% to 18% and an increase in the sub–G0 

population (dead cells) from 1% to nearly 18%.  Since we observed a corresponding increase in 

the sub–G0 population, the reduction of the G2M peak observed in SCC104 is due to cell death 

and not due to a reduction in the number of cells that enter G2M. Even in unirradiated SCC104 
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cells, we observed a reduction in the G2M accumulation and increased sub–G0 population (15%). 

In comparison, unirradiated as well as irradiated SCC066 cells demonstrate a modest reduction 

in G2M accumulation following treatment with ATR siRNA, but no corresponding increase in 

the dead (sub–G0) cell population. We observed a similar sensitization of UPCI:SCC104, but not 

UPCI:SCC066 following treatment with CHEK1 siRNA. Following treatment with a non–

specific scrambled siRNA, SCC104 does not exhibit any reduction in the G2M accumulation or 

increase in the sub–G0 population. This suggests that the effects observed were specific for ATR 

and CHEK1 inhibition. 

 Thus, UPCI:SCC104 was highly sensitized to IR following inhibition of the upregulated 

ATR–CHEK1 pathway with the respective siRNAs. Our results suggest that SCC104 with ATR 

and CHEK1 overexpression is highly susceptible to IR following treatment with ATR or CHEK1 

 

siRNA.  
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SCC104 Control siRNA SCC104 ATR siRNA
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SCC066 untreated SCC066 Control siRNA SCC066 ATR siRNA

SCC066 IR SCC066 Control siRNA + IR SCC066 ATR siRNA + IR

SCC066 CHK1 siRNA

SCC066 CHK1 siRNA + IR

SCC066 untreated SCC066 Control siRNA SCC066 ATR siRNA

SCC066 IR

SCC066 CHK1 siRNA

SCC066 Control siRNA + IR SCC066 ATR siRNA + IR SCC066 CHK1 siRNA + IR  

Cell cycle profiles of (A) UPCI:SCC104 and (B) UPCI:SCC066 following treatment with non–

 depicted. In comparison to SCC066, SCC104 shows increased accumulation of 

radiated cells in the G2M phase. On inhibition of ATR or CHEK1 with the respective siRNAs, 

e observed elimination of the G2M accumulation of irradiated cells and an increase in the sub–

G

To determine if the PCC/MC formation we observed using caffeine was mediated 

through its inhibition of the ATR–CHEK1 pathway, we used ATR and CHEK1 siRNAs for a 

specific knockout. We observed very high level of PCC/MC in UPCI:SCC104 following 

treatment with either ATR or CHEK1 siRNA (Figure 28). In comparison, UPCI:SCC066 had a 

modest increase in the number of cells undergoing PCC/MC in response to inhibition of the 

ATR–CHEK1 pathway.  

 

Figure 27. Flow cytometeric analysis following treatment of ATR and CHEK1 siRNA 

specific siRNA, ATR siRNA and CHEK1 siRNA in nonirradiated cells or cells irradiated with 5 

Gy IR are

ir

w

0 dead cell population. 
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Figure 28. Induction of premature chromatin condensation and mitotic catastrophe 

following ATR and CHEK1 siRNA treatment. 

The frequency of PCC/MC in UPCI:SCC066 and 104 in response to ATR and CHEK1 siRNA 

treatme nt the 

 

plete 

eated with ATR siRNA at the end of 12 days. 

In comparison, UPCI:SCC066 did not demonstrate a significant reduction in cell survival. 

 

 

 

nt with or without aphidicolin (Aph). The numbers next to the bars represe

percentage of mitotic cells undergoing PCC/MC. 

 

 

Finally, we observed cell survival of UPCI:SCC066 and 104 after treatment with ATR

siRNA in the absence of any DNA damaging agents (Figure 29). We observed com

inhibition of colony formation in UPCI:SCC104 tr
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A UPCI:SCC066p21 

 

 

 

B UPCI:SCC104p32 

        Untreated          Mock treated         Non–specific siRNA      ATR siRNA 

 
 

anel B) cells at 50% confluence were mock 

eated with empty Lipofectamine or treated with a nonspecific scrambled siRNA or treated with 

TR siRNA and cell survival was compared to untreated tumor cells for each cell line. A modest 

reducti

Thus, our results suggest that the ATR–CHEK1 pathway is upregulated in a subset of 

OSCC and ATR and/or CHEK1 may be potential targets to sensitize a subset of OSCC to DNA 

damaging agents. 

 

 

Figure 29. Clonogenic cell survival of UPCI:SCC066 and 104 to ATR siRNA treatment 

UPCI:SCC066 (Panel A) and UPCI:SCC104 (P

        Untreated       ATR siRNA         Mock treated         Non–specific siRNA 

tr

A

on in cell survival was observed in UPCI:SCC066, while UPCI:SCC104 cells were highly 

sensitive to ATR inhibition. 
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4.0  DISCUSSION 

s been shown by LOH to occur in a variety of tumors, including breast 

carcinoma, esophageal carcinoma, cervical carcinoma and prostate cancer, in addition to head 

and neck squamous cell carcinoma (WANG et al. 2004, MATSUMOTO et al. 2004; MIYAI et 

al. 2004, DAHIYA et al. 1997, JIN et al. 1998).   We showed that distal 11q is lost in a large 

number of OSCC cell lines by FISH, QuMA and LOH studies (Table 3, Figure 3 and Figure 4, 

respectively). W ile LOH and QuMA show 

11qter, FISH targeted to specific genes (MRE11A, ATM, H2AFX and CHEK1) showed 

ha f 

ted γ-H2AX focus formation in response to ionizing radiation as one 

measure of the competency of the DNA damage response in OSCC. We observed defective γ-

H2AX focus formation in all OSCC with loss of distal 11q, irrespective of 11q13 amplification. 

In addition, OSCC with loss of distal 11q exhibited a high level of chromosomal breakage in 

esponse to ionizing radiation.  

4.1 THE ROLE OF DISTAL 11Q LOSS IN OSCC CARCINOGENESIS 

 Loss of distal 11q ha

h segmental loss from approximately 11q14.2 to 

ploinsufficiency or partial loss of these genes in a subset of HNSCC cell lines. Confirmation o

the physical loss along distal 11q allowed us to focus on the functional consequences of this 

event. We observed that loss of distal 11q in OSCC leads to partial loss of a number of genes 

involved in the DNA damage response and a reduction in expression of these genes at the RNA 

and protein level. We evalua

r
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Baseline anaphase bridge formation was studied in untreated OSCC as a measure of the 

intrinsic level of chromosomal instability. Anaphase bridges were found to be increased in the 

subset of cell lines with loss of distal 11q, regardless of 11q13 amplification (Table 5).  Cell lines 

without loss of distal 11q had frequencies similar to normal cells.  In addition to being a hallmark 

of chromosomal instability, an increased incidence of anaphase bridges supports the BFB 

mechanis

mutants in Drosophila exhibit a high frequency of telomere fusions and dicentric chromosomes 

nd degradation of various proteins. Thus, loss of distal 11q can 

m for gene amplification. It has been shown that MRE11A and tefu (dATM) knockout 

(CIAPPONI et al. 2004, BI et al. 2004). These dicentric chromosomes break and initiate 

breakage-fusion-bridge cycles, similar to the anaphase bridges and BFB cycles seen in OSCC 

with distal 11q loss.  

In addition to MRE11A, ATM, H2AFX and CHEK1, a number of important genes located 

on distal 11q may be lost in the process of 11q13 amplification. On searching the genes present 

on the long arm of chromosome 11 at the NCBI website (http://ncbi.nih.gov/mapview), we 

observed that important members belonging to the caspase family, several genes involved in the 

ubiquitination pathway, and genes involved in keratinocyte differentiation may be lost. Three 

members of the caspase family CASP1, CASP4 and CASP5 and important regulators of the 

caspase pathway, CASP12P1, COP1, INCA and ICEBERG map to a very small 0.5Mb segment 

in band 11q22.1–q22.3. The BRCC2 gene at 11q24.1 encodes a protein with a BH3–like domain 

which induces caspase-mediated apoptosis (BROUSTAS et al. 2004). The high survival of 

OSCC with distal 11q loss after irradiation may be due to loss of critical members of the caspase 

pathway  or BRCC2 since caspases are the final effectors of apoptosis (COHEN 1997). UBE4A, 

USP2 and USP28, on distal 11q are members of the ubiquitination pathway, which plays an 

important role in the stability a
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confer 

ortant genes on distal 11q that may be lost in a subset of OSCC. 

Gene 

changes in the ubiquitination pathway and alter the biochemical properties and half–life 

of different proteins. POU2F3 at 11q23.3 is an important regulator of keratinocyte 

differentiation. Overexpression of POU2F3 induces expression of SPRR2A which is a marker 

for terminal keratinocyte differentiation (CABRAL et al. 2003). Expression of POU2F3 in 

cervical cancer cell lines induces differentiation of the cervical cancer cells and suppresses 

cancer cell replication and division (ENOMOTO et al. 2004). Thus, loss of POU2F3 may result 

in loss of differentiation and dysplastic changes. Some of the important genes lost in the first step 

in the process of 11q amplification, along with the ones mentioned above are depicted in Table 

13 and Figure 30.  

Table 13. Imp

name Location Distance from 
centromere Function 

PAK1 11q13.5 76.8 Mb P21 activating kinase regulates cell motility 
and morphology  

FAT3 11q14.3 91.9 Mb Tumor suppressor homolog of Drosophila 
FAT 

JRKL 11q21 95.8 Mb Nuclear factor 
DDI1 11q22.3 103.4 Mb Induced in response to DNA damage 

CASP1,4,5 11q22.1–22.3 104.3 Mb Effectors of apoptosis 

INCA 11q22.3 104.5 Mb Regulates recruitment and activation of 
procaspase 1 

ICEBERG 11q22.3 104.5 Mb Caspase 1 inhibitor 
NPAT 11q22.3 107.5 Mb Nuclear 

PPP2R1B 11q23 110.8 Mb Protein phosphatase regulatory subunit 
REXO2 11q23.1 113.2 Mb 3’–5’ exonuclease involved in DNA repair 
USP28 11q23.1 113.3 Mb De–ubiquitinating enzyme 

ZBTB16 11q23.1 113.4 Mb Zinc finger transcription factor regulates 
histone deacetylase and cell cycle progression 

UBEA 11q23.3 118 Mb Conjugation factor required for poly– and 
multi ubiquitination 

POU2F3 11q23.3 119.6 Mb Induces terminal keratinocyte differentiation 

BRCC2 11q24.1 121.5 Mb protein 
BH3– like domain containing pro–apoptotic 
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Interestingly, we also observed that a number of proto–oncogenes including MLL, BLR1, 

CL1, BCL9 and MCAM are clustered in a short 1.5 Mb region in band 11q23.2–11q24. 

Amplification or translocation of this region is frequently seen in hematological malignancies 

(BERNARD and BERGER 1995). Co–amplification of 11q13 and 11q24 has also been reported 

in acute myeloid leukemia and myelodysplastic syndrome (ZATKOVA et al. 2004). The mixed–

lineage leukem is believe ification in 

hematological tumors (POPPE et al. 2004, ZATKOVA 

of chromosomal band 11q24 region in only UPCI:SCC070 (Figure 31) out of ten OSCC cell 

lines studied, suggesting that 11q24 amplification may also occur in solid tumors. On further 

evaluation, we observed that the CCND1 gene on 11q13 formed the proximal and distal 

boundaries of the amplicon, in the form of an inverted duplication suggesting that amplification 

occurred by the BFB mechanism.  

 

B

ia gene (MLL) on 11q24 d to drive the 11q24 ampl

et al. 2004). We observed amplification 

     

A B 

 
Figure 31. MLL (yellow) amplification in UPCI:SCC070. 

Panel A shows MLL amplification in UPCI:SCC070 with a commercial breakapart probe 

labeled with Spectrum GreenTM a TMnd Spectrum Orange . If MLL is not broken or translocated, it 

ppears yellow. Panel B shows a BAC mapping 1 Mb proximal to MLL labeled in green with 

CCND1 in red which forms the boundaries of the 11q23-24 amplicon, suggesting that the 

amplification occurred by BFB mechanism. 

a
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Thus, distal 11q loss results in haploinsufficiency for a number of important genes 

present on distal 11q. The remaining normal allele of any of the genes on distal 11q can undergo 

mutation, deletion or hypermethylation leading to complete loss for the particular gene. The loss 

of genes on distal 11q including MRE11A, ATM, H2AFX and CHEK1, which precedes 11q13 

amplification, may promote formation of anaphase bridges. Simultaneously, portions of distal 

11q may be lost during each BFB cycle, leading to a propagated distal 11q loss–11q13 

amplification cycle. Thus, both distal 11q loss and 11q13 amplification may act synergistically 

and provide growth and survival advantage to the cells undergoing these genetic alterations. 

Loeb et al. proposed a “Mutator Phenotype Hypothesis” wherein cancer cells undergo 

changes which promote a very high level of background mutations and chromosomal 

abnormalities (LOEB et al. 2003). These mutations and chromosomal abnormalities accumulate 

to provide a growth advantage to cancer cells. The common genes which undergo mutations are 

those involved in DNA repair, DNA replication, telomere maintenance, apoptosis, checkpoint 

control and chromosomal segregation. It has n suggested that an intact DNA damage 

response acts as an efficient “anti-cancer barrier” (BARTKOVA et al. 2005, GORGOULIS et al. 

2005). Loss of an intact DNA da ge response promotes a mutator phenotype in somatic cells 

and leads to chromosomal instability. Thus, we observed that partial loss of distal 11q leads to 

defects in the DNA damage response which may contribute to a “mutator phenotype” effect in 

OSCC. We believe that loss of distal 11q leads to inadequate or inaccurate DNA repair and may 

promote mutation en in OSCC.  

bee

ma

or chromosomal defects which contribute to the aneuploidy se
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4

hase 

checkp

e. 

qRT–PCR and immunoblotting demonstrated that both ATR and CHEK1 are overexpressed in a 

subset of OSCC with loss of the G1 checkpoint. Thus, our findings suggest that ATR–CHEK1 

upregulation may confer a growth and survival advantage to tumor cells with loss of p53 protein. 

