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Background: Fanconi Anaemia (FA) is an autosomal or X-linked rare inherited recessive disease caused by defective mutation in one of 21 different genes. FA genes are involved in the DNA damage response and when mutated result in chromosomal instability. Patients with Fanconi Anaemia are found to be at high risk of developing Head and Neck squamous cell carcinoma (HNSCC). Given the relative specificity of this effect, we hypothesized that alterations in the expression and posttranslational activation of FANC genes contribute to the pathogenesis of non-FA HNSCC. Aims: Firstly to determine if the expression of FANC genes are altered in non-FA HNSCC, then to define the effect of the alterations in FANC genes on both FA HNSCC and non-FA HNSCC cells in response to DNA damaging agents. Finally, to identify possible factors in the oral environment which may cause DNA damage. Methods: mRNA and protein expression level were measured for different FA-associated genes in normal oral keratinocytes, FA and non-FA HNSCC cells and immunohistochemistry was used to assess protein expression of FANCA, FANCC, FANCD2, and KI67 in normal oral mucosa, non-FA HNSCC and FA-HNSCC tissues. Then, mRNA and protein expression were measured before and after cisplatin treatment of HNSCC cells. Immunofluorescence and comet assay were used to assess DNA damage before and after cisplatin and Lipopolysaccharide from Porphyromonas gingivalis (LPS-PG) treatment. Mitochondrial reactive oxygen species production was assessed in cells after treatment with LPS-PG. Results: FANC genes showed significantly higher mRNA and protein expression in non-FA HNSCC compared to normal. In addition, the expression of FANCD2, FANCA and FANCC were higher in non-FA HNSCC tissues compared to normal tissue. Cells treated with cisplatin showed significantly higher expression of FANCA, FANCC and FANCD2 compared to untreated while only non-FA HNSCC showed significant reduction after washout. FANCD2, 53BP1 and γH2AX nuclear foci and DNA fragmentation were increased in non-FA HNSCC and FA-HNSCC, however the DNA damage were largely repaired in non-FA HNSCC compared to FA-HNSCC after washout. Cells treated with LPS-PG showed a similar phenotype. Reactive oxygen species showed a significant increase after treatment with LPS-PG in both non-FA and FA-HNSCC. Conclusion: Expression of certain FANC genes are altered in non-FA HNSCC. Activation of the FA pathway in response to DNA damage occurs in non-FA HNSCC, but not FA-HNSCC after treatment with Cisplatin and LPS-PG. The current study provides evidence that LPS-PG leads to the production of superoxide by damaging the mitochondria. This data provides novel insight into the reason behind increased the risk of developing HNSCC in FA patients. 
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Cancer is a life-threatening disease and one of the main causes of deaths worldwide. It occurs when cells grow out of control and can move from one part of the body to another in addition to losing the ability to perform their main functions (Ferlay et al., 2010). 
Most types of cancer cells have common hallmarks. In 2000 Weinberg and Hanahan published a review describing six common hallmarks or key characteristics that define cancerous cells (Jemal et al., 2011, Anand et al., 2008). These hallmarks include an ability to escape apoptosis, the evasion of anti-growth signals or suppressors, self-sufficiency in growth signals, an ability for metastasis and invasion, an ability to stimulate and induce angiogenesis and possess limitless reflective immortality (Hanahan and Weinberg, 2000). In a recent paper by the same authors they added four extra cancer cell features including their ability to escape from the immune system, unstable and chromosomal abnormalities, abnormal metabolic pathways and that they can be promoted by inflammatory cells (Hanahan and Weinberg, 2011). 
[bookmark: _Toc475875381][bookmark: _Toc514111116]Head and neck squamous cell carcinoma (HNSCC)
Head and neck squamous cell carcinoma (HNSCC) is a group of cancers originating in the upper part of the airway system which includes the lips, oral cavity, nasal cavity, pharynx, larynx, salivary glands and neck lymph nodes (Marur and Forastiere, 2008). Nearly 90% of head and neck cancer cases originate from squamous epithelial cells (squamous cell carcinoma) (Rosenberg et al., 2005).
[bookmark: _Toc475875382][bookmark: _Toc514111117]HNSCC epidemiology and incidence 
HNSCC is ranked the 6th most common cancer type worldwide and represents 6% of total cancer in adults (Babu et al., 2011, Braakhuis et al., 2009, Parkin et al., 2005). Every year, around 630,000 patients are diagnosed with HNSCC with an estimated 350,000 deaths annually worldwide (Langevin et al., 2013, Warnakulasuriya, 2009). However, despite the increased awareness of HNSCC risk factors, this incidence is predicted to increase over the coming years according to the World Health Organisation. A five year survival rates for HNSCC is approximately 50% which has not changed over the past 20 years, which is likely due to the fact that the majority of patients were diagnosed in advanced tumour stages (Klein and Grandis, 2010, Schethenbach et al., 2012). 
Oral squamous cell carcinoma (OSCC) is the most common form of HNSCC and it arises from mucosal epithelial cells in the oral cavity, oropharynx and tongue. Of all malignancies, OSCC accounts for 3%. OSCC can cause high morbidity and mortality, as approximately 400,000 new cases are reported every year and around 220,000 deaths related to OSCC are reported annually (Petti and Scully, 2007). According to data from the Cancer Registry, there is increased incidence of SCC in the tongue and tonsils in young patients between 20 and 40 years old (Perez-Ordonez et al., 2006, Clauson et al., 2013, Conway et al., 2006). The incidences of OSCC are considered low in Northern Europe, America, Japan and China, but high in Western and Central Europe, Brazil and Southeast Asia. These incidence variations between countries can be due to various genetic background or exposure to carcinogenic factors (Hong et al., 2010, Gregoire et al., 2010).  
[bookmark: _Toc475875383][bookmark: _Toc514111118]HNSCC risk factors
The most common risk factors for the development of cancer can be divided into two categories, which are environmental factors and genetic factors (Anand et al., 2008). Previous studies reported that genetic defects account for 5-10% of all cancers, while environmental factors can account for up to 90% of all cases of cancer (Jemal et al., 2011, Anand et al., 2008). However, some genetic factors in people make them more susceptible to environmental factors than others (Suarez et al., 2006).
Genetic factors include inherited abnormalities, which might lead to the activation of oncogenes or the inactivation of tumour suppressor genes such as p53 (Anand et al., 2008, Leemans et al., 2011). It is also reported that malfunction in the DNA damage repair pathway can lead to HNSCC such as in Fanconi Anaemia (refer to section 1.3.8) (Sliwinski et al., 2011, Smith et al., 2010).  