.2 ATR–CHEK1 UPREGULATION IN OSCC AND RADIOSENSITIVITY 

A subset of all tumors, including oral squamous cell carcinomas, lack wild-type TP53, leading to 

a loss of the p53-dependent G1 checkpoint (LEVINE 1997, MICHALIDES et al. 2002). Other 

factors which may contribute to a loss of G1 cell cycle checkpoint in OSCC are cyclin D1 

(CCND1) amplification and overexpression (SARTOR et al. 1999), deletion of the RB1 gene 

(SARTOR et al. 1999), loss of the CDKN2A locus on 9p21 (SARTOR et al. 1999, SHINTANI et 

al. 2001) and haploinsufficiency or loss of the ATM gene on 11q22-q23. Loss of the G1 p

oint results in a large number of tumor cells entering the S and G2  phases of the cell cycle 

with unrepaired DNA damage. Allowing cells with unrepaired DNA damage to pass through the 

S phase would trigger premature chromatin condensation. Similarly, allowing cells with 

unrepaired DNA damage to pass through the M phase would trigger mitotic catastrophe, both of 

which are p53–independent forms of cell death. Upregulation of ATR and CHEK1 would allow 

the cells to stop at the S or G2M phase checkpoints, repair the DNA enabling the cells to resume 

progression through the cell cycle. This may exert a positive selection pressure for tumor cells 

that can upregulate ATR and CHEK1.  

 We observed that the ATR gene on 3q24 was translocated, gained or amplified in a subset 

of OSCC and also in an ovarian tumor cell line. In contrast, CHEK1 was lost in a subset of 

OSCC. Our studies in primary head and neck tumors supported our results in OSCC that ATR is 

gained or amplified, while CHEK1 is lost in the tumor cells compared to adjacent normal tissu
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  are 

highly resistant to DNA damaging agents like IR and aphidicolin. Inhibition of the ATR–CHEK1 

utations by nearly 20% (BALZ et al. 2003). In addition 

 muta

Surprisingly, we observed that cell lines with an upregulated ATR–CHEK1 pathway

pathway nonspecifically using caffeine or specifically using the respective siRNA resulted in 

increased cell death by ‘S’ phase PCC formation or mitotic catastrophe, an increase in the sub–

G0 populations which represents dead cells by flow cytometry and reduced survival by a 

clonogenic cell survival assay. Thus, a subset of OSCC with a defective G1 checkpoint may 

require an upregulated ATR–CHEK1 pathway for survival and inhibition of this pathway may 

sensitize OSCC to DNA damaging agents. 

 Loss of p53 function leads to loss of the G1 checkpoint, loss of p53–dependent apoptotic 

pathways and allows cells to survive in spite of genetic instability (LEVINE 1997).  It has been 

reported that the TP53 gene, an important tumor suppressor gene, is mutated in nearly 50% of all 

tumors including OSCC. However, TP53 in most cases is sequenced between exons 5–8 or exons 

5–9, since this region is considered to be a “hotspot” for mutations. We detected a number of 

OSCC cell lines, UPCI:SCC104, 142 and 131 which had early truncation mutations leading to 

loss of p53 expression. It has been reported that sequencing between exons 5–9 may result in 

underestimating the frequency of TP53 m

to tions, amplification or overexpression of MDM2, HPV infection and inhibition by E6 and 

promoter methylation may lead to loss of p53 function. If all mechanisms of loss of p53 function 

are taken into account, then the number of head and neck tumors with a nonfunctional p53 may 

be as high as 70–80%. If this is the case, then inhibition of the ATR–CHEK1 pathway may be 

advantageous in a very large subset of head and neck tumors.  

 ATR deficient mice are embryonic lethal and exhibit chromosomal fragmentation at a 

very early stage in development, suggesting that ATR plays an important role during normal 
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growth and development (BROWN and BALTIMORE 2000). In contrast, AT mice are viable 

but exhibit enhanced sensitivity to IR, accelerated ageing and develop multiple tumors 

suggesting that ATM is involved in DNA DSB processing and repair (SHILOH 2002). It has 

been suggested that both ATM and the MRN complex act upstream of ATR and CHEK1 and 

help to modulate the cellular response to ionizing radiation. If this is he case, then a 

compensatory increase in ATR and CHEK1 following loss of ATM or proteins of the MRN 

complex can be anticipated. In addition to the DNA damage response, ATR and its downstream 

effectors like CHEK1, BRCA1, and the Fanconi anemia group of proteins also play an important 

le frro agile site maintenance and cellular responses to hypoxia. Thus, changes in ATR and 

CHEK1 expression may affect different cellular processes to achieve a survival benefit for the 

tumor cells. 

In response to hypoxia, a number of stress pathways are activated. It has been shown that 

ATR kinase activity increases as the degree of hypoxia increases to a level which induces 

replication damage (HAMMOND et al. 2002, HAMMOND et al. 2003). This is associated with 

a rapid localization, activation and ATR focus formation at the sites of hypoxia induced–stalled 

replication forks (HAMMOND et al. 2002, HAMMOND et al. 2003). It is believed that hypoxia 

induces formation of single strand DNA (ssDNA) and stalled replication forks which lead to 

ATR–ATRIP dependent S phase arrest. Thus, the ATR–CHEK1 pathway is activated in response 

to hypoxic damage and this activation protects the cells from hypoxic DNA damage. Inhibition 

of ATR leads to sensitization of cells to hypoxic and reoxygenation insults (HAMMOND et al. 

2004). 

 The tumor microenvironment plays an important role in the response of the cancer cells 

to radiotherapy and chemotherapy. Since radiotherapy and chemotherapy kill tumor cells by the 
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generation of toxic oxygen species, the effectiveness of these therapeutic modalities depends on 

adequate perfusion and oxygenation of the cancer cells. The tumor vasculature is highly 

disorganized and because cancer cells generally divide rapidly, hypoxia or a relative lack of 

oxygen is common in tumors. Since the hypoxia–sensitive cells are killed, the tumor is enriched 

for clones of cells resistant to radiotherapy and chemotherapy (VAUPEL et al. 2001). This is 

especially the case in head and neck tumors, where over a period of time, the highly aggressive 

and invasive cells predominate the tumor (JANSSEN et al. 2005). Hypoxia also selects for tumor 

cells which have a deficient p53-mediated apoptotic pathway (KINZLER, VOGELSTEIN 1996, 

GRAEBER et al. 1996). Hypoxia induces chromosomal breaks and promotes chromosomal 

rearrangements including deletions, translocations and chromosomal amplification (COQUELLE 

et al. 1998). Hypoxia, which is commonly seen in the tumor microenvironment, can select for 

cells w

s, which are activated in response to a specific threshold of DNA damage. The common 

mechan

ith high level of chromosomal instability and cells which lack apoptotic pathways in 

response to DNA damaging agents. This phenomenon may account for the multiple secondary 

tumors, relapses and a poor response to conventional therapy in OSCC.  Thus, pathways which 

regulate the cellular survival response to hypoxia may form important targets for treatment of 

OSCC. These findings assume a significant importance in light of our findings in OSCC, where 

the ATR–CHEK1 pathway is highly upregulated.  Thus, the upregulated ATR–CHEK1 pathway 

in OSCC may serve to protect these cells from hypoxia and reoxygenation induced cell injury.  

Generally, it has been demonstrated that cells which are radio– or chemoresistant exhibit 

an increased ability repair damaged DNA. This ability allows the cells to evade apoptotic 

pathway

isms for DNA repair in tumor cells are homologous recombination and nonhomologous 

end joining. Both ATR and CHEK1 can increase homologous recombination repair and promote 
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DNA repair (BAOCHENG et al. 2005). In contrast, the FHIT protein decreases homologous 

recombination repair in cells (BAOCHENG et al. 2005). In OSCC, the formation of 

isochromosome 3q leads to two simultaneous genetic events which can promote increased 

homologous recombination repair in the tumor cells. Isochromosome 3q formation leads to an 

increase in copy number of the ATR gene, which can lead to increased ATR expression. 

Simultaneously, one or two copies of the FHIT gene located at (3p14.2) are lost in the process of 

isochromosome 3q formation. Since, FHIT downregulates HRR while ATR upregulates HRR, 

isochromosome 3q formation may improve lead to higher levels of HRR in the tumor cells 

conferring them with an increased ability to repair DNA and thus, radioresistance. Thus, 

upregulation of the ATR–CHEK1 pathway in OSCC can enhance the S and G2M cell cycle 

checkpoints to DNA damage, protect cells from hypoxic injury and promote HRR.  
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4.3 RADIOSENSITIZING AGENTS FOR OSCC 

IR. It has been suggested that this sensitization may be related to overriding of the G

Exposure to caffeine has been shown to sensitize cancer cells to DNA damaging agents including 

cycle checkpoint by caffeine. Robert Abraham and his colleagues demonstrated that the 

(SARKARIA et al. 1999). The dose of caffeine required to inhibit 50% of kinase activity (IC ) 

for different protein kinases is summarized in Table 14 (SARKARIA et al. 1999). Caffeine 

mediated through ATM or ATR. Since mTOR inhibition does not change the cellular response to 

gh mTOR 

inhibition (SARKARIA et al. 1999).  

 

Table 14. IC50 for different kinases in response to caffeine 

Kinase IC50 for caffeine 

2M cell 

radiosensitizing effects of caffeine may be related to its inhibition of the ATM and ATR kinases 

50

induces radiosensitization at doses between 1–2 mM, thus its sensitizing effect in tumors may be 

IR, it is unlikely that the radiosensitizing effects of caffeine are mediated throu

  
ATM 0.2 mM 

mTOR 0.4 mM 
ATR 1.1 mM 

CHEK1 5.0 mM 
DNA–PKCS 10.0 mM 

   

In OSCC with an upregulated ATR–CHEK1 pathway, we observed a significant 

reduction in colony formation at a 0.5 mM dose of caffeine, and complete inhibition of cell 

survival at a 1 mM dose of caffeine. This sensitization effect of caffeine in OSCC could be due 

to inhibition of either ATM or the ATR kinase.  GM09607, an ATM deficient cell line shows 

sensitivity to caffeine which is similar to the OSCC cell lines with an upregulated ATR–CHEK1 

pathway. Thus, sensitivity of OSCC to caffeine is likely to be caused due to inhibition of ATR 
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activity. Since we ob ed f caffeine, which is 

lower than the IC50 reported for caffeine–mediated ATR inhibition (SARKARIA et al. 1999), we 

believe that cell lines with an upregulated ATR–CHEK1 pathway may be hypersensitive to 

we performed a highly specific siRNA-mediated ATR knockout in OSCC. We observed that 

damaging agents. An upregulated ATR–CHEK1 pathway can protect these cell lines with hig  

levels of chromosomal breakage from PCC and MC, both p53–independent forms of cell death. 

pathway and thus, sensitizing the tumor cells not only to extrinsic DNA damaging agents, but 

Caffeine is a member of the methyl–xanthine family; other members of this family which 

are currently used in clin actice are lline. It has 

been demonstrated that these dru olar concentrations can inhibit DNA damage repair 

and override cell cycle checkpoints and induce cell death by pr chromatin condensation 

and mitotic catastrophe (DILLE al. 1988, MUSK, STEEL 1990, LI et al. 1998). In the 

past, caffeine pre-treatment has been used to assist chem

atment of pancreatic cancer and osteosarcomas (TSUCHIYA et al. 1998) 

Unlike caffeine, which inhibits ATM and ATR at lower concentrations, UCN–01 (7-

hydroxystaurosporine) predominantly inhibits CHEK1 at very low (nanomolar) concentrations to 

induce radiosensitization (BUSBY et al. 2000, GRAVES et al. 2000). In addition to UCN–01, 

the indolocarbazole inhibitor SB-218078 also inhibits CHEK1 and sensitizes tumor cells to 

topoisomerase inhibitors (JACKSON et al. 2000). Both UCN–01 and SB-218078 bind to the 

serv  significant inhibition of cell survival by 0.5 mM o

inhibition of this pathway. To confirm if ATR was the target of caffeine-mediated sensitization, 

ATR siRNA treatment completely inhibits colony survival in the absence of any extrinsic DNA 

h

Thus, it may be possible to use this characteristic of tumor cells by inhibiting the ATR–CHEK1 

also to hypoxic damage, replicative stress and intrinsic or inherent chromosomal breakage.  

ical pr aminophylline, theophylline and pentoxyphy

gs at millim

emature 

H t AY e

otherapy or radiotherapy in the 

tre
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ATP–binding pocket of CHEK1 which interacts with cyclin dependant kinases and thus, inhibits 

CHEK1 activity (ZHAO et al. 2002). It has been demonstrated that the checkpoint abrogating 

and radiosensitizing properties of UCN–01 are predominantly seen in human tumor cells with  

defective p53 function (SHAO et al. 1997). However, inhibition of CHEK1 leads to increased 

initiation of DNA replication and increased DNA breaks in normal cells, which suggests that 

CHEK1 inhibition may not specifically target tumor cells (SYLJUASEN et al. 2005). 

Caffeine 

CHK1 siRNA

G2 M

Upregulated ATR–
CHK1 pathway 

Mitotic 

G1 S

catastrophe

DNA 
damage

Premature 

condensation
chromatin 

ATR siRNA

Loss of p53 and 
G1 checkpoint

Caffeine 

CHK1 siRNA
Upregulated ATR–

DNA 
damage

CHK1 pathway 

G2 M

Mitotic 

G1 S

catastrophe

ATR siRNA

Loss of p53 and 
G1 checkpoint

Premature 

condensation
chromatin 

 
 

Loss of p53 function leads to loss of the G  cell cycle checkpoint in response to DNA damage in 

a subset of OSCC. An upregulated ATR–CHEK1 pathway enhances the S a

Figure 32. Model for OSCC sensitization to DNA damaging agents. 

1

nd G2M checkpoints 

and pro

there is a positive selection pressure for cells with an upregulated ATR–CHEK1 pathway. 

In addition to ATR and CHEK1, it is likely that other proteins in the pathway may also be 

upregulated. RAD9 overexpression has been reported in breast tumors and inhibition of the 

tects cells with DNA damage from premature S phase entry and premature mitosis. Thus, 

Inhibition of the ATR–CHEK1 pathway using caffeine or specific siRNA can increase the 

susceptibility of these cells to p53–independent forms of cell death by PCC or MC. 
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overexpressed RAD9 leads to sensitization of the breast tumor cell line (CHENG et al. 2005). 

Since, RAD9 lies just within the 11q13 amplicon (Figure 30), it is likely that RAD9 is amplified 

and overexpressed in a subset of OSCC.  

A subset of OSCC cells have an overactivated ATR–CHEK1 pathway, which leads to a 

prolonged G2 accumulation in OSCC cells treated with IR. This prolonged G2 accumulation may 

provide the irradiated OSCC cells with a chance to undergo HRR which occurs exclusively 

during the S and G2M phases of the cell cycle. In addition to providing time for the OSCC cells 

to undergo HRR, both ATR and C  HRR directly and promote cell survival 

(BAOCHENG et al. 2005). Our results suggest that a number of OSCC demonstrate a loss of the 

G1 checkpoint and enhanced chromosomal breakage and cell survival following treatment with 

IR. Thus, agents like caffeine or UCN–01 which can inhibit the ATR–CHEK1 pathway may 

promote cell death in OSCC through p53–independent mechanisms.  

 

 

 

 

 

 

HEK1 enhance
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4.4 3Q GAIN IN OSCC AND ITS RELATIONSHIP TO DISTAL 11Q LOSS 

Chromosome 3q gain or amplification is a very common event in oropharyngeal squamous cell 

carcino

plicated to 

drive 3q gain and amplification are phosphatidylinositol 3–kinase catalytic subunit (PIK3CA) 

(MA et al. 2000), eukaryotic initiation factor 5A2 (EIF-5A2) (GUAN et al. 2001, GUAN et al. 

2004), cyclin L (CCNL1) (REDON et al. 2002), TP73L (REDON et al. 2001) and TLOC1 (JUNG 

et al. 2006). While it is possible that one gene may be responsible for driving the 3q gain or 

amplification, it is also likely that, as seen in 11q13 amplification, a number of genes could be 

gained or amplified on 3q. However, 3q gain occurs over a much larger area compared to the 

small 1.5 Mb area amplified in OSCC (KETTUNEN et al. 2000, HUANG et al. 2002). 

 cervical cancer, chromosome 3q gain is associated with the progression of severe 

dysplastic lesions to invasive cancer (HESELMEYER et al. 1996). Similarly, in head and neck 

cancer, 3q gain is associated with a poor prognosis, increased invasive ability and dissemination 

of the cancer to adjacent lymph nodes (BOCKMÜHL et al. 2000, BOCKMÜHL et al. 2002, 

SINGH et al. 2002). In head and neck cancer, it was observed that 3p deletion precedes 3q gain 

ma, esophageal carcinoma, cervical carcinoma, prostate cancer, mantle cell lymphomas 

and carcinomas of the vulva (MONNI et al. 1998, SATTLER et al. 1999, YANG et al. 2001, 

PEI et al. 2001, NOGUCHI et al. 2003, STOLTZFUS et al. 2005). Past studies by karyotyping in 

our laboratory demonstrate that 3q gain is present in 40% of OSCC cell lines and is the most 

frequent chromosomal aberration after 11q13 amplification, which was seen in 45% of OSCC 

cell lines (LESE MARTIN et al. unpublished data). Others have reported the prevalence of 3q 

gain using comparative genome hybridization studies to be as high as 80-85% in primary head 

and neck tumors (BOCKMÜHL et al. 1998). A number of different genes on 3q are thought to 

drive this gain, though a single causal gene has not been confirmed. The genes im

In
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and o pr . 

2006). Since a number of genes between 3q24–q28 are gained in tumors, it is difficult to pinpoint 

mor cells 

from m

verre esentation of 3q plays a role in the development of aneuploidy (HEMMER et al

a single gene as being causal or necessary for the development of OSCC. The contribution of the 

gained/amplified genes in tumorigenesis can be evaluated by the degree they are overexpressed 

at the RNA and protein levels and studying the phenotype of tumors after siRNA–mediated 

inhibition of gene expression. In ovarian cancer, EIF-5A2 overexpression was correlated with an 

advanced tumor stage and inhibition of EIF-5A2 resulted in inhibition of cell growth (GUAN et 

al. 2004). In head and neck cancer, CCNL1 gain is correlated with advanced clinical stage of the 

tumor and poor prognosis (STICHT et al. 2004). Our results suggest that the ATR gene on 3q24 

may be one of the targets for 3q gain and this gain results in ATR overexpression at both the 

RNA and protein level. Reducing ATR expression through ATR siRNA mediated knockout of 

the mRNA promotes cell death in the tumors through PCC and MC and reduces cell survival to 

DNA damaging agents. 

Along with 3q gain, we observed a number of cell lines, UPCI:SCC070, 077, 104, 131 

and 142 with isochromosome 3q. Since isochromosome 3q formation involves deletion of 3p, 

important genes like FHIT, FANCD2 and ATRIP located on 3p may be lost in these OSCC. 

ATRIP interacts with ATR and is known to facilitate ATR function (CORTEZ et al. 2001, ZOU, 

ELLEDGE 2003).  Thus, loss of ATRIP may affect the efficiency of ATR functioning in OSCC. 

We believe that ATR function, although inefficient, may be adequate to protect the tu

itotic catastrophe and other p53–independent forms of cell death. 

Jin and colleagues in 2002 reported a correlation between 11q13 amplification and 3q 

gain in HNSCC (JIN et al. 2002). The chromatin segment, 3q21–q29 was present on a derivative 

chromosome 11 with 11q13 amplification in four out of the eight cell lines they studied. 
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However, gain of 3q was seen in all cell lines with 11q13 amplification, which suggests a 

mechanistic link between amplification at band 11q13 and gain of distal 3q (JIN et al. 2002). It 

has been shown that upregulation of ATR occurs in ATM-deficient AT cell lines (GM09607) 

and the upregulated ATR can mitigate some of the effects of ATM loss (WANG et al. 2003). 

Since the first event during 11q13 amplification by BFB cycles is loss of distal 11q, including 

ATM (11q22.3), it is likely that a gain of 3q may be driven by a mechanism to gain ATR which 

can partly compensate for the loss of ATM. In addition to observing 3q gain in cell lines with 

11q13 amplification, we observed 3q gain in two cell lines UPCI:SCC104 and 142 with ATM 

loss. However, UPCI:SCC122 with ATM loss did not demonstrate 3q or ATR gain. Thus, 3q gain 

could be related to loss of ATM on distal 11q. However, this relationship needs to be studied in a 

larger cohort of tumors. 
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4.5 CHRONOLOGY OF GENETIC EVENTS IN OSCC 

Somatic cells undergo a series of genetic and epigenetic changes which accumulate over time to 

transform them into cancer cells (KINZLER et al. 1996). Cells that acquire pro–proliferative and 

pro–survival changes are selected for in tumors. Thus, over a period of time, tumors attain the 

ability to divide in an unregulated manner and later develop resistance to chemo- and 

radiotherapy (HANAHAN and WEINBERG. 2000). The common changes observed during 

carcinogenesis are overexpression of oncogenes and/or deletion or inactivation of tumor 

suppressor genes. Overexpression of oncogenes may be due to gene amplification (CCND1 in 

OSCC, breast and esophageal cancer), gene translocation (BCR–ABL1 in CML) or promoter 

hypomethylation (YABRO 1992). Loss of tumor suppressor gene function may be caused by 

gene deletion (FHIT on 3p in OSCC), gene mutation (TP53 gene in different cancers), dominant 

negative mutant protein or promoter hypermethylation (MACLEOD 2000). 

Hittelman and his colleagues observed a high frequency of microsatellite alterations at 

9p21 and 3p14 (MAO et al. 1996).  Losses of 3p, 8p, 13q 17p were shown to occur early during 

HNSCC progression (LI et al. 1994). Califano and colleagues proposed an initial multi–step 

model for head and neck squamous cell carcinoma formation and progression (CALIFANO et al. 

1996). Deletions of 3p14, 9p21, 13q14.2 and 17p13.1 result in loss of the important tumor 

suppressor genes, FHIT, CDKN2A/ARF, RB1 and TP53 at these loci, respectively.  

FHIT gene at chromosomal band 3p14.2 encompasses a common fragile site FRA3B 

and is commonly deleted in a number of cancers (HUEBNER and CROCE 2001). Recent studies 

demonstrate that 80-90% of head and neck squamous cell carcinoma cell lines have alterations of 

atleast one allele of the FHIT gene, while 10-15% of the tumors have homozygous deletions 

(VIRGILIO et al. 1996). There is partial to complete loss of FHIT expression in a number of 

 

The 
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tumors (CROCE al. or potential of 

cancer cells (SIPRASHVILI et al. 1997). Even though FHIT protein is known to inhibit 

ansformation 

(LANE

 et  1999) and exogenous FHIT expression inhibits the tum

carcinogenesis in humans and mice, the exact mechanism of FHITs tumor suppressor role is not 

known. The CDKN2A/INK4A locus on 9p21, encodes multiple splice variants which vary in the 

structure of their first exon. The p19 alternate reading frame product (p19ARF) can inhibit MDM2 

and stabilize p53 in response to DNA damage (SHERR 1998). The p16INK4A splice variant 

regulates RB1 metabolism (SERRANO et al. 1996). Loss of p16INK4A and p19ARF leads to 

immortalization and cooperates with oncogene activation to promote tumorigenesis (CARNERO 

et al. 2000, VOORHOOVE and AGAMI 2003). Thus, deletion or promoter hypermethylation of 

the CDKN2A/INK4A locus on 9p21 results in simultaneous disruption of both the RB1 and the 

p53 tumor suppressor pathways. Deletion of the CDKN2A gene or inactivation of p16INK4A and 

p19ARF is frequent in OSCC (SHINTANI et al. 2001) and is associated with 11q13 amplification 

in human tumor cells (LUKAS et al. 1995). 

The retinoblastoma gene (RB1) on 13q14.2 is frequently inactivated in head and neck 

tumors (SARTOR et al. 1999). Loss of Rb protein results in unregulated cell proliferation 

through the G1 phase of the cell cycle and deregulated apoptosis (NEVINS 2001, HICKMAN et 

al. 2002). Along with Rb dysregulation, TP53 mutations are also common in head and neck 

cancer (SARTOR et al. 1999). The p53 protein acts as a “molecular policeman” and maintains 

genome integrity, regulates cell cycle checkpoints and protects normal cells from tr

 1992, LEVINE 1997). Loss of p53 function in tumors can occur due to deletion or 

mutation of the TP53 gene, promoter hypermethylation, or overexpression of MDM2 which 

targets p53 for degradation by the proteasome (CHANG et al. 1993). This loss of p53 function 

results in loss of the G1 checkpoint, defects in the DNA damage response, impairment in 
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telomere maintenance which results in sticky chromosomal ends, loss of a number of p53 

dependent apoptotic pathways and fosters an environment which promotes genomic instability.   

11q13 amplification seen in 50% of OSCC is believed to be an early event in the 

development of OSCC (GOLLIN 2001, GOLLIN 2004). During the process of BFB cycles, 

which lead to 11q13 amplification in OSCC, the preceding loss of distal 11q results in partial 

loss of genes in that region. Since, the break (11q loss) occurs prior to fusion and formation of 

anaphase bridges, distal 11q loss is also an early event which may follow loss of p53 function in 

OSCC. Since, distal 11q loss results in a defective DNA damage response, we believe that this 

may create a “permissive environment” to allow initiation and propagation of chromosomal 

imbalances and aneuploidy. Gain of 3q24–28 is seen in a very high proportion of head and neck 

tumors (BOCKMÜHL et al. 1998). 3q gain is thought to occur during the intermediate to late 

stages of cancer formation and may be associated with resistance to conventional therapy. Our 

results demonstrate that the ATR gene, on 3q24 is one of the important targets for 

gain/amplification and enables the tumor cells to survive DNA damage induced by hypoxia, 

replicative stress, IR and other DNA damaging agents. Thus, we propose a genetic progression 

model (Figure 33) incorporating our findings that distal 11q loss and 3q gain play an important 

role in development and progression of OSCC. 
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Figure 33. A genetic progression model for OSCC 

neoplastic changes. This is followed by deletion of the FHIT gene at 3p21 and deletion or 

mutation of the TP53 gene on 17p13. 11q13 amplification and distal 11q loss which precedes the 

amplification signal the progression to carcinoma in situ. Distal 11q loss can promote 

potential. 3q gain leads to upregulation of ATR and a number of other genes on 3q24-28 which 

promote development of cancer and confer resistance to DNA damaging agents.  

3p21, 17p13               
Loss of TP53

13q21, 14q3211q13 amp            

LOH at 9p21, involving the CDKN2A/ARF locus and deletion of p16 are the earliest pre–

chromosomal instability and exert selection pressure for tumor cells with high malignant 
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APPENDIX A 

LIST OF BACTERIAL ARTIFICIAL CHROMOSOMES (BAC) AND CENTROMERE 

ENUMERATION PROBES (CEP) USED FOR FISH ANALYSIS 

Table 15: Different probes m FISH analysis 

 

 

All BACs were purchased from the Children’s Hospital Oakland Research Institute 

(C.H.O.R.I.), Oakland, CA. Two BACs RP11-427D1 and RP11-383G6 corresponding to the 5' 

and 3' ends of the ATR gene, respectively, were used simultaneously.