The environmental risk factors for HNSCC include tobacco abuse, excessive alcohol consumption, poor diet, obesity, infective agents, environmental pollution, exposure to ultra violet (UV) from sun light and radiation. Besides these known risk factors, there are other harmful factors such as chewing betel nuts and khat leaves which are more common in Southeast Asia although this habit is spreading globally (Rosenberg et al., 2005, Leemans et al., 2011, van Zeeburg et al., 2005). It is worth noting that a healthy diet and consumption of fruits and vegetables can be protective against HNSCC risk (Macfarlane et al., 1995, Pavia et al., 2006).  
Several studies have reported an association between alcohol consumption and tobacco abuse with various types of cancer (Tremblay et al., 2006, Poschl and Seitz, 2004). In 1964, smoking tobacco was reported to be the most common risk of lung cancer in the USA. Moreover, it was responsible for 87% deaths from lung cancer (Poschl and Seitz, 2004, Hindle et al., 2000).  
Males have twice the risk of developing OSCC/SCC in comparison to females due to the higher percentage of male smokers and alcohol consumption compared to the female population (Marur and Forastiere, 2008). Additionally, a study showed that nearly 100 times increased risk to develop HNSCC was reported in individuals who consume both alcohol and tobacco compared to those who are either alcohol or tobacco consumers (Mendenhall and Logan, 2009). A recent study showed that ~70% of HNSCC patients were found to be tobacco or alcohol consumers although ~30% of HNSCC patients were not found to be users of alcohol or tobacco (Poschl and Seitz, 2004, Hashibe et al., 2009). Another report showed that tobacco abuse is the main cause of more than 14 types of cancer, including mouth, larynx, oropharynx, bladder, penis, renal, lung, oropharynx, stomach, vulva, cervix, uterus and anus cancer (Marur and Forastiere, 2008). 
Recently, infection with the human papilloma virus (HPV) has been suggested to be the second most important risk factor that leads to HNSCC, mostly in the oropharynx (D'Souza et al., 2007, Mendenhall and Logan, 2009). HPV, which can be transmitted through sexual intercourse, is associated with different cancers especially it accounts for 95% of cervical squamous cell carcinoma (refer to section 1.3.8.3.2) (Gillison and Lowy, 2004). 
[bookmark: _Toc475875384][bookmark: _Toc514111119]Diagnosis and tumour classification/staging of HNSCC 
It is important to have an accurate diagnosis for HNSCC to ensure the most effective and appropriate treatment. Early 60s is the median age for the diagnosis of HNSCC, and males are more commonly affected than females. However, due to some changes in lifestyle, HNSCC risk is considered to be relatively high in both young genders. HNSCC diagnosis relies on observed features/physical examination accompanied by a variety of different tests that can be performed. Currently, the main examinations include endoscopy, histological examinations (biopsy), radiographic imaging, three dimensional computed tomography scan (3D-CT scan), positron emission tomography (PET), and magnetic resonance imaging (MRI) (Braakhuis et al., 2009). 
After diagnosis has taken place, staging the tumour is the next step before moving on to the treatment decisions. The tumour-node-metastasis (TNM) system was first used in 1944 by Pierre Denoix and is a universally accepted anatomic staging system, and has been updated over the past 50 years according to the Union for International Cancer Control (UICC) and the American Joint Committee on Cancer (AJCC) (Bettendorf et al., 2004, Gregoire et al., 2010). The three letters of TNM refer to separate parameter characteristics of the tumour. The (T) category refers to the size of the primary tumour, the (N) category refers to the description of the closest lymph node, while the (M) category refers to the presence and distance of the metastatic spread. Each of the three characteristics can be evaluated and given a number, whereas (T) can be between1-4, (N) can be between 0-3, while (M) can be between 0-1. T and N can also be sub-staged to A, B or C depending on the extent of spread (Shah, 2007, Patel and Shah, 2005). This system is used to stage different types of cancers including HNSCC.
[bookmark: _Toc475875389][bookmark: _Toc514111120]Types of HNSCC 
With regards to this project, HNSCC can be divided into three types of HNSCC identified to date which are sporadic HNSCC, HPV positive HNSCC and FA HNSCC. Sporadic HNSCC is the most common type of HNSCC and more prevalent in males over 60 years old those are tobacco and/or alcohol abusers. HPV positive HNSCC is caused by infection with the HPV virus (mostly in the oropharynx), while FA positive HNSCC develops in patients with FA (Masserot et al., 2008, Gillison et al., 2000, Valeri et al., 2011). 
On the other hand, another study classified HNSCC depending on the genetic causative factors and reported HPV+HNSCC to account for 20% of all HNSCC cases. HPV-HNSCC types were sub-divided into two main groups which are those with high or low chromosomal instability (CIN) (Leemans et al., 2011). 
[bookmark: _Toc475875390][bookmark: _Toc514111121]HPV-HNSCC
Human papillomaviruses (HPV) are epitheliotropic viruses with different sub types and a genome size of around 8kb. There are more than 200 types identified to date, 15 of which are reported to be oncogenic. E6 and E7 are the two major oncogenic proteins encoded by HPV infected cells (Gillison et al., 2000, Braakhuis et al., 2009). E6 inhibits p53 function by binding to its DNA binding region; this in turn inhibits apoptosis and cell cycle arrest. On the other hand, E7 facilitates polyubiquination, thus degrading a tumour suppressor protein called RB. In addition, it inhibits tumour suppressor 21 leading to the inhibition of cell cycle arrest, therefore increasing cell proliferation (Klein and Grandis, 2010, Kumar et al., 2008). 
In 1985, the first report was published regarding HPV in an HNSCC patient (de Villiers et al., 1985). Globally, infection with HPV in HNSCC patients is increasing and mostly occurs amongst males (Chaturvedi et al., 2011, Joseph and D'Souza, 2012). Oropharyngeal cancers are the most reported type of HNSCC-HPV positive. HPV-16 in particular accounts for ~25% of HNSCC cases and ~90% of all HPV positive HNSCC (Gillison et al., 2000). During the period between the 1980s and the 2000s, infection with HPV in oropharyngeal increased from 16% to 73% among all HPV-positive HNSCC, however, it has been predicted to account for the majority of HNSCC by 2030 (Chaturvedi et al., 2011). 
[bookmark: _Toc475875391][bookmark: _Toc514111122]The molecular pathogenicity of HNSCC
The accumulation of molecular alterations in addition to the tumour microenvironment leads to the development of HNSCC. Several genetic factors have been associated with HNSCC. The activation of different genes especially oncogenes or the inactivation of tumour suppressor genes are the two main genetic factors associated with HNSCC. The main genetic factors associated with HNSCC include p53, EGFR, CDKN2A and STAT3 (Table 1.1).  


[bookmark: _Toc400901703][bookmark: _Toc514111212]Table ‎1.1: Genes associated with HNSCC
	Genetic factor
	Type of association

	TP53
	Inactivation 

	p14
	Inactivation 

	Bcl-2
	Inactivation 

	Bax
	Inactivation 

	NOTCH1
	Inactivation

	mTOR
	Inactivation

	CDKN2A
	Inactivation 

	STAT3
	Overexpression 

	VEGFR
	Overexpression

	HGF
	Overexpression

	IGF-1R
	Overexpression





0. [bookmark: _Toc475875392]p53
TP53 is a tumour suppressor gene, which is located on the short arm of chromosome 17 (17p13.1) (Vogelstein et al., 2000). It is considered as a guardian gene as it plays an important role for sustaining chromosomal stability (Bond et al., 2005). TP53 encodes the p53 protein, which is activated by being phosphorylated by stress signals such as DNA damage. Following p53 activation, the DNA damage repair processes will be initiated as well as cell cycle arrest, however, if the damage is unrepairable p53 will cause cell to enter apoptosis by activating the transcription of the required genes including p21 and Bax respectively (Vogelstein et al., 2000, Chen et al., 2007b). 
It has been reported that inactivation of p53 leads to the absence of growth control, DNA repair and apoptosis. p53 mutation is the major genetic factor in relation to developing most types of cancers in early age including HNSCC. Over 50% of all HNSCC cases are believed to be due to mutation which leads to its inactivation (Hoffmann et al., 2008, Kutler, 2003). Additionally, p53 mutation increases the risk of tumour recurrence after surgical removal and has also been associated with poorer treatment response and shorter survival (Balz et al., 2003).
p53 also functions in DNA damage recognition. DNA damages stimuli through exposure to ionizing and ultraviolet radiation or chemotherapeutics can cause enhanced p53 production which further proves that p53 is part of the DNA damage response process. Thus, mutated p53 can also reduce a cell’s ability to efficiently detect and repair DNA damage (Smith et al., 2010). 
Other genes that are involved in the p53 pathway can be associated with HNSCC if they are inactivated such as ataxia telangiectasia mutated (ATM). ATM activates p53 in response to DNA damage; therefore, inactivation of ATM will prevent p53 from being activated in response to DNA damage (Klein and Grandis, 2010, Donahue and Campbell, 2002). Moreover, infection with HPV-16, which encodes the E6 protein, inactivates p53. Additionally, mutations in other genes were reported to result in the inactivation of p53 such as p14, Bcl-2, or Bax (Rosenberg et al., 2003, Gillison et al., 2000). 
0. [bookmark: _Toc475875393]EGFR
The epidermal growth factor receptor (EGFR) gene is located on chromosome 7p12 (Kondo and Shimizu, 1983). It encodes a cell-surface tyrosine kinase receptor of which downstream signalling is involved in cell proliferation, differentiation, migration, adhesion and invasion (Kalyankrishna and Grandis, 2006). EGFR is activated by different ligands such as transforming the growth factor-alpha and the endothelial grown factor (EGF) (Klein and Grandis, 2010, Schneider and Wolf, 2009). After ligand binding, dimerization of EGFR takes place, followed by autophosphorylation which leads to downstream activation (Kalyankrishna and Grandis, 2006). This downstream activation includes activating mitogen activated protein kinase (MAPK) which in turn leads to the production of antiapoptotic proteins such as BCI-X2 in addition to inhibiting apoptosis inducing proteins such as BAD. Activated EGFR also activates the phosphatidylinositol 3 kinase/protein kinase B (PI3-K)/Akt pathway which in turn activates cell survival signals and inhibits p53 granting cell growth and immortality (Klein and Grandis, 2010, Ratushny et al., 2009). 
It has been reported that mutations in EGFR affecting expression and activity can lead to cancer (Rubin Grandis et al., 1996). Furthermore, overexpression of EGFR is reported to be an early marker for HNSCC (Kumar et al., 2008, Rubin Grandis et al., 1996). It is reported that EGFR is overexpressed in 90% of all HNSCC cases (Rubin Grandis et al., 1996). When overexpressed in cancer patients, it promotes cancer from dysplasia to invasive cancer as well as promoting tumour growth and metastasis leading to poor prognosis, chemotherapy and radiotherapy treatment (Klein and Grandis, 2010, Kumar et al., 2008). 
0. [bookmark: _Toc475875394]CDKN2A
Cyclin-Dependent Kinase Inhibitor 2A (CDKN2A) is located on chromosome 9p21 and encodes tumour suppressor proteins including p16 (INK4A) and p14 (ARF) (Stott et al., 1998). p16 is also known as multiple tumour suppressor 1 (MTS1) which is a cyclin-dependant kinase inhibitor. Inactivation of p16 leads to enhanced cell self-dependence for growth factors and enhances cell invasion and migration. An alteration in CDKN2A resulting in abnormal expression of p16 has been reported in early stages of HNSCC (Su et al., 2010), and downregulation of p16 has been reported in over 50% of HNSCC cases (Higuchi et al., 2007). Several factors have been suggested to influence p16 levels including tobacco and alcohol consumption which were associated with a reduction in p16 levels, while HPV infection was associated with an increase in p16 expression (Ai et al., 2003).  
Additionally, p14 plays a similar role as p16 but uses different mechanisms. p14 is suggested to respond to DNA damage by activating p53, which in turn responds to DNA damage using previously mentioned mechanisms. Therefore, inactivation of p14 results in a loss of p53 function (Yarbrough et al., 2002). One other mechanism of p14 is independent of p53 by reducing the proliferation rate through delaying the S-phase. Thus, inactivated p14 is reported in many HNSCC cases (Shintani et al., 2001, Weber et al., 2002).
0. [bookmark: _Toc475875395]STAT3
Signal transducer and activator of transcription3 (STAT3) is a transcription factor. It is activated by EGFR as well as the Src family kinase. Activation of STAT3 leads to the activation of the transcription of genes involved in cell cycle progression, apoptosis and angiogenesis control such as VEGF. SATA3 has been found to be overexpressed and continually active in HNSCC patients compared to normal tissue (Sriuranpong et al., 2003).  
[bookmark: _Toc475875385]In addition, other genetic factors have also been associated with HNSCC pathogenicity: the vascular endothelial growth factor receptor (VEGFR), hepatocyte growth factor (HGF) and insulin-like growth factor 1 receptor (IGF-1R). 
[bookmark: _Toc514111123]HNSCC treatment 
Treatment for HNSCC depends on a number of factors including the patient’s age, health, tumour location, size and stage (Gregoire et al., 2010). In general, the more the HNSCC has developed and spread, the less effective the treatment will be and vice versa. It is worth mentioning that most HNSCC cases are diagnosed at an advanced stage (Jemal et al., 2007). The most common multimodality treatment for HNSCC includes surgery, radiotherapy or chemotherapy or a combination. Radiotherapy is used as a primary treatment, while in advanced stages chemotherapy (such as cisplatin) is used primarily or after surgical resection (Klein and Grandis, 2010, Gregoire et al., 2010).
Surgery is considered the standard option for treating HNSCC patients. However, there are some limitations for using such a procedure which are the size of the tumour and maintaining the function of patients’ speech and swallowing (Shah, 2007). 
HNSCC patients are often treated with radiotherapy either pre- or post-surgery. Radiotherapy causes severe DNA damage, which in turn can cause apoptosis and cell cycle arrest. For the past 20 years, and due to the low success rate with the use of conventional radiotherapy treatment, an attempt has been made to enhance the use of radiotherapy for HNSCC treatment which led to the development of Intensity Modulated Radiotherapy (IMRT), hyperfractionation and accelerated fractionation (Argiris et al., 2008, Horiot et al., 1992). There are many factors that can affect the treatment response, such as smoking, tumour location and haemoglobin level. Side effects have been reported to occur after radiotherapy treatment such as hoarseness, difficulty in swallowing and skin rashes (Silva et al., 2007). 
In advanced stages of HNSCC, patients are treated more with chemotherapy in combination with radiation and less with surgery. The current chemotherapeutic agents are platinum containing compounds (such as cisplatin), taxanes (such as docetaxel, paclitaxel) and anti-metabolites (such as 5-flurouracil (5-FU). Cisplatin is administered to cells by intravenous infusion, and the cytotoxic effect can inhibit independent DNA-synthesis of the cell cycle (Rosenberg et al., 1969). Cisplatin reacts with cellular DNA and causes DNA intra- and inter-strand crosslinks which in turn inhibit DNA replication. Treatment with Cisplatin can cause a number of side effects such as nausea, vomiting, nephrotoxicity, neurotoxicity and ototoxicity (Wilson et al., 2006). 
A promising recent treatment option is referred to as molecular targeted therapy which showed fewer side effects compared to standard chemotherapy (Li et al., 2008). An example of a target for such therapy is the epidermal growth factor receptor (EGFR) which is involved in the proliferation and survival of tumour cells. EGFR is expressed in high levels in cancer cells including HNSCC, breast, ovary, lung, pancreas, prostate, colorectal, brain, bladder and kidney cancer (Li et al., 2008). Given that cancer cells are self-sufficient to growth signals, it was ideal to target this pathway which could limit their ability for limitless growth. Cetuximab is considered the first monoclonal antibody used to target (EGFR in HNSCC). When Cetuximab binds to EGFR, it causes subsequent degradation which results in downstream regulation and subsequent reduction of EGFR on the surface of cells (Sigismund et al., 2004). A previous study reported a significant increase in survival rate from 29 months to 49 months in HNSCC patients when treated with Cetuximab in combination with radiotherapy rather than using radiotherapy on its own (Bonner et al., 2006).
[bookmark: _Toc475875386][bookmark: _Toc514111124]Cellular processes influencing sensitivity to treatment 
There are several naturally occurring mechanisms that protect cells from the pathological effects that might damage their structure or interfere with their function. These processes include cell cycle regulation, DNA repair and apoptosis.  
0. [bookmark: _Toc475875387]Cell cycle  
Human cells have the ability to exceed proliferation rate in order to meet the cell development and growth (Bartek and Lukas, 2001). The cell cycle is divided into four phases which are the Gap1 phase, S phase and Gap2 phase and finally the mitosis (M) phase. In short, the G1 phase is when the cell grows in size and increases in intracellular protein levels in preparation for cell division, and then the S-phase in which DNA replication takes place, followed by the G2 phase when cell and cellular content synthesis occur, in preparation for the M phase. Following that, replicated DNA is then separated into 2 identical daughter nuclei. The cells enter G0 and they stop dividing and leave the cell cycle (Lilly and Duronio, 2005) (Figure 1.1).
The cell cycle phases are a highly regulated process in order to maintain an appropriate level of proliferation. However, in tumours, cells are highly proliferating and the resting phases are shortened. For these reasons, some anti-cancer treatments target the highly proliferating cells compared to normal cells (Bartek and Lukas, 2001). Cancer cells are enriched in the S phase and minimised in the Gap1 and Gap2 phases.  However, some normal cells that are rapidly proliferating can be sensitive to anti-cancer treatment, such as the digestive tract, bone marrow and hair follicles. This sensitivity can become side effects such as mucositis, alopecia and myelosuppression (Lilly and Duronio, 2005). 

[image: ]
[bookmark: _Toc514111223]Figure ‎1.1: Illustration of cell cycle showing different cell cycle phases.
[bookmark: _GoBack] The cells increase in size to prepare for DNA synthesis in the G1 phase and following that DNA replication occurs in the S phase and the cells continue to grow in the G2 phase. The cells divide into two daughter cells in mitosis. The cells can enter into the G0 phase when they stop dividing and leave the cycle.