 

 

 

 

 

 

 

apping to the respective genes used for 

 

 

 

 

 

 

 

Gene name BAC ID Fluorescent tag 
   

ATM CTD2047A4 Spectrum OrangeTM

RP11-427D1 Spectrum GreenTM
ATR RP11-383G6 Spectrum GreenTM

CHEK1 RP11-712D22 Spectrum OrangeTM

CCND1 RP11-699M19 Spectrum AquaTM

H2AFX RP11-892K21 Spectrum GreenTM

MRE11A RP11-685N10 Spectrum OrangeTM

TP53 RP11-199F11 Spectrum OrangeTM
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APPENDIX B 

SEQUENCES FOR ATR AND CHEK1 siRNA 

ATR and CHEK1 siRNAs were obtained from Dharmacon Inc. The individual sequences 

from th

TR sequences

ACUGCTGGUUUG GAAGUCAUCUGUUCAUUAU 

GAAAUAAGGUAGACUCAAU CAACAUAAAUCCAAGAAGA 

HEK1 seque

U AAGUACC CUUG UA UUUCUU 

AUAUGAUCAGGACAUGUGGUU CCAUUGAUAGCCCAACUUCUU 

e smartpool are outlined below: 

 

A :  

GAACAAC  

 

C nces: 

A A UCACA UU UUGGAUAUUGCC
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APPENDIX C 

LIST OF ANTIBODIES USED FOR IMMUNOBLOTTING 

Table 1

Antibody Type Company Concentration 

6: List of antibodies used for immunoblotting with their relative concentrations 

 

Total ATR Rabbit polyclonal Affinity Bioreagents, 
G  olden, CO. 1:500–1:1000

Total p53 (D–01) Mouse monoclonal Santa Cruz 1:2000 
Total ATM Rabbit polyclonal Cell Signaling 1:500 

Total CHEK1 Rabbit polyclonal Cell Signaling 1:1000 
Total H2AX Mouse monoclonal Cell Signaling 1:1000 

Total MRE11A Goat polyclonal Santa Cruz 1:1000 
pATM (Ser 1981) Rabbit polyclonal Cell Signaling 1:500 
pATR (Ser 428) Mouse monoclonal Cell Signaling 1:500 

pBRCA1 (Ser 1497) Goat polyclonal Santa Cruz 1:1000 
pCHEK1 (Ser 345) Rabbit polyclonal Cell Signaling 1:1000 
pCHK2 (Thr 68) Rabbit polyclonal Cell Signaling 1:1000 
pSMC1 (Ser 987) Rabbit polyclonal Cell Signaling 1:1000 

pCDC25C(Ser 216) Rabbit monoclonal Cell Signaling 1:1000 
γ–H2AX (Ser 139) Mouse monoclonal Upstate 1:1000 

Αctin Mouse monoclonal Sigma 1:2000 
Τubulin Rabbit polyclonal Santa Cruz 1:2000 

 
108 



BIBLIOGRAPHY 

 
Aaltonen, LA, Peltomaki P, Leach FS, Sistonen P, Pylkkanen L, Mecklin JP, Järvinen H, Powell 

SM, Jen J, Hamilton SR, Petersen GM, Kinzler KW, Vogelstein B and de La Chapelle A. 
(1993) Clues to the pathogenesis of familial colorectal cancer. Science, 260, 812-816. 

es. 
Genes Dev. 15(17), 2177-96. 

Åkervall JA, Michalides RJ, Mineta H, Balm A, Borg A, Dictor MR, Jin Y, Loftus B, Mertens F, 
W P. (1997). Am tion of cyclin D ous cell  
head and neck and the prognostic value of c ties and cyclin D1 
overexpression. Canc

 
Alber , M W. (20 e aberrati lid 

et, 3

Alnemri n DJ, vesen G, Thornberry NA, Wong WW, Yuan J. 
CE/C menclatu ), 171. 

Artand e S  GJ, C RA. (2000) ere 
tes nslocatio elial cancers  
, 6

Ashm , Co ll L, Stafford ND, Greenman J. (2
f g n head and neck squamous cell c
ra isation 9(5), 864-9

Balz V, Sch ch K, G , Peterse (2003). Is the
ina requenc carcinom d and neck 
underestimated? Analysis of p53 exons 2-11 and human papillomavirus 16/18 E6 
transcripts in 123 unselected tumor specimens. Cancer Res., 63(6),1188-91. 

Bao S, Lu T, Wang X, Zheng H, Wang LE, Wei Q, Hittelman WN, Li L. (2004). Disruption of 
the Rad9/Rad1/Hus1 (9-1-1) complex leads to checkpoint signaling and replication 
defects. Oncogene. 23(33), 5586-93. 

Abraham RT. (2001). Cell cycle checkpoint signaling through the ATM and ATR kinas

ennerberg J plifica 1 in squam carcinoma of the
hromosomal abnormali

er, 79:3, 80-389 

tson s C DG, Collin cCormick F, Gray J 03). Chromosom o ons in s
tumors. Nat Gen 4, 369-76. 

 ES, Livingsto  Nicholson DW, Sal
(1996). Human I ED-3 protease no re. Cell, 87(2

i SE, Chang S, Le L, Alson S, Gottlieb hin L, DePinho . Telom
dysfunction promo  non-reciprocal tra ns and epith  in mice.
Nature, 406(6796) 41-5. 

an JN, Patmore HS ndon LT, Cawkwe 003). 
Prognostic value o enomic alterations i arcinoma 
detected by compa tive genomic hybrid . Br J Cancer, 8 . 

eckenba
ctivation f

otte K, Bockmuhl U n . 
as of the hea

I, Bier H  p53 
y in squamous cell 

 
109 



Baocheng H, Hongyan W, Xiang W, Hua-Rui L, Cuifen H, Simon N, Kay H, Ya W. (2005). Fhit 
and CHEK1 have opposing effects on homologous recombination repair. Cancer Res, 
65(19), 8613-6. 

Bartek J, Lukas C, Lukas J. (2004). Checking on DNA damage in S phase. Nature Reviews 
Molecular Cell Biology, 5, 792

Bartek J, Lukas J. (2003). CHEK1 and Chk2 kinases in checkpoint control and cancer. Cancer 
Cell, 3(5), 421-9. 

artkova, J., Lukas, J., Muller, H., Strauss, M., Gusterson, B., and Bartek, J. (1995). Abnormal 

 
Bassing

 

Bernste
ways: fail-safe protection against  carcinogenesis. 

Blackb nction of telomeres. Nature, 350, 569–73. 

(2), 369-75. 

 

1), 29-35 

k., 

, 
erase 

Broker lin 

 -804. 

B
patterns of D-type cyclin expression and G1 regulation in human head and neck cancer. 
Cancer Res, 55(4), 949-56. 

 CH, Suh H, Ferguson DO, Chua, K. F., Manis, J., Eckersdorff, M., Gleason, M., 
Bronson, R., Lee, C., and Alt, F. W. (2003). Histone H2AX: a dosage-dependent 
suppressor of oncogenic translocations and tumors. Cell, 114(3), 359-70. 

Bernard OA, Berger R. (1995). Molecular basis of 11q23 rearrangements in hematopoietic 
malignant proliferations. Genes Chromosomes Cancer,13(2), 75-85. 

in C, Bernstein H, Payne CM, Garewal. (2002). HDNA repair/pro-apoptotic dual-role 
proteins in five major DNA repair path
Mutat Res.,511(2), 145-78.  

urn EH. (1991). Structure and fu

Bockmühl U, Schluns K, Kuchler I, Petersen S, Petersen I. (2000). Genetic imbalances with 
impact on survival in head and neck cancer patients. Am J Pathol.,157

Bockmühl U, Schluns K, Schmidt S, Matthias S, Petersen I. (2002). Chromosomal alterations
during metastasis formation of head and neck squamous cell carcinoma. Genes 
Chromosomes Cancer. ,33(

Bockmühl U, Wolf G, Schmidt S, Schwendel A, Jahnke V, Dietel M, Petersen I. (1998). 
Genomic alterations associated with malignancy in head and neck cancer. Head Nec
20(2):145-51. 

Bodnar AG, Ouellette M, Frolkis M, Holt SE, Chiu CP, Morin GB, Harley CB, Shay JW
Lichtsteiner S, Wright WE. (1998). Extension of life-span by introduction of telom
into normal human cells. Science. 279(5349), 349-52. 

Boffetta P, Hashibe M. (2006). Alcohol and cancer. Lancet Oncol. 7(2), 149-56. 

 LE, Kruyt FA, Giaccone G. (2005). Cell death independent of caspases: a review. C
Cancer Res., 11(9), 3155-62. 

 
110 



Broustas CG, Gokhale PC, Rahman A, Dritschilo A, Ahmad I, Kasid U. (2004). BRCC2, a novel 
BH3-like domain-containing protein, induces apoptosis in a caspase-dependent manner
Biol Chem., 279(

. J 
25), 26780-8. 

nd 
5), 615-28. 

Bryan T. M, Englezou, A., Dalla–Pozza, L., Dunham, M. A., Reddel RR. (1997). Evidence for 

urma S, Chen BP, Murphy M, Kurimasa A, Chen DJ. (2001). ATM phosphorylates histone 

Bursch

g 

Byun T
tivates the ATR-dependent checkpoint. Genes 

 
 

1996). Genetic progression model for head and 
neck cancer: implications for field cancerization. Cancer Res., 56(11), 2488-92. 

, 6(2), 347–352. 

Carnero

tability. Cell, 

mitotic catastrophe: a molecular definition. Oncogene, 23(16), 2825-37. 

Brown EJ, Baltimore D. (2003). Essential and dispensable roles of ATR in cell cycle arrest a
genome maintenance. Genes Dev., 17(

Brown LM. (2005). Epidemiology of alcohol–associated cancers. Alcohol, 35, 161–168. 

an alternative mechanism for maintaining telomere length in human tumors and tumor–
derived cell lines. Nature medicine, 3, 1271–74. 

B
H2AX in response to DNA double-strand breaks.J Biol Chem., 276(45), 42462-7. 

 W, Ellinger A, Gerner C, Frohwein U, Schulte-Hermann R. (2000). Programmed cell 
death (PCD). Apoptosis, autophagic PCD, or others? Ann N Y Acad Sci., 926, 1-12.  

Busby EC, Leistritz DF, Abraham RT, Karnitz LM, Sarkaria JN. (2000). The radiosensitizin
agent 7-hydroxystaurosporine (UCN-01) inhibits the DNA damage checkpoint kinase 
hCHEK1. Cancer Res., 60(8), 2108-12. 

S, Pacek M, Yee MC, Walter JC, Cimprich KA. (2005). Functional uncoupling of MCM 
helicase and DNA polymerase activities ac
Dev., 19(9), 1040-52. 

Cabral A, Fischer DF, Vermeij WP, Backendorf C. (2003). Distinct functional interactions of
human Skn-1 isoforms with Ese-1 during keratinocyte terminal differentiation. J Biol
Chem.,278(20), 17792-9. 

Califano J, van der Riet P, Westra W, Nawroz H, Clayman G, Piantadosi S, Corio R, Lee D, 
Greenberg B, Koch W, Sidransky D. (

 Califano J, Westra W, Meininger G, Corio R, Koch W, Sidransky D. (2000). Genetic 
progression and clonal relationship of recurrent premalignant head and neck lesions. 
Clinical Cancer Res

 A, Hudson JD, Price CM, Beach DH. (2000). p16INK4A and p19ARF act in 
overlapping pathways in cellular immortalization. Nat Cell Biol., 2(3), 148-55. 

Casper AM, Nghiem P, Arlt MF, Glover TW. (2002). ATR regulates fragile site s
111(6), 779-89. 

Castedo M, Perfettini JL, Roumier T, Andreau K, Medema R, Kroemer G. (2004). Cell death by 

 
111 



Celeste A, Difilippantonio S, Difilippantonio MJ, Fernandez-Capetillo O, Pilch, DR, 
Sedelnikova OA., Eckhaus M, Ried T, Bonner WM, and Nussenzweig A. (2003). H2AX 
haploinsufficiency modifies genomic stability and tumor susceptibility. Cell, 114(3), 371-
83.  

Chakra less tobacco and premalignant and 

Cheng 5). The cell cycle checkpoint gene 
Rad9 is a novel oncogene activated by 11q13 amplification and DNA methylation in 

re 

Cohen GM. (1997). Caspases: the executioners of apoptosis. Biochem J., 15, 326. 

ancer cell line. Science, 258(5088), 1650-4. 

 of 
2(2), 259-65 

tes 
 

Croce CM, Sozzi G, Huebner K. (1999). Role of FHIT in human cancer. J Clin Oncol., 17(5), 

nd breaks. J Exp Med., 203(2), 297-303. 

 
barti RN, Dutta K, Sikdar S, Ghosh K. (1991). Smoke
malignant lesions of the oral cavity. Indian J Med Sci., 45(10), 273-5. 

Chang F, Syrjanen S, Kurvinen K, Syrjanen K. (1993). The p53 tumor suppressor gene as a 
common cellular target in human carcinogenesis. Am J Gastroenterol., 88(2), 174-86. 

CK, Chow LW, Loo WT, Chan TK, Chan V. (200

breast cancer. Cancer Res., 65(19), 8646-54. 

Chin L, Artandi SE, Shen Q, Tam A, Lee SL, Gottlieb GJ, Greider CW, DePinho RA. (1999). 
p53 deficiency rescues the adverse effects of telomere loss and cooperates with telome
dysfunction to accelerate carcinogenesis. Cell ,97(4), 527-38 

Chu G. (1997). Double strand break repair. J Biol Chem., 272(39), 24097-100. 

Cole SP, Bhardwaj G, Gerlach JH, Mackie JE, Grant CE, Almquist KC, Stewart AJ, Kurz EU, 
Duncan AM, Deeley RG. (1992). Overexpression of a transporter gene in a multidrug-
resistant human lung c

Coquelle A, Toledo F, Stern S, Bieth A, Debatisse M. (1998). A new role for hypoxia in tumor 
progression: induction of fragile site triggering genomic rearrangements and formation
complex DMs and HSRs. Mol Cell, 

Coquelle A, Pipiras E, Toledo F., Buttin G., and Debatisse M. (1997). Expression of fragile si
triggers intrachromosomal mammalian gene amplification and sets boundaries to early
amplicons. Cell, 89(2), 215-25. 

 
Cortez D, Guntuku S, Qin J, Elledge SJ. (2001). ATR and ATRIP: partners in checkpoint 

signaling. Science, 294(5547), 1713-6. 

1618-24. 

Cuadrado M, Martinez-Pastor B, Murga M, Toledo LI, Gutierrez-Martinez P, Lopez E, 
Fernandez-Capetillo O. (2006). ATM regulates ATR chromatin loading in response to 
DNA double-stra

Dave BJ, Trivedi AH, Adhvaryu SG. (1992). Role of areca nut consumption in the cause of oral 
cancers. A cytogenetic assessment. Cancer, 70, 1017–23. 