[bookmark: _Toc400901642][bookmark: _Toc475875396][bookmark: _Toc514111125]Fanconi anaemia (FA) 
Fanconi anaemia (FA) is an autosomal and X-linked rare inherited disease which is caused by a mutation in one of the FANC genes that are involved in deoxyribonucleic acid (DNA) damage response (DDR), which results in chromosomal instability and leads to a high risk of developing cancer (van Zeeburg et al., 2005, Mamrak et al., 2016). 
[bookmark: _Toc400901643][bookmark: _Toc475875397][bookmark: _Toc514111126]Fanconi anaemia discovery 
Fanconi anaemia was discovered in 1927, when the Swiss paediatrician and physician Guido Fanconi published the first report describing a family which had five children. Three brothers of that family had birth defects and died with unknown severe pernicious anaemia with macrocytic red blood cells and a low level of serum B12 (Joenje and Patel, 2001, Lobitz and Velleuer, 2006). 
Some symptoms appeared in these children between the ages of five and seven, including squint, microcephaly (small head), hypopigmentation spots in skin and testicular hypoplasia. Guido Fanconi reported all the symptoms he found. After years of investigation the haematologist Naegeli suggested that the disease should be named Fanconi anaemia in 1931 (Lobitz and Velleuer, 2006, Yoon et al., 2014). 
[bookmark: _Toc400901644][bookmark: _Toc475875398][bookmark: _Toc514111127]Fanconi anaemia epidemiology
Fanconi anaemia is a rare disease as it is estimated to occur in only 1 per 130,000 live births globally (Rosenberg et al., 2011). FA affects males and females equally and occurs in all ethnic and racial backgrounds. However, there are two ethnic populations which show a higher incidence or are more common carriers of FA than others, which are Ashkenazi Jews who descended from Eastern Europe and white native Afrikaners from South Africa (Joenje and Patel, 2001, Mathew, 2006).
Fanconi anaemia usually begins during childhood between the ages of five and ten; however, the diagnosis may be made much earlier if the family has a history of this disorder, or characteristic abnormalities are present or the haematological symptoms are clinically apparent early (Joenje and Patel, 2001, Mathew, 2006, Yoon et al., 2014). 
It has been estimated that, in just over 80% of Fanconi patients, the life expectancy is approximately 40 years (Masserot et al., 2008). On the other hand, a separate study showed that the average life expectancy is only 20 years (van Zeeburg et al., 2005). These conflicting data may be due to the differences in genetic background, age, disease severity and access to health care.
[bookmark: _Toc400901645][bookmark: _Toc475875399][bookmark: _Toc514111128]The development and major symptoms of Fanconi anaemia 
[bookmark: _Hlk512258335]Fanconi anaemia is characterised by one or more different abnormalities affecting different organs. The major signs of Fanconi anaemia can be divided into four groups which are anaemia, bone marrow failure (BMF), birth defects and developmental abnormalities (Smith et al., 2010, Rosenberg et al., 2005, Shimamura and Alter, 2010). 
The disorder can appear as skeletal or bone abnormalities such as curved spine (scoliosis) and missing or odd shape of hand (radial aplasia in the thumb), arm, leg and hip bones. Other symptoms include ear and eye defects as some FA patients are born deaf or blind. Skin hyper- and hypo-pigmentation and discoloration due to the increase of melanin, called café-au-lait spots, that appear as brown patches on the skin is also reported in FA patients (Shimamura and Alter, 2010). In addition, cardiac defects (ventricular septal defect; VSD), which is a hole or defect in the lower wall of the heart chamber along with renal malformation or missing one of the kidneys have also been reported in FA patients (Soulier, 2011, Mathew, 2006).
Other signs and symptoms within FA patients appear as physical development abnormalities. These symptoms can appear as delayed growth, short stature, microcephaly (small head size), learning and mental disabilities and low birth weight (Yoon et al., 2014). However, some other symptoms can develop when the patients get older such as sex organs and fertility in males and females are less developed than in unaffected individuals. Female patients with Fanconi anaemia are more likely to begin menstruation later, have early menopause and have pregnancy problems compared to unaffected females (Kamenisch and Berneburg, 2009, Larder et al., 2006). Finally, FA patients tend to have a higher risk of developing cancer (refer to section 1.3.5, 1.3.6).  
[bookmark: _Toc400901646][bookmark: _Toc475875400][bookmark: _Toc514111129]Fanconi anaemia diagnostic testing
As FA is an inherited disease, some families are aware that they have a medical history of FA which can lead to earlier diagnosis. Importantly, the siblings of FA patients must be tested for FA regardless of whether they show symptoms or physical abnormalities, as up to one third of FA patients do not show any easily noticeable congenital abnormalities and are only diagnosed when another member of the family is affected with FA or when they are diagnosed with haematological problems (Tischkowitz and Hodgson, 2003, Yoon et al., 2014).
Genetic testing must be performed to confirm the diagnosis of the disease as Fanconi anaemia shares many symptoms with other conditions such as aplastic anaemia. If parents are aware that they have a history of FA or carry FA mutation leading to genetic defects, the disease can be diagnosed before birth (prenatal). Two genetic tests can be performed which are amniocentesis and chorionic villus sampling (CVS) of the developing foetus at 10-18 weeks old (Llerena et al., 1989, Mathew, 2006).
If a patient is suspected of having FA, they are referred to a haematologist for testing of blood lymphocyte chromosomal fragility, which is the hallmark feature for FA disorder since FA patients show high sensitivity to DNA crosslink agents such as diepoxybutane (DEB) and mitomycin-C (MMC). Other genetic tests are cytometic flow analysis and mutation screening (Yoon et al., 2014). 


0. [bookmark: _Toc475875401][bookmark: _Toc514111130][bookmark: _Toc400901647]The molecular characteristics of Fanconi anaemia 
1. [bookmark: _Toc475875402][bookmark: _Toc514111131]FA genes 
FANCA genes are ordered alphabetically according to the order of discovery, starting from FANCA to FANCV. However, there is no FANCK as it might be confused with the pronunciation of FANCA. There is also no FANCH as this was an independent complementation group which was then added to the FANCA complementation group. There are 21 different FANC genes identified to date which are: FANCA, FANCB, FANCC, FANCD1/BRCA2, FANCD2, FANCE, FANCF, FANCG, FANCI, FANCJ/BRIP1, FANCL, FANCM, FANCN/PALB2, FANCO/RAD51C, FANCP/SLX4, FANCQ/ERCC4 FANCR/RAD51, FANCS/BRCA1, FANCT/UBE2T, FANCU/XRCC2, and FANCV/REV7 (Table 1.2) (Crossan and Patel, 2012, Mamrak et al., 2016, Takata et al., 2009).
Fanconi anaemia associated proteins (FAAP) is a group of genes that function in the Fanconi anaemia pathway including FAAP24, FAAP100, FAAP20, FAAP16 (FANCM interacting histone-fold protein 1, MHF1)  and FAAP10 (FANCM interacting histone-fold protein 2, MHF2) and contribute to DNA interstrand crosslink repair, however no known mutation has been reported in any FA patients in any of these genes (Osorio et al., 2013). The current study focused on FANCA, FANCC, FANCD2, FANCI, FANCE, FANCL, UB2T and USP1 and this will be discussed in more detail below. These genes were chosen as they are the most commonly mutated FANC genes and they are representative of all of the component parts of the FANC pathway. 

[bookmark: _Toc514111213][bookmark: _Toc400901702]Table ‎1.2: The table shows 21 different FANC genes, their chromosomal location and molecular function
 (Osorio et al., 2013, Crossan and Patel, 2012, Moldovan and D'Andrea, 2009a, Mamrak et al., 2016). 
	Complementation Group
	Chromosomal location
	Prevalence in Fanconi patients
	Function in FA pathway

	FANCA
	16q24.3
	~63%
	Core complex

	FANCB
	Xp22.2
	~2%
	Core complex

	FANCC
	9q22.32
	~12%
	Core complex

	FANCD1 (BRCA2)
	13q13.1
	~2%
	Homologous recombination

	FANCD2
	3p25.3
	~3%
	Core complex substrate, exonuclease activity

	FANCE
	6p21.31
	~2%
	Interacts with FANCD2

	FANCF
	11p14.3
	~2%
	Core complex

	FANCG
	9p13.3
	~9%
	Core complex

	FANCI
	15q26.1
	~1%
	Core complex substrate

	FANCJ(BRIP1)
	17q23.2
	~2%
	Homologous recombination

	FANCL
	2p16.1
	~0.1%
	Core complex, key E3 protein ligase 

	FANCM
	14q21.2
	~0.2%
	Core complex, replication fork restart

	FANCN (BALP2)
	16p12.2
	~0.6%
	Homologous recombination

	FANCO (RAD51C)
	17q22
	~0.4%
	Homologous recombination

	FANCP (SLX4)
	16p13.3
	~0.5%
	Nucleolytic cleavage, Homologous
recombination

	FANCQ (ERCC4)
	16p13.12
	~0.1%
	Nucleolytic cleavage, Homologous recombination

	FANCR (RAD51)
	15q15.1
	Not known
	Homologous recombination

	FANCS (BRCA1)
	17q21.31
	Not known
	Homologous recombination

	FANCT (UBE2T)
	1q32.1
	Not known
	Acts with FANCL to promote the mono-Ub of FANCD2 and FANCI 