 
112 



de Boer J, Hoeijmakers JH. (2000). Nucleotide excision repair and human syndromes.
Carcinogenesis, 21(3), 453-60. 

 

De Klein A, Muijtjens M, van Os R, Verhoeven Y, Smit B, Carr AM, Lehmann AR, 
Hoeijmakers JH. (2000). Targeted disruption of the cell-cycle checkpoint gene ATR 

De Villiers EM. (1994).

Dillehay LE
), 

Elbashir SM, Harborth J, Lendeck eber, Tuschl T. (2001). Duplexes of 
, 

Enomoto Y, Enomoto K, Kitamura T, Kanda T. (2004). Keratinocyte-specific POU transcription 
ne, 23(29), 

5014-22. 

Eshleman JR, Markowitz SD. (1996). Mismatch repair defects in human carcinogenesis. Hum 

Evans A n PE, Cohen JI, 
Everts EC, McWilliams JE, Beer TM. (2004). Polymorphisms of GSTT1 and related 

Fabian  (1996). Tobacco, alcohol, and oral 
cancer: the patient’s perspective. J. Otolaryngol.25, 88–93. 

Fesik S r, 

., 

olecular and immunohistochemical analysis of the bcl-1/cyclin D1 gene in 
ous cell carcinomas: Correlation of protein expression with lymph node 

Smith G

 
idence for a causal association 

leads to early embryonic lethality in mice. Curr Biol., 10(8), 479-82. 

 Human pathogenic papillomavirus types: an update. Curr Top Microbiol 
Immunol, 186,1–12. 

, Chang G, Williams JR. (1988). Effects of methylxanthines on cell-cycle 
redistribution and sensitization to killing by low-dose-rate radiation. NCI Monogr., (6
173-6. 

el W, Yalcin A, Klaus W
21-nucleotide RNAs mediate RNA interference in mammalian cell culture. Nature, 411
494-98. 

factor hSkn-1a represses the growth of cervical cancer cell lines. Oncoge

Mol Genet., 5 Spec No:1489-94. 

J, Henner WD, Eilers KM, Montalto MA, Wersinger EM, Anderse

genes in head and neck cancer risk. Head Neck, 26(1), 63-70. 

M.C., Irish J.C., Brown D.H., Liu TC, Gullane PJ.

W. (2005). Promoting apoptosis as a strategy for cancer drug discovery. Nat Rev Cance
5(11), 876-85. 

Forastiere A, Koch W, Trotti A, Sidransky D. (2001). Head and neck cancer. N Engl J Med
345(26), 1890-900. 

Fracchiolla NS, Pruneri G, Pignataro L, Carboni N, Capaccio P, Boletini A, Buffa R, Neri A. 
(1997).  M
laryngeal squam
metastases and advanced clinical stage. Cancer, 79,1114-1121. 

CM, Jackson SP. (1999). The DNA-dependent protein kinase. Genes Dev, 13 916–934. 

Gillison ML, Koch WM, Capone RB, Spafford M, Westra WH, Wu L, Zahurak ML, Daniel RW,
Viglione M, Symer DE, Shah KV, Sidransky D. (2000). Ev

 
113 



between human papillomavirus and a subset of head and neck cancers. J Natl Ca
Inst., 92(9):709-20. 

ncer 

ancer Res, 

Gisselsson D, Jonson T, Yu C, Martins C, Mandahl N, Wiegant J, Jin Y, Mertens F, and Jin C. 

rs with dysfunctional telomeres. Br J Cancer, 87(2), 202-7. 
 

abitual 

Gollin SM. (2001). Chromosomal alterations in squamous cell carcinomas of the head and neck: 

Gollin SM. (2004). Chromosomal instability. Curr Opin Oncol., 25-31.  

ell 
. Laryngoscope,112(3), 482-7. 

evy B, Kletsas D, Yoneta A, Herlyn M, Kittas C, 
Halazonetis TD. (2005). Activation of the DNA damage checkpoint and genomic 

Graebe , Giaccia AJ. (1996). 
Hypoxia-mediated selection of cells with diminished apoptotic potential in solid tumours. 

Graves PR, Yu L, Schwarz JK, Gales J, Sausville EA, O'Connor PM, Piwnica-Worms H. (2000) 

t UCN-01. J Biol Chem., 275(8), 5600-5. 

 JS. 
le of eIF-5A2 in the development of ovarian cancer. Cancer Res., 

Guan X

Gisselsson D. (2003). Chromosome instability in cancer: How, when, and why? Adv C
87, 1-29. 

(2002). Centrosomal abnormalities, multipolar mitoses, and chromosomal instability in 
head and neck tumou

Goldenberg D, Lee J, Koch WM, Kim MM, Trink B, Sidransky D, Moon CS. (2004). H
risk factors for head and neck cancer. Otolaryngol Head Neck Surg.,131(6), 986-93. 

window to the biology of disease. Head Neck, 23, 238-53. 

Gonzalez-Moles MA, Gutierrez J, Rodriguez MJ, Ruiz-Avila I, Rodriguez-Archilla A. (2002). 
Epstein-Barr virus latent membrane protein-1 (LMP-1) expression in oral squamous c
carcinoma

Gorgoulis VG, Vassiliou LV, Karakaidos P, Zacharatos P, Kotsinas A, Liloglou T, Venere M, 
Ditullio RA Jr, Kastrinakis NG, L

instability in human precancerous lesions. Nature, 434(7035), 907-13. 

r TG, Osmanian C, Jacks T, Housman DE, Koch CJ, Lowe SW

Nature, 379(6560), 88-91. 

The CHEK1 protein kinase and the Cdc25C regulatory pathways are targets of the 
anticancer agen

Guan XY, Fung JM, Ma NF, Lau SH, Tai LS, Xie D, Zhang Y, Hu L, Wu QL, Fang Y, Sham
(2004). Oncogenic ro
64(12), 4197-200. 

Y, Sham JS, Tang TC, Fang Y, Huo KK, Yang JM. (2001).  Isolation of a novel 
candidate oncogene within a frequently amplified region at 3q26 in ovarian cancer. 
Cancer Res., 61(9), 3806-9. 

Ha PK, Califano JA. (2003). The molecular biology of mucosal field cancerization of the head 
and neck. Crit Rev Oral Biol Med., 14(5), 363-9. 

 
114 



Hammo  in 
and ATM in response to reoxygenation. J Biol Chem., 278(14), 

12207-13. 

Hammond EM, Dorie MJ, Giaccia AJ. (2004). Inhibition of ATR leads to increased sensitivity to 
hypoxia/reoxygenation. Cancer Res.,64(18), 6556-62. 

Hanaha

efferin ML, Tomkinson AE. (2005). Mechanism of DNA double-strand break repair by non-

Hekmat-Nejad M, You Z , M-C Yee, Newport JW  and  Cimprich KA. (2000). Xenopus ATR is 

a telangiectasia mutated 
(ATM) and ATM and Rad3-related protein exhibit selective target specificities in 

Hemme rrelation between DNA ploidy by flow 
cytometry and chromosome 3 aberration in oral squamous cell carcinoma. Oncol Rep., 

Heselm  
lasia to invasive 

carcinoma of the uterine cervix. Proc Natl Acad Sci, 93, 479-484. 

Hickma
), 60-6. 

 
Hoeijmakers JH. (1994). Human nucleotide excision repair syndromes: molecular clues to 

Hoffelder, D. R., Luo, L., Burke, N. A., Watkins, S. C., Gollin, S. M., and Saunders, W. S. 
(2004). Resolution of anaphase bridges in cancer cells. Chromosoma, 112(8), 389-97. 

Holm L  
s. Laryngoscope, 92(9 Pt 1),1064-9. 

S1, that is amplified and overexpressed 
in oral cancer cells. Proc Natl Acad Sci U S A, 99(17), 11369-74. 

 

nd EM, Dorie MJ, Giaccia AJ. (2003). ATR/ATM targets are phosphorylated by ATR
response to hypoxia 

n D, Weinberg RA. (2000). The hallmarks of cancer. Cell, 100(1), 57-70. 

H
homologous end joining. DNA Repair (Amst)., 4(6), 639-48. 

a replication-dependent chromatin-binding protein required for the DNA replication 
checkpoint. Curr Biol., 10, 1565–1573. 

Helt CE, Cliby WA, Keng PC, Bambara RA, O'Reilly MA. (2005). Ataxi

response to different forms of DNA damage. J Biol Chem., 280(2), 1186-92. 

r J, Kraft K, Van Heerden WF. (2006). Co

15(1), 243-6. 

eyer K, Schröck E, du Manoir S, Blegen H, Shah K, Steinbeck R, Auer G, Ried T.
(1996). Gain of chromosome 3q defines the transition from severe dysp

n ES, Moroni MC, Helin K. (2002). The role of p53 and pRB in apoptosis and cancer. 
Curr Opin Genet Dev.,12(1

Ho, P. K., and Califano, J. A. (2004). The Role of Human Papillomavirus in Oral 
Carcinogenesis. Crit Rev Oral Biol Med, 15(4), 188-196.  

unexpected intricacies. Eur J Cancer, 30A(13), 1912-21. 

 
E. (1982). Cellular DNA amounts of squamous cell carcinomas of the head and neck
region in relation to prognosi

Huang, X., Gollin, S. M., Raja, S., and Godfrey, T. E. (2002). High-resolution mapping of the 
11q13 amplicon and identification of a gene, TAO

 
115 



Huebner K, Croce CM. (2001). FRA3B and other common fragile sites: the weakest links. Nat 
Rev Cancer,1(3), 214-21. 

Igney FH, Krammer PH. (2002). Death and anti-death: tumour resistance to apoptosis. Nat Rev 

Izzo JG, Papadimitrakopoulou VA, Li XQ, Ibarguen H, Lee JS, Ro JY, El-Naggar A, Hong WK, 
d neck 

tumorigenesis: in vivo evidence for an association with subsequent gene amplification. 

Jackson JR, Gilmartin A, Imburgia C, Winkler JD, Marshall LA, Roshak A. (2000). An 

Jackson SP. (2001). Detecting, signalling and repairing DNA double-strand breaks. Biochem Soc 

Jackson s, 23(5), 
687-96. 

Janssen
w important? Head Neck, 27(7), 622-38. 

, 

Jin C, Jin Y, Wennerberg J, Akervall J, Dictor M, Mertens F. (2002). Karyotypic heterogeneity 

n in 
tion of 3q21-q29 in head and 

neck carcinomas. Int J Cancer,98(3), 475–479. 

Jin Y, H andahl N, Mitelman F, and 
Mertens F. (1998). FISH characterization of head and neck carcinomas reveals that 

46. 

Jung V, Kindich R, Kamradt J, Jung M, Muller M, Schulz WA, Engers R, Unteregger G, Stockle 

Cancer, 2(4), 277-88. 

Hittelman WN. (1998). Dysregulated cyclin D1 expression early in head an

Oncogene, 17(18), 2313-2322. 

indolocarbazole inhibitor of human checkpoint kinase (CHEK1) abrogates cell cycle 
arrest caused by DNA damage. Cancer Res., 60(3), 566-72. 

Trans., 29(Pt 6), 655-61. 

 SP. (2002). Sensing and repairing DNA double-strand breaks. Carcinogenesi

 HL, Haustermans KM, Balm AJ, Begg AC. (2005). Hypoxia in head and neck cancer: 
how much, ho

 Jemal A, Siegel R, Ward E, Murray T, Xu J, Smigal C, Thun MJ. (2006). Cancer statistics
2006. CA Cancer J Clin., 56(2),106-30. 

and clonal evolution in squamous cell carcinomas of the head and neck. Cancer Genet 
Cytogenet., 132, 85-96. 

Jin Y, Jin C, Wennerberg J, Hoglund M, Mertens F. (2002). Cyclin D1 amplificatio
chromosomal band 11q13 is associated with overrepresenta

oglund M, Jin C, Martins C, Wennerberg J, Akervall J, M

amplification of band 11q13 is associated with deletion of distal 11q. Genes 
Chromosomes Cancer, 22(4), 312-20.  

 
Jiricny J. (2006). The multifaceted mismatch-repair system. Nat Rev Mol Cell Biol., 7(5) 335-

M, Zimmermann R, Wullich B. (2006). Genomic and expression analysis of the 3q25-
q26 amplification unit reveals TLOC1/SEC62 as a probable target gene in prostate 
cancer. Mol Cancer Res., 4(3), 169-76. 

 
116 



Kalogeropoulos N, Christoforou C, Green AJ, Gill S, Ashcroft NR. (2004). Chk-1 is an Essentia
Gene ad is required for an 

l 
S-M Checkpoint during early embryogenesis. Cell Cycle, 3(9).  

 
ges in bone marrow and peripheral blood of young cigarette 

smokers. Cancer Res., 47(23),6278-82. 

Kastan 3.  

Kawab

Kao-Shan CS, Fine RL, Whang-Peng J, Lee EC, Chabner BA. (1987). Increased fragile sites and
sister chromatid exchan

 MB, Bartek J. (2004).  Cell-cycle checkpoints and cancer. Nature, 432(7015),316-2

e TT gators as anticancer drugs. Mol Cancer Ther., 4,513-9. 

ssential 

Kettunen E, el-Rifai W, Bjorkqvist AM, Wolff H, Karjalainen A, Anttila S, Mattson K, 

--a fluorescence in situ hybridization study. Cancer Genet 
Cytogenet., 117(1), 66-70 

 Khanna KK, Jackson SP. (2001).  DNA double-strand breaks: signaling, repair and the cancer 
connection. Nat Genet., 27(3), 247-54. 

Kim J, targeting pathway, and 
pexophagy in yeast and mammalian cells. Annu Rev Biochem., 69, 303-42. 

Kim NW , West MD, Ho PL, Coviello GM, Wright WE, 
Weinrich SL, Shay JW. (1994). Specific association of human telomerase activity with 

Kinzler KW, Vogelstein B. (1996). Life (and death) in a malignant tumour. Nature, 379(6560), 
19-20. 

Kunkel

Lane DP. (1992). Cancer. p53, guardian of the genome. Nature, 358(6381), 15-6. 

Lee JH

engau 998). Genetic instabilities in human cancers. 

 
Levi F, Pasche C, La Vecchia C, Lucchini F, Franceschi S, Monnier P. (1998). Food groups and 

risk of oral and pharyngeal cancer. Int J Cancer, 77(5),705-9. 

. (2004). G2 checkpoint abro

Kaye KM, Izumi KM, Kieff E. (1993). Epstein-Barr virus latent membrane protein 1 is e
for B-lymphocyte growth transformation. Proc Natl Acad Sci U S A, 90(19), 9150-4. 

Husgafvel-Pursiainen K, Knuutila S. (2000). A broad amplification pattern at 3q in 
squamous cell lung cancer

Klionsky DJ. (2000). Autophagy, cytoplasm-to-vacuole 

, Piatyszek MA, Prowse KR, Harley CB

immortal cells and cancer. Science, 266(5193),2011-5. 

 TA, Erie DA. (2005). DNA mismatch repair. Annu Rev Biochem., 74, 681-710. 

, Paull TT. (2004).  Direct activation of the ATM protein kinase by the 
MRE11A/Rad50/Nbs1 complex. Science, 304(5667), 93-6. 

er C, Kinzler KW, and Vogelstein B. (1L
Nature, 396(6712), 643-9. 

 
Lese CM, Rossie KM, Appel BN, Reddy JK, Johnson JT, Myers EN, and Gollin SM. (1995). 

Visualization of INT2 and HST1 amplification in oral squamous cell carcinomas. Genes 
Chromosomes Cancer, 12(4), 288-95. 

 
117 



Levine, A. J. (1997). p53, the cellular gatekeeper for growth and division. Cell, 88, 323–331. 

Li X, Lee NK, Ye YW, Waber PG, Schweitzer C, Cheng QC, Nisen PD. (1994). Allelic loss at 

Li YX, Weber-Johnson K, Sun LQ, Paschoud N, Mirimanoff RO, Coucke PA. (1998). Effect of 
 

and cervical cancer cells. Radiat Res., 149(4), 338-42. 

Lichter P, and Ried T. (1994). Molecular analysis of chromosome aberrations- in situ 

 
Liu Q, Guntuku S, Cui XS, Matsuoka S, Cortez D, Tamai K, Luo G, Carattini-Rivera S, DeMayo 

at is 

is of risk 
0(3), 304-13. 

 
 

er, 

oke induces 
54(1-2), 375-85. 

Lyman GH. (1992). Risk 

, 
oncogene in cervical cancer. Oncogene, 19(23), 2739-

Mack P
by UCN-01 in non-small cell lung carcinoma 

Macleo 0(1), 81-93. 

chromosomes 3p, 8p, 13q, and 17p associated with poor prognosis in head and neck 
cancer. J Natl Cancer Inst., 86(20), 1524-9. 

pentoxifylline on radiation-induced G2-phase delay and radiosensitivity of human colon

hybridization. Methods Mol Biol, 29, 449-478. 

F, Bradley A, Donehower LA, Elledge SJ.  (2000). CHEK1 is an essential kinase th
regulated by Atr and required for the G(2)/M DNA damage checkpoint. Genes 
Dev.,14(12), 1448-59. 

Livingston, G. K., Reed, R. N., Olson, B. L., and Lockey, J. E. (1990). Induction of nuclear 
aberrations by smokeless tobacco in epithelial cells of human oral mucosa. Environ Mol 
Mutagen, 15(3), 136-44. 

 
Llewellyn CD, Linklater K, Bell J, Johnson NW, Warnakulasuriya S. (2004). An analys

factors for oral cancer in young people: a case-control study. Oral Oncol., 4

Loeb, L. A., Loeb, K. R., Anderson, J. P. (2003). Multiple mutations and cancer. Proc Natl Acad 
Sci U S A, 100(3), 776-81. 

Lukas J, Lukas C, Bartek J. (2004). Mammalian cell cycle checkpoints: signalling pathways and
their organization in space and time. DNA Repair (Amst)., 3(8-9), 997-1007. 

Lundberg AS, Weinberg RA. (1999). Control of the cell cycle and apoptosis. Eur J Canc
35,531-539. 

Luo, L. Z., Werner, K. M., Gollin, S. M., and Saunders, W. S. (2004). Cigarette sm
anaphase bridges and genomic imbalances in normal cells. Mutat Res, 5

 
factors for cancer. Prim Care,19(3), 465-79. 

Ma YY, Wei SJ, Lin YC, Lung JC, Chang TC, Whang-Peng J, Liu JM, Yang DM, Yang WK
Shen CY. (2000). PIK3CA as an 
44. 

C, Jones AA, Gustafsson MH, Gandara DR, Gumerlock PH, Goldberg Z. (2004). 
Enhancement of radiation cytotoxicity 
cells. Radiat Res., 162(6), 623-34. 

d K. (2000). Tumor suppressor genes. Curr Opin Genet Dev.,1

 
118 



Majumder M, Sikdar N, Paul RR, Roy B. (2005). Increased risk of oral leukoplakia and cancer 
among mixed tobacco users carrying XRCC1 variant haplotypes and cancer among 

Maniwa Y, Yoshimura M, Bermudez VP, Yuki T, Okada K, Kanomata N, Ohbayashi C, Hayashi 

Mao L, Lee JS, Fan YH, Ro JY, Batsakis JG, Lippman S, Hittelman W, Hong WK. (1996). 
alignant 

t. Nat Med., 2(6), 682-5. 

Maser, R. S., and DePinho, R. A. (2002). Connecting chromosomes, crisis, and cancer. Science, 

 
Massag e control and cancer. Nature, 432(7015), 298-306. 

 

i U S A, 25, 405-416.  

, 289-304. 

 

ers FJ, Balm AJ. (1997). 
Overexpression of cyclin D1 indicates a poor prognosis in squamous cell carcinoma of 

Mineta H, Miura K, Takebayashi S, Ueda Y, Misawa K, Harada H, Wennerberg J, Dictor M. 
(2000). Cyclin D1 overexpression correlates with poor prognosis in patients with tongue 

Mohind n BD, Helleday T, Meuth M. (2002). Defects in 
homologous recombination repair in mismatch-repair-deficient tumour cell lines. Hum 

smokers carrying two risk genotypes: one on each of two loci, GSTM3 and XRCC1 
(Codon 280). Cancer Epidemiol Biomarkers Prev.,14(9), 2106-12. 

Y, Hurwitz J, Okita Y. (2005). Accumulation of hRad9 protein in the nuclei of non small 
cell lung carcinoma cells. Cancer., 103(1), 126-32. 

Frequent microsatellite alterations at chromosomes 9p21 and 3p14 in oral prem
lesions and their value in cancer risk assessmen

Martin-Granizo R, Rodriguez-Campo F, Naval L, Diaz Gonzalez FJ. (1997). Squamous cell 
carcinoma of the oral cavity in patients younger than 40 years. Otolaryngol Head Neck 
Surg.,117(3 Pt 1), 268-75. 

297(5581), 565-9.  

ue J. (2004). G1 cell-cycl

McClintock B. (1938). The fusion of broken ends of sister half-chromatids following chromatid 
breakage at meiotic anaphases. MO Agric Exp Sta Res Bull, 290, 1-48.  

McClintock B. (1939). The behavior in successive nuclear divisions of a chromosome broken in 
meiosis. Proc Natl Acad Sc

 
McKaig RG, Baric RS, Olshan AF. (1998). Human papillomavirus and head and neck cancer: 

epidemiology and molecular biology. Head Neck, 20(3), 250-65. 

Meyn S. (1999). Ataxia-telangiectasia, cancer and the pathobiology of the ATM gene. Clin 
Genet., 55(5)

Michalides RJ, van de Brekel M, Balm F. (2002). Defects in G1-S cell cycle control in head and
neck cancer: a review. Head Neck, 24(7), 694-704. 

Michalides RJ, van Veelen NM, Kristel PM, Hart AA, Loftus BM, Hilg

the head and neck. Arch Otolaryngol Head Neck Surg., 123, 497-502. 

squamous cell carcinoma. Oral Oncol., 36, 194-198. 

ra A, Hays LE, Phillips EN, Presto

Mol Genet.,11(18), 2189-200. 

 
119 



Momand J, Jung D, Wilczynski S, Niland J. (1998). The MDM2 gene amplification database. 
Nucleic Acids Res., 26(15), 3453-9 

O, Oinonen R, Elonen E, Franssila K, Teerenhovi L, Joensuu H, KnMonni uutila S.(1998). Gain 
of 3q and deletion of 11q22 are frequent aberrations in mantle cell lymphoma. Genes 

Mork J P, Moller B, Pukkala E, Schiller JT, 
Youngman L, Lehtinen M, Dillner J. (2001). Human papillomavirus infection as a risk 

5-

Mumford EA, Levy DT, Gitchell JG, Blackman KO. (2006). Smokeless tobacco use 1992-2002: 
. 

Munger K, Scheffner M, Huibregtse JM, Howley PM. (1992). Interactions of HPV E6 and E7 

usk SR, Steel GG. (1990). Override of the radiation-induced mitotic block in human tumour 
y. Int J 

Radiat Biol., 57(6), 1105-12. 

Nagao s and the risk of 
oral leukoplakia. Eur. J Cancer, 368:466. 

Nakaha a, Y., and Matsumura, T. (2000). 
origenesis of oral squamous cell 

Neville BW, Day TA. (2002). Oral cancer and precancerous lesions. CA Cancer J Clin., 52(4), 

Nevins JR. (2001). The Rb/E2F pathway and cancer. Hum Mol Genet., 10(7), 699-703. 

ature chromatin condensation. Proc 

Noguch

Nugent
regulation. Genes Dev., 12(8), 1073-85. 

Chromosomes Cancer, 21(4), 298-307. 

, Lie AK, Glattre E, Hallmans G, Jellum E, Koskela 

factor for squamous-cell carcinoma of the head and neck. N Engl J Med., 344(15),112
31. 

trends and measurement in the Current Population Survey-Tobacco Use Supplements
Tob Control,15(3), 166-71. 

oncoproteins with tumour suppressor gene products. Cancer Surv., 12, 197-217. 

M
cells by methylxanthines and its relationship to the potentiation of cytotoxicit

T, Ikeda N, Warnakulasuriya S. (2000). Serum antioxidant micronutie nt

ra, Y., Shintani, S., Mihara, M., Kiyota, A., Ueyam
Alterations of Rb, p16(INK4A) and cyclin D1 in the tum
carcinomas. Cancer Lett, 160(1), 3-8. 

 

195-215. 

Nghiem P, Park PK, Kim Y, Vaziri C, Schreiber SL. (2001). ATR inhibition selectively 
sensitizes G1 checkpoint-deficient cells to lethal prem
Natl Acad Sci U S A,98(16), 9092-7. 

i T, Kimura Y, Takeno S, Chujo M, Uchida Y, Mueller W, Gabbert HE. (2003). 
Chromosomal imbalance in esophageal squamous cell carcinoma: 3q gain correlates with 
tumor progression but not prognostic significance. Oncol Rep. 10(5), 1393-400.  

 CI, Lundblad V. (1998). The telomerase reverse transcriptase: components and 

O'Connell MJ, Cimprich KA. (2005). G2 damage checkpoints: what is the turn-on? J Cell Sci. , 
118(Pt 1), 1-6. 

 
120 



O'Driscoll M, Ruiz-Perez VL, Woods CG, Jeggo PA, Goodship JA. (2003).  A splicing mutatio
affecting expression of ataxia-telang

n 
iectasia and Rad3-related protein (ATR) results in 

Seckel syndrome. Nat Genet., 33(4), 497-501. 

Ogden 

O'Hagan RC, Chang S, Maser RS, Mohan R, Artandi SE, Chin L, DePinho RA.(2002). Telomere 

Okada H, Mak TW. (2004). Pathways of apoptotic and non-apoptotic death in tumour cells. Nat 
Rev Cancer, 4(8), 592-603.  

Parkin  

282-7. 

 

helps lecular targets for human papillomaviruses: 

Poppe B, Va pele J, Schoch C, Lindvall C, Mrozek K, Bloomfield CD, Beverloo HB, 
an F. 

(2004). Expression analyses identify MLL as a prominent target of 11q23 amplification 
lood, 

Poschl G, Seitz HK. (2004). Alcohol and cancer. Alcohol Alcohol, 39(3), 155-65. 

Poschl 

ancer 

prevented by centrosomal clustering. Science, 307(5706), 127-9. 

GR. (2005). Alcohol and oral cancer. Alcohol, 35, 169–173. 

dysfunction provokes regional amplification and deletion in cancer genomes. 
Cancer Cell, 2(2), 149-55. 

DM, Bray F, Ferlay J, Pisani P. (2005). Global cancer statistics, 2002. CA Cancer J Clin
55, 74-108.  

Parrilla-Castellar ER, Arlander SJ, Karnitz L. (2004). Dial 9-1-1 for DNA damage: the Rad9-
Hus1-Rad1 (9-1-1) clamp complex. DNA Repair (Amst)., (8-9), 1009-14. 

Pei J, Balsara BR, Li W, Litwin S, Gabrielson E, Feder M, Jen J, Testa JR. (2001). Genomic 
imbalances in human lung adenocarcinomas and squamous cell carcinomas. Genes 
Chromosomes Cancer. 31(3), 

Peltomaki P. (2003). Role of DNA mismatch repair defects in the pathogenesis of human cancer.
J Clin Oncol., 21(6), 1174-9. 

Petti S. (2003). Pooled estimate of world leukoplakia prevalence: a systematic review. Oral 
Oncol., 39(8), 770-80. 

WC, Barnes JA, Lobe DC. (1998). MoP
prospects for antiviral therapy. Antivir Chem Chemother., 9(5), 359-77. 

ndesom
Michaux L, Dastugue N, Herens C, Yigit N, De Paepe A, Hagemeijer A, Spelem

and support an etiologic role for MLL gain of function in myeloid malignancies. B
103(1), 229-35. 

G, Stickel F, Wang XD, Seitz HK. (2004). Alcohol and cancer: genetic and nutritional 
aspects. Proc Nutr Soc., 63(1), 65-71. 