	FANCU (XRCC2)
	7q36.1
	Not known
	Homologous recombination

	FANCV (REV7)
	1p36.22
	Not known
	Homologous recombination




0. [bookmark: _Toc475875403]FANCA
Patients with mutated FANCA are categorised under complementation group FANCA. FANCA is located in position 16q24.3 spanning around 80kb and contains 46 exons. FANCA encodes proteins with a molecular weight of 163KDa with 1455 amino acids that have no significant homologies with any other human protein. The FANCA gene was first cloned in 1996, and is considered as the most commonly mutated gene among the Fanconi anaemia genes (Tischkowitz and Hodgson, 2003, Mathew, 2006). More than 100 different mutations have been reported to date in the FANCA gene, including all types of mutations with deletions being considered the most important defecting group (Mathew, 2006).
BRCA1/FANCS (breast cancer susceptibility protein type 1) play a role in the FA pathway by being involved in FANCA phosphorylation (Folias et al., 2002). FANCA is mainly expressed in the nucleus and cytoplasm. It is expressed in high level in the testes, lymph nodes, large intestine, uterus and stomach (Lightfoot et al., 1999).
0. [bookmark: _Toc475875404]FANCC
Patients with mutated FANCC are categorised under complementation group FANCC. FANCC is located in position 9q223 and contains 22 exons spanning around 80kb. FANCC encodes proteins with a molecular weight of 63KDa with 558 amino acids and shows no significant homologous to any human protein. FANCC was the first cloned FANCC gene by functional complementation in 1992. It is considered the second most common mutated gene in FANCC genes after FANCA. Nearly 80% of FANC cases in Ashkenazi Jews were due to FANCC mutation (Ahmad et al., 2002). An analysis of mutations revealed that there are more than 10 different mutations and as many polymorphisms. The majority of mutations result in a truncating protein, while one missense mutation results in preventing nuclear translocation of the protein (Kupfer et al., 1997). Cellular localisation of FANCC is mainly the nucleus and partially the cytoplasm. FANCC is highly expressed in the liver, intestine, kidney, thyroid and thymus (Hoatlin et al., 1998). 
0. [bookmark: _Toc475875405]FANCD2
Patients with mutated FANCD2 are categorised under complementation group D2. FANCD2 is located in position 3p25.3 and contains 44 exons. FANCD2 is expressed in two isoforms; a long isoform FANCD2-L with 162 KDa and a short isoform FANCD2-S with 155 KDa (Grompe and D'Andrea, 2001). The long isoform is expressed through the addition of ubiquitin to lysine 561 during post-translation modifications By FANCL and UBE2T (Timmers et al., 2001). FANCD2 is highly conserved in insects, plants and nematodes in contrast with FA nuclear complex (FANCA, FANCC, FANCE, FANCF and FANCG) which do not share homologues in non-vertebrate (Joenje and Patel, 2001). 
FA core complex assembly is necessary for FANCD2 monoubiquitylation which heterodimerizes with FNACI, so any abnormalities or mutations in the FA complex will result in the loss of the FANCD2 function and ubiquitination. The loss of FANCD2 ubiquitination is considered a marker for FA complex abnormality, and FA patients lack ubiquitination of FANCD2. FANCD2 is localised exclusively in nuclear and the protein is highly expressed in the lymph nodes, testes, foetal oocytes and oesophagus (Garcia-Higuera et al., 2001). 
0. [bookmark: _Toc475875406]FANCE
Patients with mutated FANCE are categorised under complementation group FANCE. FANCE is located in position 6p21.3 and contains 11 exons which encode proteins with a molecular weight of 59KDa (Taniguchi and D'Andrea, 2002). To date, three mutations in FANCE were reported to result in a premature-stop codon, resulting in truncated proteins. FANCE is localised in the nucleus and is highly expressed in the prostate, uterus, intestine and placenta (de Winter et al., 2000). FANCE is reported to interact directly with FANCD2 and is involved with its ubiquitination and is required to regulate activation/deactivation of the FA pathway (Moldovan and D'Andrea, 2009b). It is reported that phosphorylation of Chk1 sites on FANCE are required for crosslink repair. Mutation or depletion of Chk1 in FANCE leads to an increase in FANCD2 ubiquitination, which will limit its alteration due to subsequent DNA damage (Moldovan and D'Andrea, 2009b). 
0. [bookmark: _Toc475875407]FANCI
Patients with mutated FANCI are categorised under complementation group FANCI. FANCI is located in position 16q24.3 and contains 38 exons which encode proteins with a molecular weight of 145KDa. FANCI forms a protein ID complex with FANCD2. FANCI can be monoubiquitinated as well as FANCD2 with the help of UBE2T/FANCT and deubiquitinated by USP1. FANCI is localised in the nucleus (Mathew, 2006). 
0. [bookmark: _Toc475875408]FANCL  
Patients with mutated FANCL are categorised under complementation group FANCL. FANCL is located in position 2p16.1 and contains 16 exons which encode proteins with a molecular weight of 43KDa (Gurtan and D'Andrea, 2006). FANCL has ubiquitin ligase activity which plays a significant role in the monoubiquitylation of FANCD2 and FANCI, by interacting with UBE2T. FANCL is expressed in the nucleus and cytoplasm and is highly expressed in the brain, intestine, lymph nodes, bladder and breast. FANCL is localised in cytoplasm and the nucleus (Venkitaraman, 2002). 
0. [bookmark: _Toc475875409]FANCT/UBE2T         
Ubiquitin-conjugating enzyme E2 (UBE2T) is located in position 1q32.1 and contains 7 exons which encode proteins with a molecular weight of 23KDa. E2 binds with the ubiquitin ligase subunit of FA core complex FANCL, to monoubiquitinate FANCD2 (Machida et al., 2006). 
0. [bookmark: _Toc475875410]USP1 
Ubiquitin specific peptidase 1 (USP1) is located in position 1p31.3 and contains 10 exons which encode proteins with a molecular weight of 110KDa. USP1 is a deubiquitinating enzyme and has been reported to be of importance in regulating the FA pathway by removing ubiquitin from monoubiquitinated FANCD2 and FANCI and thus inactivating it, Therefore, USP1 knockdown was found to increase intracellular monoubiquitinated FANCD2 (Nijman et al., 2005). 
1. [bookmark: _Toc475875411][bookmark: _Toc514111132]Functional roles of FA proteins
FA proteins play essential roles in many aspects in regulating cell growth and performing DDR (Kutler et al., 2003a). Disruption of these proteins by either loss of function or expression has been related to many diseases including different types of cancer as several FA proteins are known to be tumour suppressor proteins. Disruption of FA proteins has been linked to elevated p53 and p21 levels, which leads to impaired differentiation of stem cells. This in turn can lead to infertility in individuals with FA. FA proteins also inhibit unwanted repair processes such as non-homologous end joining (NHEJ), therefore controlling and managing correct replication (Adamo et al., 2010). In addition, FA proteins were reported to stabilise the replication fork during the replication process, thus loss of their function can lead to genomic instability (Kottemann and Smogorzewska, 2013). 
[bookmark: _Toc475875412][bookmark: _Toc514111133]FA pathway  
FANC proteins were first reported to be involved in DDR when BRAC2, which is known to be involved in DDR, was renamed as FANCD1 (Meetei et al., 2005). Each FA gene plays a very important role in the process of DDR either in a complex or on its own. In the case of DNA interstrand crosslinks, which is the type of DNA damage repaired by the FA pathway, the repair method is carried out by a complex of different FANC proteins (Figure 1.6).
Fanconi anaemia sub complexes are important for loading the FA core complex into the damaged site and responding to DNA damage (Futaki et al., 2002). Previous studies showed that the FANCA-FANCG sub complex is a result of interactions between FANCG, FANCA and FAAP20 (Ali et al., 2012). The role of FAAP20 is to bind to ubiquitinated histones and move FANCL to the DNA damage site (Yan et al., 2012). FANCA’s role is to recruit the core complex into damaged sites (Yuan et al., 2012), While FANCG’s role is to scaffold proteins with the tetratricopeptide repeat (TPR) motifs (Blom et al., 2004, Hussain et al., 2006).  
The B-L-100 sub complex is formed by FANCB, FANCL and FAAP100 (Ling et al., 2007, Medhurst et al., 2001). Recent studies showed that in the absence of this complex, FANCL was unable to ubiquitinate FANCD2 (Longerich et al., 2009, Sato et al., 2012).  Furthermore, FANCC, FANCE and FANCF form a sub complex. FANCF acts as an adaptor protein for the FA core complex (Leveille et al., 2004). Another study showed that the interaction between FANCF and FANCM helps target the FA core complex into the DNA damage site (Deans and West, 2009).  
The FA core complex includes FANCA, FANCB, FANCC, FANCE, FANCF, FANCG, FANCL, FANCM, FAAP20, FAAP24, and MHF. The correct FA complex assembly is essential for downstream signalling, such as FANCD2 and FANCI monoubiquitylation. The FA core complex stabilises via protein-protein interaction, for instance, nuclear localization of FANCE depends on interaction with FANCC, and on FANCB. Monoubiquitylation and deubiquitination (with USP1/UAF1 to terminate the DNA damage site) of FANCD2 and FANCI is a critical step in interstrand crosslink repair. The Fanconi anaemia core complex plays an important role in DNA damage repair, however there are some events that do not require the presence of a core complex member, such as the recruitment of FANCM, FAAP24 and MHF to the unwounded DNA at the stalled fork, the steps of loading replication protein A (RPA )and the activation of ataxia telangiectasia related (ATR) (D'Andrea and Grompe, 2003). 
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[bookmark: _Toc514111224]Figure ‎1.2: Illustration of the activation of the FANC pathway in response to DNA damage and its involvement in the repaired process.
 The FA pathway starts with the recruitment of FANCM, FAAP24 and MHF by interstrand crosslink damage signals, during the synthesis in the S phase during DNA replication (Joenje and Patel, 2001, Collis and Boulton, 2010). They will then bind to the unwounded DNA at the stalled replication fork. After that, FANCM will remodel the fork followed by the recruitment of RPA, which is an ssDNA-binding protein, leading to the activation of ATR. This is followed by phosphorylation of FANCD2, FANCI and MRN complex (Mre11-Rad50-Nbs1 protein complex). Next, the FA core complex assembles which includes FANCA, FANCB, FANCC, FANCE, FANCF, FANCG and FANCL using FANCM, MHF and FAAP24 and binds to DNA. The FA core complex is then activated which is then transferred to the nucleus and activates FANCL. This in turn monoubiquitinate FANCD2 and FANCI. Then, MUS81-EME1 and ERCC1-XPF/FANCQ, which are structure specific endonucleases, interact with FANCP/SLX1 and are recruited to the site of the DNA damage (Hussain et al., 2006). The FA core complex along with ubiquitinated FAND2 -FANCI are recruited to the site of chromatin which in turn facilitates the repair by translesion synthesis (TLS )polymerase and the repair machinery (homologous recombination) (D'Andrea and Grompe, 2003).

1. [bookmark: _Toc475875413][bookmark: _Toc514111134]Relation between FA and the DNA damage response
[bookmark: _Toc475875414]Introduction to DNA damage
Genetic information is the basis of any human life and heredity. Each human being inherits their genetic information from the previous generation, usually with minor alterations that do not have a severe influence on their health. However, in rare cases, these alterations can have major effects resulting in different diseases, one of which is Fanconi Anaemia. Environmental factors are also known to contribute to DNA damage such as exposure to UV or x-ray, oxidative agents derived from cell respiration and metabolism (Sancar et al., 2004, Zhang and Walter, 2014). DNA damage response starts with DNA damage recognition followed by DNA repair as follows.
[bookmark: _Toc475875415]DNA damage recognition
Direct damage recognition is the simplest form of detection where the cell uses a single proteins for DNA damage detection. Multistep damage recognition uses molecular matchmakers, which are proteins such as replication factor C that is able to recognise the DNA damage site and recruit PCNA to the site of injury to activate the DNA damage response (Sancar et al., 2004). In addition, another way of recognising DNA damage is called recognition by proxy and it recognises damage through proteins that bind to DNA containing a lesion which makes it recognisable by other recognition systems for detection by the DNA repair system (Sugasawa, 2016). 
[bookmark: _Toc475875416]DNA damage response
Due to the presence of different types of DNA damage, more than one DNA damage response pathway has evolved to aid the repair of these alterations. There are several DNA damage repair pathways depending on the damage that has occurred, for example, single strand damage will be repaired using either base pair mismatch, base excision repair and nucleotide excision repair,  while double strand damage is repaired using homologous recombination (which repairs interstrand crosslinks with the involvement of the FA pathway) and non-homologous end joining (Hoeijmakers, 2001). Each of these pathways can repair several types of DNA damage.
Base pair mismatch repair refers to nucleotide mismatches between complementary strands usually caused by replication errors. This pathway is responsible for repairing nucleotide mismatches in addition to the insertion or deletion of around 10bp. The process of repairing such DNA damage starts with damage recognition, the recruitment of mismatch repair factors, the identification of damage containing strands, the degradation of the damaged strand past the damage points and finally, re-synthesis of the required DNA (Hoeijmakers, 2001, Sancar et al., 2004, Jiricny, 1998). 
Base excision repair is responsible for repairing DNA damage caused due to cell metabolism such as by oxidative reagents in addition to single strand breakage due to exposure to x-ray. This pathway repairs these two different types of DNA damage in two different ways. This pathway repairs base damage by damage detection, removing this nucleotide using DNA glycosylase, reinsertion of the required nucleotide and relegation of the broken strand. On the other hand, single strand breakage is repaired by: 1) removing a few bases after the DNA breakage, 2) re-synthesis of the missing region, 3) and finally, re-ligation of this sequence to the corresponding strand using DNA ligase (Hoeijmakers, 2001, Sancar et al., 2004, Bruner et al., 2000).
Nucleotide excision repair uses a variety of different pathways to recognise and then repair DNA damage. It regularly checks and repairs genomic DNA damage as well as lesions that inhibit transcription from producing full sized RNA transcripts. Nucleotide excision refers to the removal of nucleotides in case two nucleotides within the same DNA strands bind to each other instead of binding to nucleotides in the complementary strand or staying unbound in the case of RNA. The repair process starts with damage detection. Following this, removal of the DNA strand surrounding the damaged nucleotide occurs and finally, re-synthesis of the required region takes place followed by a ligation step (Hoeijmakers, 2001, Sancar et al., 2004, de Laat et al., 1999). 
More than one repair pathway has developed for some DNA damage types, one of which can be more efficient. These mechanisms are regulated to ensure the best protection for the DNA for better genomic integrity. A good example of this is repairing the DNA double strand breaks which can be carried out by either homologous recombination or end joining of which homologous recombination is reported to be error-free, while end joining was found to result in the gain or loss of one or more nucleotides in some cases (Sancar et al., 2004, Mouw and D'Andrea, 2014, Hoeijmakers, 2001).
One of the two pathways of repairing DNA damage will be chosen depending on the presence of a second identical DNA which will lead to homologous recombination. However, end joining will be used in case of its absence. Homologous recombination (during S and G2 phases) is a complex process; it involves a large number of molecules that are controlled by and includes BRCA1 (FANCS) and BRCA2 (FANCD1) (Sancar et al., 2004, Hoeijmakers, 2007). It relies on using the second identical DNA strand as a template to repair the broken DNA (refer to Figure 1.3). 
On the other hand, in the case of the absence of similar double strand DNA or in the case of a complex genome where it might be difficult to find a similar DNA, end joining is used to repair the breakage (during G1 phase). The process relies on using end-binding complex (KU70/80) along with DNA-PK, and then ligation is performed using XRCC4-ligase4. KU70/80 finds the breakage and activates DNA-PK to start the joining process which is completed with the help of XRCC4 which does the actual ligation (Sancar et al., 2004, Hoeijmakers, 2001).
The repair process does not always succeed, in which case if the cell was not able to repair the damage and the damage did not activate the oncogene or inhibit the tumour suppressor gene, the cell will then initiate recognition of DNA repair intermediates which occurs after mis-repair of previous damage. The cell then initiates an alternative repair pathway (Sancar et al., 2004, Hoeijmakers, 2001). If the cell fails to repair that damage, it will undergo apoptosis. On the other hand, mutations activating the oncogene or inactivating tumour suppressor genes might lead to chromosomal instability and the development of different diseases or cancer (Hoeijmakers, 2001).
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[bookmark: _Toc400901680][bookmark: _Toc514111225]Figure ‎1.3: Homologous recombination and FANC complex activation
 Homologous recombination pathway for repairing DNA damage. This is carried out in several steps, starting by detecting the DNA breakage and the activation of FA complex which ubiquitinates FANCD2 and FANCI (Patel and Joenje, 2007). Next RAD50, MRE11 and NBS1 are activated to expose the 3’ end for the broken DNA, resulting in recruiting RPA that facilitates the binding of RAD51 and its related proteins (including BRCA2) that have the ability to bind to interstrand crosslink and use a single strand from double strand DNA that is used to synthesise the second strand in the presence of RAD54 (Grompe and D'Andrea, 2001). Finally, resolvase separates the two strands and with the help of ligase, they re-ligate each strand with its corresponding complementary strand (Sancar et al., 2004, Hoeijmakers, 2001).