Prime SS, Thakker NS, Pring M, Guest PG, Paterson IC. (2001). A review of inherited c
syndromes and their relevance to oral squamous cell carcinoma. Oral Oncol., 37(1), 1-16. 

Quintyne NJ, Reing JE, Hoffelder DR, Gollin SM, and Saunders WS. (2005). Spindle 
multipolarity is 

 
121 



Ragin CC, Reshmi SC, and Gollin SM. (2004). Mapping and analysis of HPV16 integration sites 
in a head and neck cancer cell line. Int J Cancer, 110(5), 701-9. 

 
Redon R, Hussenet T, Bour G, Caulee K, Jost B, Muller D, Abecassis J, du Manoir S. (2002). 

in L as a candidate 
oncogene in head and neck cancer. Cancer Res., 62(21), 6211-7. 

Redon imple 
mal aberrations at early stages of head and neck squamous 

Reichart PA. (2001). Identification of risk groups for oral precancer and cancer and preventive 

 

 

Riedl S s of caspase regulation during apoptosis. Nat Rev 

Sabatie ane JP. (2005). The loss of a single telomere can result in 
), 

). 

Sartor M tir H, Elamin F, Gaken J, Warnakulasuriya S, Partridge M, Thakker N, 
 in primary 

 
le of p16/MTS1, cyclin D1 and RB in primary oral 

Sattler 
state 

Amplicon mapping and transcriptional analysis pinpoint cycl

R, Muller D, Caulee K, Wanherdrick K, Abecassis J, du Manoir S. (2001). A s
specific pattern of chromoso
cell carcinomas: PIK3CA but not p63 gene as a likely target of 3q26-qter gains. 
Cancer Res., 61(10), 4122-9. 

measures. Clin Oral Investig, 5(4), 207-13. 

Reshmi SC, and Gollin SM. (2005). Chromosomal instability in oral cancer cells. J Dent Res, 
84(2), 107-17. 

Rhodus NL. (2005). Oral cancer: leukoplakia and squamous cell carcinoma. Dent Clin North 
Am., 49(1), 143-65. 

J, Shi Y. (2004). Molecular mechanism
Mol Cell Biol., 5(11), 897-907. 

r L, Ricoul M, Pottier G, Murn
instability of multiple chromosomes in a human tumor cell line. Mol Cancer Res., 3(3
139-50. 

Sanchez Y, Wong C, Thoma RS, Richman R, Wu Z, Piwnica-Worms H, Elledge SJ. (1997
Conservation of the CHEK1 checkpoint pathway in mammals: linkage of DNA damage 
to Cdk regulation through Cdc25. Science, 277(5331), 1497-501. 

Sarkaria JN, Busby EC, Tibbetts RS, Roos P, Taya Y, Karnitz LM, Abraham RT. (1999). 
Inhibition of ATM and ATR kinase activities by the radiosensitizing agent, caffeine. 
Cancer Res., 59(17), 4375-82. 

, Steingrimsdot
Johnson NW, Tavassoli M. (1999).  Role of p16/MTS1, cyclin D1 and RB
oral cancer and oral cancer cell lines. Br J Cancer, 80(1-2), 79-86. 

Sartor M, Steingrimsdottir H, Elamin F, Gaken J, Warnakulasuriya S, Partridge M, Thakker N,
Johnson NW, Tavassoli M. (1999). Ro
cancer and oral cancer cell lines. Br J Cancer, 80(1-2), 79-86. 

HP, Rohde V, Bonkhoff H, Zwergel T, Wullich B. (1999). Comparative genomic 
hybridization reveals DNA copy number gains to frequently occur in human pro
cancer. Prostate, 39(2), 79-86. 

 
122 



Saunders WS, Shuster M, Huang X, Gharaibeh B, Enyenihi AH, Petersen I, Gollin SM. (2000). 
Chromosomal instability and cytoskeletal defects in oral cancer cells.  Proc Natl Acad Sci 
USA, 97, 303-308. 

Schantz  1973-
 Head Neck 

Surg.,128(3), 268-74. 

Schram
rveys in 

lin Cancer Res., 5, 1966-1975. 

Adhes Commun., 6, 185-209. 

 

11q13 region in human carcinomas. Oncogene, 7(2), 355—361. 

 are two new candidate oncogenes. Gene, 159(1), 83–96. 

4a 

Shao R 97). Abrogation of an 

3 

. 

Sherr C

Shiloh ome integrity. Nat Rev 

Shiloh,

 SP, Yu GP (2002). Head and neck cancer incidence trends in young Americans,
1997, with a special analysis for tongue cancer. Arch Otolaryngol

l P, Kononen J,  Bubendorf L,  Moch H,  Bissig H,  Nocito A,  Mihatsch MJ,  
Kallioniemi OP,  Sauter G. (1999).  Tissue microarrays for gene amplification su
many different tumor types.  C

Schuuring E, van Damme, Schuuring-Scholtes E, et al. (1998). Characterization of the EMS1 
gene and its product, human Cortactin. Cell 

Schuuring E, Verhoeven E, Mooi WJ, Michalides RJ. (1992). Identification and cloning of two
overexpressed genes, U21B31/PRAD1 and EMS1, within the amplified chromosome 

Schuuring E. (1995). The involvement of the chromosome 11q13 region in human malignancies: 
cyclin D1 and EMS1

Seitz HK, Poschl G, Simanowski U. (1998). Alcohol and cancer. Recent Dev Alcohol, 14:67-95. 

Seitz HK, Suter PM. (2002). Ethanol toxicity and nutritional status. Nutritional Toxicology, 2nd 
edn, Cotsones, F. N. and McKay, M. A., eds, pp122–154. Taylor and Francis, London, 
New York. 

Serrano M, Lee H, Chin L, Cordon-Cardo C, Beach D, DePinho RA. (1996). Role of the INK
locus in tumor suppression and cell mortality. Cell, 85(1), 27-37. 

G, Cao CX, Shimizu T, O'Connor PM, Kohn KW, Pommier Y. (19
S-phase checkpoint and potentiation of camptothecin cytotoxicity by 7-
hydroxystaurosporine (UCN-01) in human cancer cell lines, possibly influenced by p5
function. Cancer Res., 57(18), 4029-35. 

Sherr CJ, McCormick F. (2002). The RB and p53 pathways in cancer. Cancer Cell, 2(2):103-12

J. (1998). Tumor surveillance via the ARF-p53 pathway. Genes Dev.,12(19), 2984-91. 

Shiloh Y. (2001a). ATM and ATR: networking cellular responses to DNA damage. Curr Opin 
Genet Dev, 11(1):71-7. 

Y. (2001b). ATM and related protein kinases: safeguarding gen
Cancer, 3(3):155-68. 

 Y. (2003). ATM: ready, set, go. Cell Cycle, 2(2), 116-7.  

 
123 



Shintani S, Nakahara Y, Mihara M, Ueyama Y, Matsumura T. (2001). Inactivation of the 
p14(ARF), p15(INK4B) and p16(INK4A) genes is a frequent event in human oral 
squamous cell carcinomas. Oral Oncol.,37(6), 498-504. 

al cancer. 
(1), 39-45. 

, and 

odel for 11q13 
amplification. Genes Chromosomes Cancer, 28(2), 153-63. 

Sidrans ol, 7(3), 229-

Silverm
S. 

ted with 

t of Fhit in cancer cells suppresses tumorigenicity. Proc Natl Acad Sci U S A, 

Smith G s Dev., 13(8), 916-34. 

s 

 

 

-81. 

spers NG, Raams A, Byrd PJ, 
Petrini JH, Taylor AM. (1999). The DNA double-strand repair gene hMRE11A is 
mutated in individuals with an ataxia-telangiectasia-like disorder. Cell, 99, 577-587. 

Shiu MN, Chen TH.  (2004). Impact of betel quid, tobacco and alcohol on three-stage disease 
natural history of oral leukoplakia and cancer: implication for prevention of or
Eur J Cancer Prev., 13

Shuster MI, Han L, Le Beau MM, Davis E, Sawicki M, Lese CM, Park NH, Colicelli J
Gollin SM. (2000). A consistent pattern of RIN1 rearrangements in oral squamous cell 
carcinoma cell lines supports a breakage-fusion-bridge cycle m

 
ky, D. (1995). Molecular genetics of head and neck cancer. Curr Opin Onc
33. 

 
an S Jr. (2001). Demographics and occurrence of oral and pharyngeal cancers. The 
outcomes, the trends, the challenge. J Am Dent Assoc., 132:7S-11

Singh B, Stoffel A, Gogineni S, Poluri A, Pfister DG, Shaha AR, Pathak A, Bosl G, Cordon-
Cardo C, Shah JP, Rao PH. (2002). Amplification of the 3q26.3 locus is associa
progression to invasive cancer and is a negative prognostic factor in head and neck 
squamous cell carcinomas. Am J Pathol., 161(2), 365-71. 

Siprashvili Z, Sozzi G, Barnes LD, McCue P, Robinson AK, Eryomin V, Sard L, Tagliabue E, 
Greco A, Fusetti L, Schwartz G, Pierotti MA, Croce CM, Huebner K. (1997).  
Replacemen
94(25), 13771-6. 

C, Jackson SP. (1999). The DNA-dependent protein kinase. Gene

Smith, L., Liu, S. J., Goodrich, L., Jacobson, D., Degnin, C., Bentley, N., Carr A, Flaggs G, 
Keegan K, Hoekstra M, Thayer MJ. (1998). Duplications of ATR inhibits MyoD, induce
aneuploidy and eliminates radiation-induced G1 arrest. Nat Genet, 19(1), 39-46. 

Spitkovsky D, Hehner SP, Hofmann TG, Moller A, Schmitz ML. (2002). The human 
papillomavirus oncoprotein E7 attenuates NF-kappa B activation by targeting the Ikappa 
B kinase complex. J Biol Chem., 277(28), 25576-82. 

Stein CK, Glover TW, Palmer JL, Glisson BS. (2002). Direct correlation between FRA3B 
expression and cigarette smoking. Genes Chromosomes Cancer, 34(3), 333-40. 

Stell PM. (1991). Time to recurrence of squamous cell carcinoma of the head and neck. 
Head Neck, 13(4), 277

Stewart GS, Maser RS, Stankovic T., Bressan DA, Kaplan MI, Ja

 
124 



Stich, H. F., Parida, B. B., and Brunnemann, K. D. (1992). Localized formation of micronu
the oral mucosa and tobacco-specific nitrosamines in the saliva of "reverse" smoker
Khaini-tobacco chewers and gudakhu users. Int J Cancer

clei in 
s, 

, 50(2), 172-6. 
 

). Br J Cancer, 92(4), 770-4. 

, 
ly 

cer,15(1), 

tracker TH, Theunissen JW, Morales M, Petrini JH. (2004). The MRE11A complex and the 
ings 

? 

Syljuas
Sehested M, Lukas J, Bartek J. (2005). Inhibition of human CHEK1 causes increased 

 

Takai H
a K.  (2000). Aberrant cell cycle checkpoint 

n 

ly of cell 

Theuni ., Ferguson, D. O., Alt, F. W., 

Prives 

Sticht C, Hofele C, Flechtenmacher C, Bosch FX, Freier K, Lichter P, Joos S. (2005). 
Amplification of Cyclin L1 is associated with lymph node metastases in head and neck 
squamous cell carcinoma (HNSCC

Stoltzfus P, Heselmeyer-Haddad K, Castro J, White N, Silfversward C, Sjovall K, Einhorn N
Tryggvason K, Auer G, Ried T, Nordstrom B. (2005). Gain of chromosome 3q is an ear
and consistent genetic aberration in carcinomas of the vulva. Int J Gynecol Can
120-6. 

Storz P. (2005). Reactive oxygen species in tumor progression. Front Biosci.,10, 1881-96. 

S
metabolism of chromosome breaks: the importance of communicating and holding th
together. DNA Repair(Amst)., 3(8-9), 845-54. 

Sweasy JB, Lang T, DiMaio D. (2006). Is base excision repair a tumor suppressor mechanism
Cell Cycle, 5(3), 250-9. 

en RG, Sorensen CS, Hansen LT, Fugger K, Lundin C, Johansson F, Helleday T, 

initiation of DNA replication, phosphorylation of ATR targets, and DNA breakage. Mol
Cell Biol., 25(9), 3553-62. 

, Tominaga K, Motoyama N, Minamishima YA, Nagahama H, Tsukiyama T, Ikeda K, 
Nakayama K, Nakanishi M, Nakayam
function and early embryonic death in CHEK1(-/-) mice. Genes Dev., 14(12), 1439-47. 

Telmer CA, An J, Malehorn DE, Zeng X, Gollin SM, Ishwad CS, Jarvik JW. (2003). Detectio
and assignment of TP53 mutations in tumor DNA using peptide mass signature 
genotyping. Hum Mutat., 2, 158-65. 

Thelen MP, Venclovas C, Fidelis K. (1999). A sliding clamp model for the Rad1 fami
cycle checkpoint proteins. Cell. 96(6), 769-70. 

ssen, J. W., Kaplan, M. I., Hunt, P. A., Williams, B. R
Petrini, J. H. (2003). Checkpoint failure and chromosomal instability without 
lymphomagenesis in MRE11A (ATLD1/ATLD1) mice. Mol Cell, 12(6), 1511-23. 

 
Tibbetts RS, Brumbaugh KM, Williams JM, Sarkaria JN, Cliby WA, Shieh SY, Taya Y, 

C, Abraham RT. (1999). A role for ATR in the DNA damage-induced phosphorylation of 
p53. Genes Dev., 13(2), 152-7. 

Tomar, S L. (2003). Trends and patterns of tobacco use in the United States. Am J Med Sci, 
326(4), 248–54. 

 
125 



Trujillo KM, Yuan SS, Lee EY, Sung P. (1998). Nuclease activities in a complex of human 
recombination and DNA repair factors Rad50, MRE11A, and p95. J Biol Chem., 273(3
21447-50.  

4), 

 Caffeine-

Van Dyke DL, Worsham MJ, Benninger MS, Krause CJ, Baker SR, Wolf GT, Drumheller T, 

carcinomas of the head and neck region. Genes Chromosomes Cancer, 9, 192-206. 