[bookmark: _Toc475875418][bookmark: _Toc514111135]Role of Fanconi anaemia genes in cancer    
The main function of FA genes is their involvement in DNA damage repair. Therefore, a loss of their function can lead to increased risk of developing cancer. Homozygous mutations in one or more FA genes are believed to lead to cancer development. While, heterozygous mutations are likely to promote cancer and sporadic cancer (apart from mutations in BRCA genes, which are reported to lead to cancer even in heterozygous state (Konishi et al., 2011)). These three types will be discussed further. 
[bookmark: _Toc475875419]Homozygous mutation carriers 
Fanconi anaemia patients have a high risk of developing cancer compared to normal individuals (Alter, 2003, Kutler et al., 2003b). Squamous cell carcinoma and leukaemia are considered the most common types of cancer in FA patients. Approximately 25% of FA patients are diagnosed with leukaemia or a tumour before they are diagnosed with FA. At the age of 45 nearly 76% of FA patients will develop a solid tumour if they have survived bone marrow failure and leukaemia (Alter, 2003). Head and neck squamous cell carcinoma, the cervix and the vulva are the most common non-haematological malignancies in FA patients. Incidence of these cancers occurs in FA patients at an early age compared to the general population (Kutler et al., 2003b).  
It has been observed that there is a difference in cancer type and life expectancy between different FA subtypes. FA patients with mutations in FANC genes which belong to the downstream part of the FA pathway, specifically FANCD1/BRCA2 and FANCN/PALB2 have a high risk of malignancy and severe congenital abnormalities in comparison to other FA subtypes. FA patients who have a homozygous mutation in BRCA2 are more likely to develop leukaemia within a median of 2.2 years. On the other hand, the median age of FA patients with a mutation in the upstream complementation group is 13.4 years (Wagner et al., 2004).  
Investigation of bi-allelic BRCA2 mutations in 23 patients from 17 different families showed that there are 9 cases of different types of brain tumour, 5 cases of Wilms tumour and 10 cases of leukaemia (7 cases are AML and 3 cases are acute lymphoblastic leukaemia, ALL) and multiple types of cancer were found in 4 cases (Reid et al., 2005). One case was found to reach adulthood cancer-free which could be due to the mild nature of the carried mutation. Patients with FANCN mutation showed similar clinical characteristics and susceptibility to cancer at an early age, which is similar to FA patients with FANCD1/BRACA2 mutation. The study found that  eight FANCN patients suffered from a brain tumour, there were 3 cases of Wilms tumour, 2 cases of AML and one case of vascular tumour in infancy (kaposiform hemangioendothelioma) (Reid et al., 2007, Xia et al., 2007). The similarity of malignancy type between the two patient groups BRAC2/FANCD1 and FANCN can be due to the close molecular connection between them in the DNA repair pathway.
[bookmark: _Toc475875420]Sporadic cancer 
The term ‘sporadic cancer’ can be defined as a malignancy that occurs during someone’s life, with increased risk at old age, without any cancer in family history or inherited genetic defects. However, there are some hereditary cancer cases misclassified as ‘sporadic’ where they are essentially caused by inherited mutations. This can be due to inaccurate or lack of genetic information on the family member or small family size (Trepanier et al., 2004).  
Due to the fact that FA-SCC patients express more severe phenotypes compared to non-FA SCC patients, a previous study by Van Zeeburg and colleagues was conducted to investigate the differences in genetic makeup between the two groups of patients. However, the study concluded that the allelic loss pattern was similar between FA-SCC and non-FA-SCC, suggesting that other genetic factors might be involved in the observed phenotypic differences (van Zeeburg et al., 2005). 
The FA pathway has been found to be inactive in several cases of sporadic malignancies. A study showed that 1 in 10 cases of AML was hypersensitive to MMC and lacked FANCF expression (Xie et al., 2000). Another study showed a loss of FANCD2 monoubiquitylation as well as MMC-hypersensitive in the AML cell line (Lensch et al., 2003).  
Silencing of FANCF and correlation with a lack of FANCD2 monoubiquitylation and increased cisplatin sensitivity were observed in two ovarian cancer cell lines (Taniguchi et al., 2003). Promoter methylation of FANCF was found in 15% of HNSCC, 14% of lung cancer cells (Marsit et al., 2004), bladder carcinoma (Neveling et al., 2007), granulosa cell tumours (Dhillon et al., 2004) and breast cancer (Wei et al., 2008). Moreover, FANCN promoter methylation was observed in four cases of sporadic breast cancer, two cases of primary breast cancer and four cases of primary sporadic ovarian cancer. Mutations in FANCC have been detected in some sporadic SCC with a high recurrence rate, which led to surviving without the disease for a shorter period of time (Potapova et al., 2008).
[bookmark: _Toc475875421]Heterozygous mutation carriers
It has been shown that mono-allelic mutations in some FA genes lead to increased risk of developing breast cancer, for example, FANCD1/BRCA2, FANCJ/BRIP1, FANCN/PALPB2 and FANCO/RAD51C (Kutler et al., 2003c). In addition, a previous report showed that heterozygous FA cells showed an accumulation of DNA breaks in response to DNA damaging agents compared to normal cells (Djuzenova and Flentje, 2001). These findings indicate the connection between failing DNA maintenance and cancer development. 
Several studies have reported at the increased risk of developing cancer in FA patients (Swift, 1971). However, a larger study by the same group could not confirm the previous findings (Swift et al., 1980). In addition, a UK based study reported that there was no increased risk of developing cancer in 36 FA families (covering 575 individuals) when compared to the general population (Tischkowitz et al., 2008). In conclusion, there is no conclusive evidence of the association between mono-allelic mutation of FA genes with increased risk of developing cancer (apart from mutations in BRAC genes), which opens up the matter for debate.  
1. [bookmark: _Toc475875422][bookmark: _Toc514111136]The role of FA in HNSCC
HNSCC is the most commonly diagnosed solid tumour in FA patients compared to patients with all other inherited genetic syndromes (Hosoya et al., 2010, Tan et al., 2011). When comparing FA patients and general population incidence of HNSCC, the risk of developing HNSCC in FA patients is 500 to 700 times greater than in unaffected individuals (Alter et al., 2003, Kutler et al., 2003a) and 2000 times greater risk of developing oesophagus cancer. Two thirds of the incidence of HNSCC in FA patients is found in the oral cavity and mostly in the gingival areas and tongue. FA HNSCC arises in both males and females equally in contrast to non-FA HNSCC which mostly occurs in males (Kutler et al., 2003a). 
It has also been shown that FA patients develop HNSCC at a much younger age compared to the general population. The age range of incidence with HNSCC in general individuals is between 50-60 years old, while in FA patients the age range is between 20-40 years old (Morris et al., 2011). Also, in 2008, Grit Hohnbaum published a study looking at 129 FA patients, 60 of which developed SCC at some point during their life. The average age was 30 years for FA non-transplanted patients (ranging between 20-52 years) and the average for FA transplanted patients was 25.8 years (ranging between 16-44 years). 
Furthermore, 60% of FA patients, after being cured from HNSCC, developed a second primary tumour compared only 30% of non-FA patients. A second tumour in FA HNSCC patients tends to develop in the genitourinary tract and skin, whereas in the general population secondary cancer usually occurs in the lung and oesophagus (Morris et al., 2011). In addition, ~23% developed more than two primary cancers. The majority of these patients developed secondary squamous cell carcinoma (SCC). This is mainly due to the genomic instability caused by FA and the lack of one or more FA proteins, which in turn inhibits or reduces the cell’s ability to repair any further DNA damage (Kutler et al., 2003a). 
Mutations in FANC genes were found to increase the risk of developing HNSCC due to inefficient DNA repair and thus chromosomal instability. However, non-FA HNSCC may develop due to mutations in other genes such as tumour suppressor genes including p53. A previous study looked at the genomes of two FA HNSCC patients and found that they have multiple alterations of their chromosomes which are similar to what is known in non-FA HNSCC patients, including mostly loss or gain of a whole chromosome arm (including the loss of 3p, 5q, 7q, 8p, 10p, 14q, 12q, 18q, and the gain of 1q, 3q, 5p, 7p, 8q, 9q, 12p, 17q, 18p, 22q) (Hermsen et al., 2001). The loss of FA function leading to the chromosomal instability along with the environmental factors that are known to be the main reason for developing HNSCC suggests that FA may facilitate the process of developing HNSCC in FA patients using similar pathways as for developing sporadic HNSCC (Kennedy and D'Andrea, 2005).  
[bookmark: _Toc475875423]Molecular and cellular basis of HNSCC in FA
The increased incidence of early-onset SCC in FA patients without any obvious external risk factors has been investigated previously. The question of why FA patients develop this specific tumour at the exact site remains unanswered. There is no doubt that some genetic instability can promote cancer, since many genetic instability syndromes such as Ataxia telangiectasia, Werner syndrome and Bloom syndrome as well as FA have the susceptibility for increased risk of early-onset cancers (Suhasini and Brosh, 2013). 
A study suggested a relation between FA cell chromosomal breakage and environmental oxygen concentration and that chromosomal breakage is decreased when growing FA cells in a hypoxic culture environment (5% v/v oxygen) (Joenje et al., 1981). This could be explained because In vivo increase of oxidative stress in FA patients which can lead to an imbalanced cellular system (Pagano et al., 2013b). Therefore, it is predicted that reactive oxygen species can be carcinogenic and can damage DNA in the absence of efficient DNA repair pathways which may explain why SCC develops in FA in a highly atmospheric oxygenated site (20% v/v). However, the relationship between FA genes and oxygen toxicity is still unclear. 