Vaupel
min Oncol., 28(2 Suppl 8), 29-35. 

omeres and extended replicative life span. Curr Biol., 8(5), 279-
82. 

Virgilio IT 

 

Wall NR, Shi Y. (2003). Sm

Wang X . (2003). An overactivated ATR/CHEK1 pathway is 
umulation in irradiated AT cells. J Biol Chem., 

Ward IM, Chen J. (2001). Histone H anner in 

Weinbe -30. 

Wood RD, Mitchell M, Sgouros J, Lindahl T. (2001). Human DNA repair genes. Science, 

Tsuchiya H, Tomita K, Mori Y, Asada N, Morinaga T, Kitano S, Yamamoto N.(1998).
assisted chemotherapy and minimized tumor excision for nonmetastatic osteosarcoma. 
Anticancer Res, 18(1B), 657-66. 

Tsuchiya H, Tomita K, Mori Y, Asada N, Morinaga T, Kitano S, Yamamoto N. (1998). 
Caffeine-assisted chemotherapy and minimized tumor excision for nonmetastatic 
osteosarcoma. Anticancer Res., 18(1B), 657-66. 

Tilley BC, Carey TE. (1994). Recurrent cytogenetic abnormalities in squamous cell 

 P, Kelleher DK, Hockel M. (2001). Oxygen status of malignant tumors: pathogenesis of 
hypoxia and significance for tumor therapy. Se

Vaziri H, Benchimol S. (1998). Reconstitution of telomerase activity in normal human cells 
leads to elongation of tel

 L, Shuster M, Gollin SM, Veronese ML, Ohta M, Huebner K, Croce CM. (1996). FH
gene alterations in head and neck squamous cell carcinomas. Proc Natl Acad Sci U S A, 
93(18), 9770-5. 

Voorhoeve PM, Agami R. (2003). The tumor-suppressive functions of the human INK4A locus.
Cancer Cell,4(4), 311-9. 

all RNA: can RNA interference be exploited for therapy? Lancet, 
5;362(9393), 1401-3. 

, Khadpe J, Hu B, Iliakis G, Wang Y
responsible for the prolonged G2 acc
278(33), 30869-74. 

2AX is phosphorylated in an ATR-dependent m
response to replicational stress. J Biol Chem., 276(51), 47759-62. 

rg RA. (1995). The retinoblastoma protein and cell cycle control. Cell, 5;81(3):323

Werness BA, Levine AJ, Howley PM. (1990). Association of human papillomavirus types 16 
and 18 E6 proteins with p53. Science, 248(4951), 76-9. 

291(5507), 1284-89. 

 
126 



Wood RD.(1997). Nucleotide excision repair in mammalian cells. J Biol Chem,272(38),2346

im S, and K

5-8. 

Xu B, K astan MB. (2001). Involvement of Brca1 in S-phase and G(2)-phase 
checkpoints after ionizing irradiation. Mol Cell Biol, 21(10), 3445-50.  

Yabro J

Yancik, R. (2005). Population ageing and cancer: a cross–national concern. Cancer J, 11(6), 

Yang Y
 of chromosome 3 in human 

Yeh, K hih, 

Young LS, Rickinson AB. (2004). Ep

Yu J, Zhang L. (2004). Apoptosis in human cancer cells. ., 16(1), 19-24.  

patients. Genes Chromosomes Cancer, 39(4), 263-76. 

Zhao B  Zhao H, Davis ST, Johanson KO, Green SM, Concha NO, 
s for CHEK1 inhibition by UCN-01. J Biol Chem., 

Zhivotovsky r, G. (2004). Apoptosis and genomic instability. Nat Rev Mol Cell 

Zhou BB, Anderson HJ, Roberge M. (2003). Targeting DNA checkpoint kinases in cancer 
., 2(4 Suppl 1), S16-22. 

Zou L, Elledge SJ. (2003). Sensing DNA damage through ATRIP recognition of RPA-ssDNA 

W. (1992). Oncogenes and cancer suppressor genes. Semin Oncol Nurs., 8(1), 30-9. 

437–41. 

C, Shyong WY, Chang MS, Chen YJ, Lin CH, Huang ZD, Wang, Hsu MT, Chen ML. 
(2001). Frequent gain of copy number on the long arm
cervical  adenocarcinoma. Cancer Genet Cytogenet, 131(1), 48-53. 

. T., Chang, J. G., Lin, T. H., Wang, Y. F., Tien, N., Chang, J. Y., Chen, J. C., and S
M. C. (2003). Epigenetic changes of tumor suppressor genes, P15, P16, VHL and P53 in 
oral cancer. Oncol Rep, 10(3), 659-63.  

stein-Barr virus: 40 years on. Nat Rev Cancer,4(10), 757-
68. 

Curr Opin Oncol

Zatkova A, Ullmann R, Rouillard JM, Lamb BJ, Kuick R, Hanash SM, Schnittger S, Schoch C, 
Fonatsch C, Wimmer K. (2004). Distinct sequences on 11q13.5 and 11q23-24 are 
frequently coamplified with MLL in complexly organized 11q amplicons in AML/MDS 

, Bower MJ, McDevitt PJ,
Zhou BB. (2002). Structural basi
277(48), 46609-15. 

, B., and Kroeme
Biol, 5(9), 752-62.  

therapy. Cancer Biol Ther

Zhou BB, and Sausville EA. (2003). Drug discovery targeting CHK1 and CHK2 kinases. Prog 
Cell Cycle Res, 5, 413-21.  

complexes. Science, 300(5625), 1542-8. 

 
127 


	TITLE PAGE
	COMMITTEE MEMBERSHIP PAGE
	ABSTRACT
	TABLE OF CONTENTS
	LIST OF TABLES
	Table 1. Common forms of smokeless tobacco (adapted from GOLDENBERG et al. 2004)
	Table 2. QRT–PCR reagents
	Table 3. Summary of FISH copy number changes for MRE11A ATM, H2AFX and CHEK1 in OSCC cell lines.
	Table 4. Summary of chromosomal aberrations in OSCC in response to IR.
	Table 5. Baseline anaphase bridge formation in OSCC.
	Table 6. Results of clonogenic cell survival in OSCC in response to ionizing radiation.
	Table 7. Results of cell cycle analysis in OSCC in response to ionizing radiation. 
	Table 8. TP53 mutations in OSCC. 
	Table 9. Results of FISH analysis for the ATR and CHEK1 genes.
	Table 10. ATR, CHEK1 and CCND1 FISH in primary head and neck tumors.
	Table 11. Frequency of ATR, CEP 3 and CEP11 in anaphase bridges in OSCC and GM09607.
	Table 12. Clonogenic cell survival of OSCC to different doses of IR
	Table 13. Important genes on distal 11q that may be lost in a subset of OSCC.
	Table 14. IC50 for different kinases in response to caffeine

	LIST OF FIGURES
	Figure 1. 11q13 amplification in OSCC by the BFB mechanism
	Figure 2. A schematic representation of DNA damage signal transduction 
	Figure 3. QuMA studies to map segmental loss of microsatellite loci on distal 11q.
	Figure 4. Loss of heterozygosity studies performed on OSCC for multiple loci on distal 11q.
	Figure 5. RNA expression changes for MRE11A, ATM, H2AX and CHEK1 in OSCC
	Figure 6. Protein expression changes for MRE11A, ATM and H2AX in OSCC
	Figure 7. γ-H2AX focus formation at the end of 1 h following 2.5 Gy IR treatment.
	Figure 8. Clonogenic cell survival of OSCC to IR compared with control NHOK.
	Figure 9. Summary of results for distal 11q loss and its effects in representative OSCC
	Figure 10. Comparison of cell cycle profiles of UPCI:SCC066 and 104 in response to IR.
	Figure 11. p53 activation and expression in response to IR in a subset of OSCC. 
	Figure 12. p53 and ATR expression in a subset of OSCC.
	Figure 13. FISH results for the TP53 gene (red) compared with CEP17 (green)
	Figure 14. Changes in p53 expression following treatment with a proteosomal inhibitor. 
	Figure 15.   Structural and numerical changes in the ATR and CHEK1 genes in tumor cell lines.
	Figure 16.  Results for ATR, CHEK1 and CCND1 FISH in primary head and neck tumors and adjacent normal tissue.
	Figure 17. ATR translocation in UPCI:SCC084 and isochromosome 3 formation in UPCI:SCC104
	Figure 18. Presence of ATR (green), CEP11 (aqua) and CEP3 (red) in anaphase bridge. 
	Figure 19. qRT–PCR analysis for ATR  and CHEK1 RNA expression in a subset of OSCC.
	Figure 20. ATR and CHEK1 protein expression in OSCC detected by immunoblotting. 
	Figure 21. Activation of downstream effectors of ATR in response to IR and UV.
	Figure 22. Cell cycle profiles of UPCI:SCC066 and 104 in response to IR and caffeine treatment 
	Figure 23. The frequency of PCC formation (cell death) in untreated cells, in response to aphidicolin with or without 1mM caffeine pretreatment. 
	Figure 24. Clonogenic cell survival of UPCI:SCC084 to different doses of caffeine.
	Figure 25. Clonogenic cell survival of OSCC to different doses of caffeine 
	Figure 26. ATR and CHEK1 siRNA mediated protein knockout in UPCI:SCC104 .
	Figure 27. Flow cytometeric analysis following treatment of ATR and CHEK1 siRNA
	Figure 28. Induction of premature chromatin condensation and mitotic catastrophe following ATR and CHEK1 siRNA treatment.
	Figure 29. Clonogenic cell survival of UPCI:SCC066 and 104 to ATR siRNA treatment
	Figure 30. Important genes that can be amplified (red) or lost (blue) on distal 11q.
	Figure 31. MLL (yellow) amplification in UPCI:SCC070.
	Figure 32. Model for OSCC sensitization to DNA damaging agents.
	Figure 33. A genetic progression model for OSCC

	ACKNOWLEDGEMENTS
	PUBLIC HEALTH SIGNIFICANCE
	1.0  INTRODUCTION
	1.1 OVERVIEW
	1.2 EPIDEMIOLOGY OF ORAL SQUAMOUS CELL CARCINOMA
	1.3 ETIOLOGY OF ORAL SQUAMOUS CELL CARCINOMA
	1.3.1 Tobacco
	1.3.2 Alcohol
	1.3.3 Viral infections
	1.3.4 Other risk factors 

	1.4 CHARACTERISTICS OF ORAL SQUAMOUS CELL CARCINOMA
	1.4.1 Chromosomal instability
	1.4.2 11q13 amplification 
	1.4.3 Genetic progression models

	1.5 THE DNA DAMAGE RESPONSE PATHWAYS 
	1.5.1 Important players in the DNA damage response
	1.5.2 Cell cycle checkpoints and cancer
	1.5.3 DNA damage repair machinery
	1.5.4 Telomeres and telomerase activity in cancer
	1.5.5 Cell death and apoptosis in cancer


	2.0  MATERIALS AND METHODS
	2.1 SUBJECTS AND SAMPLE COLLECTION
	2.2 CELL CULTURE
	2.2.1 OSCC cell lines
	2.2.2 AT null cell line
	2.2.3 Controls

	2.3 PREPARATION OF DNA PROBES FOR FISH
	2.4 FLUORESCENCE IN SITU HYBRIDIZATION (FISH)
	2.5 PARAFFIN FISH
	2.6 ANAPHASE BRIDGE FORMATION ASSAY
	2.7 CLONOGENIC CELL SURVIVAL ASSAY
	2.8 RNA EXTRACTION AND REAL TIME PCR
	2.9 IMMUNOBLOTTING
	2.10 CELL CYCLE ANALYSIS BY FLOW CYTOMETRY
	2.11 CHROMOSOME BREAKAGE STUDIES
	2.12 PCC INDUCTION IN OSCC
	2.13 siRNA TRANSFECTION

	3.0  RESULTS
	3.1 DISTAL 11Q LOSS IN A SUBSET OF OSCC
	3.1.1 A segment of distal 11q is partially lost in a subset of OSCC
	3.1.2 Distal 11q loss results in changes in expression of MRE11A, ATM, H2AX and CHEK1

	3.2 CONSEQUENCES OF DISTAL 11Q LOSS IN OSCC 
	3.2.1 Distal 11q loss is associated with aberrant –H2AX focus formation
	3.2.2 Distal 11q loss is associated with chromosomal instability
	3.2.3 Distal 11q loss is associated with radioresistance

	3.3  LOSS OF THE G1 PHASE CHECKPOINT IN OSCC 
	3.3.1 Loss of the G1 checkpoint in a subset of OSCC
	3.3.2 The p53 pathway in OSCC

	3.4 ATR–CHEK1 UPREGULATION IN OSCC
	3.4.1 Copy number and structural changes involving the ATR and CHEK1 genes 
	3.4.2 Mechanism of ATR gain and ATR translocations
	3.4.3 ATR and CHEK1 are overexpressed in a subset of OSCC
	3.4.4 An upregulated ATR–CHEK1 pathway is associated with radioresistance

	3.5 INHIBITION OF THE ATR–CHEK1 PATHWAY SENSITIZES OSCC TO DNA DAMAGING AGENTS
	3.5.1 Caffeine, a non–specific kinase inhibitor sensitizes OSCC to IR-induced DNA damage
	3.5.2 ATR and CHEK1 siRNA sensitize a subset of OSCC to ionizing radiation and aphidicolin induced DNA damage


	4.0  DISCUSSION
	4.1 THE ROLE OF DISTAL 11Q LOSS IN OSCC CARCINOGENESIS
	4.2 ATR–CHEK1 UPREGULATION IN OSCC AND RADIOSENSITIVITY
	4.3 RADIOSENSITIZING AGENTS FOR OSCC
	4.4 3Q GAIN IN OSCC AND ITS RELATIONSHIP TO DISTAL 11Q LOSS
	4.5 CHRONOLOGY OF GENETIC EVENTS IN OSCC

	APPENDIX A: LIST OF BAC AND CEP USED FOR FISH ANALYSIS
	APPENDIX B: SEQUENCES FOR ATR AND CHEK1 siRNA
	APPENDIX C: LIST OF ANTIBODIES USED FOR IMMUNOBLOTTING
	BIBLIOGRAPHY