[bookmark: _Toc475875424]FA-HNSCC treatment
Some congenital malformation can be treated by plastic or orthopaedic surgery, such as skeletal abnormalities in thumbs and arms. Haematological abnormalities include the failure to form red blood cells, platelets or leukocytes. A short-term treatment for anaemia is a blood transfusion to increase the blood count level (Alter et al., 2003). The androgen and hematopoietic growth factor can be used, however it has been discovered that increased levels of androgens can increase serious side effects and cause liver tumours or liver adenomas (Federman and Sakamoto, 2005). 
The cumulative incidence in FA patients by the age of 25 for the haematological abnormalities and leukaemia are round 90% and 10% respectively, which can develop into aplastic anaemia and bone marrow failure (BMF) (Smith et al., 2010). Hematopoietic stem cell transplantation (HSCT) is used to treat progressive bone marrow failure in FA patients (Rosenberg et al., 2005). There is an 83% HSCT success rate if the donors are identical sibling human leukocyte antigens (HLA). However, there is an approximate 20% success rate for HSCT if the donors are unrelated HLA (Masserot et al., 2008).  
FA patients who survive to adulthood and have had BMT may have high susceptibly to certain cancers such as acute myeloid leukaemia (AML) or solid tumours (~63%), including head and neck squamous cell carcinoma, gynaecological (especially in vulva and vaginal), and liver tumours (Joenje and Patel, 2001). It is also reported that FA patients who have received stem cell transplantation are at 4.4 times higher risk of developing HNSCC compared to FA patients who have not received transplantation (Rosenberg et al., 2005, Tremblay et al., 2006). 
Complete surgical resection of the tumour is the most common therapeutic option for FA HNSCC patients (Schethenbach et al., 2012). This is due to the fact that FA patients are extremely sensitive to drugs used for non-FA HNSCC which are known to cause DNA cross linking such as mitomycin C (MMC), diepoxybutane (DEB) and cisplatinum (Kumar et al., 2008). Therefore, these treatments cannot be used in FA patients due to the high toxicities which lead to a fatal outcome. Radiotherapy can also be used for these patients but it has been reported to cause severe adverse effects as one third of FA HNSCC patients died during the radiotherapy course, as reported in a previous study (Kutler et al., 2003b). Therefore, FA HNSCC patients are treated using lower doses of radiotherapy compared to non-FA HNSCC patients.
[bookmark: _Toc475875425]FA-HNSCC risk factors  
Excessive tobacco abuse and alcohol consumption are the most common risk factors for sporadic HNSCC. However, a previous study showed that only ~15% of FA-HNSCC patients were alcohol or tobacco abusers (Kutler et al., 2003b), suggesting that other factors may contribute to developing HNSCC in FA patients including human papilloma virus (HPV) infection or microbiome in oral infection. These factors will be discussed in more detail.
0. [bookmark: _Toc475875426]Tobacco and alcohol consumption
Acetaldehyde is a product that is produced from ethanol metabolism and is reported to have carcinogenic effects. A previous study has rated it to be part of group 1 carcinogens. It can cause DNA lesions, especially DNA interstrand cross links, which in turn activates the FA pathway. Therefore, a functional FA pathway is required for repairing the damage caused by acetaldehyde (Langevin et al., 2011). 
In addition to the fatal pathogenesis of acetaldehyde, it might play a role in FA patients. A previous study reported an increased rate of bone marrow failure in FA patients with dominant negative Aldehyde Dehydrogenase 2 Family (ALDH2) which is involved in alcohol metabolism. This confirms the effect of Acetaldehyde, especially in the case of the non-functioning FA pathway (Hira et al., 2013).
Tobacco abuse and inappropriate consumption of alcohol are the most significant factors associated with HNSCC (Hashibe et al., 2009). However, in contrast to normal individuals, a study within the International Fanconi Anaemia Registry (IFAR) reported that only 3 out of 19 patients FA-HNSCC patients were tobacco and alcohol abusers, suggesting a lesser association between tobacco and alcohol consumption and FA HNSCC (Kutler et al., 2003b, Schethenbach et al., 2012). 
0. [bookmark: _Toc400901652][bookmark: _Toc475875427]Human papilloma virus (HPV) infection 
25% of sporadic HNSCC (largely oropharynx) is suggested to result from infection with HPV types 16 and 18 (Velleuer and Dietrich, 2014). Studies showed that the HPV life cycle can be stopped by a functional FA pathway (Spardy et al., 2008). Loss of FA pathway function leads to an accumulation of E7 and increased in epithelial proliferation in HPV-positive epidermis (Romick-Rosendale et al., 2013). The most common FA HNSCC is located in the oral cavity, while most HPV HNSCC is located in the oropharynx. For gynaecological tumours, the vulva and anus are the most common places affected by FA related tumours, while cervix tumours are affected by HPV-related tumours (Kutler, 2003). 
Previous studies were conducted to investigate the relation between HPV and HNSCC in FA patients in populations from the United States of America (USA) and Europe (EU) (Kutler, 2003, van Zeeburg et al., 2008, Park et al., 2010, Alter et al., 2013). The studies investigated the major risk factors in developing HNSCC in FA patients including infection with HPV and the presence of mutations in TP53. In the USA, Kutler and his co-workers found that 84% of SCC from 24 FA patients were HPV-16 positive but none had mutation in p53 (Kutler, 2003). On the other hand, the European study findings in 19 FA HNSCC patients were not similar to the findings of the USA study. The results showed that all 21 FA HNSCC patients were HPV negative, only two cases were HPV positive which is related to the anogenital region, and more than 50% were found to have mutations in p53 similar to sporadic HNSCC (van Zeeburg et al., 2008, Park et al., 2010, Alter et al., 2013). 
Both studies used a similar method of investigation. They used polymerase chain reaction (PCR) to amplify HPV DNA, however, the primers used and the target DNA would play an important role in the sensitivity of the detection. In addition, the European study used an appropriate positive control, while the American study did not provide any information on the controls used. The two studies looked at mutations in TP53 by amplifying and sequencing certain areas in TP53. Although the American study looked at a larger target (exons 4-9) than the European study (exons 5-9), they still did not find any mutations in it, however, there are still untested regions of the TP53 genes which could contain mutations. Although exons 5-9 are known to have the most mutations associated with HNSCC, due to the differences in the ethnic background of these two populations, mutations can occur in different regions of the TP53 (van Zeeburg et al., 2008, Kutler, 2003). The studies showed conflicting results which leaves the question of the relationship between HPV and HNSCC in FA unanswered. A conclusion cannot be drawn from these results, especially when the method used was similar. A recent study by Alter and colleagues on nine tumours from FA patients found that only one patient being HPV positive and located in anogenital (Alter et al., 2013).
A more recent study compared the susceptibility of developing HNSCC for different mice groups. They looked at normal mice and compared them to FANCD2 knock out mice when treated with a carcinogen. They found that there is significantly increased risk of developing HPV positive HNSCC in FANCD2 deficient mice. Their conclusion was that a deficiency in the FA pathway increases the risk of developing HPV positive HNSCC due to the carcinogenic effect of E7 protein produced by the HPV virus, although their study did not look at the direct relation between FA deficiency and HPV infection (Park et al., 2010).
There is no specific test to investigate the involvement of HPV in the development of FA HNSCC. Therefore, the association of HPV with FA HNSCC was ignored in many studies which might affect the results of these studies as HPV HNSCC has different molecular characteristics (Braakhuis et al., 2009). However, given the suggested association, vaccination against HPV is recommended for both sexes in FA patients.
0. [bookmark: _Toc475875428]Role of microbiome in FA-HNSCC  
Poor hygiene and dental care have been considered as possible risk factors for sporadic HNSCC as a result of a change in the floral mouth bacteria combined with response to pathogenic inflammation (Marttila et al., 2013).
Two thirds of HNSCC cases are located in oral cavities in FA patients, mostly in the tongue and the gingival areas. The latter is the site for periodontal disease affecting gingiva, cementum, periodontal ligament, alveolar bone, and teeth alveolar bone. It has also been reported that transplantation of bone marrow (BM) in FA patients can increase the risk of periodontal disease (Masserot et al., 2008, Tan et al., 2011).  
In 2005, Mager and his team proposed the salivary microbiome as a diagnostic factor for oral cancer. The aim was to compare the bacterial growth in the saliva between healthy individuals and OSSC patients. They found that Capnocytophaga gingivalis and Prevotella melaninogenica of the Bacteroidetes and Streptococcus mitis were largely increased in OSCC patients compared to healthy people (Kutler, 2003). 
In 2013, a study was conducted by Luko and colleagues in 3 different groups of children with FA, FA HNSCC and HNSCC to compare the prevalence of periodontopathic bacteria. They tested the saliva for four different periodontopathic bacteria including Porphyromonas gingivalis, Aggregatibacter actinomycetemcomitans, Treponema denticola and Fusobacterium nucleatum. The most frequent pathogenic among all groups was P. gingivalis, while the least frequent was T. denticola. 95.6% of P. gingivalis were in FA HNSCC, 84% were in FA and 75% were in HNSCC, suggesting the importance of P. gingivalis in the pathogenesis of FA HNSCC (Lyko et al., 2013). 
It is worth noting that smoking may increase the ability of the microbiome to produce acetaldehyde that would further increase the carcinogens. Therefore, proper oral hygiene is important to eliminate the microorganism involved in the metabolism of acetaldehyde, especially in FA patients in order to reduce the risk of developing OSCC (Romick-Rosendale et al., 2013). 

[bookmark: _Toc514111137]Conclusion
[bookmark: m_-5852713092685601063__Toc475875430]Very little is known about the molecular pathogenesis of FA HNSCC patients. Most patients do not smoke or drink, which are the major factors contributing to the development of sporadic HNSCC. In addition, HPV association with FA HNSCC is still debatable. Therefore, it is expected that there are other factors in the oral cavities of these patients that contribute to the development of HNSCC in FA patients.
[bookmark: _Toc514111138]Hypothesis and aims
The expression and activation of Fanconi genes and their associated proteins are altered in non-FA HNSCC. Moreover, other factors in the oral environment such as mouth microbiome contribute to the increased risk of HNSCC in FA patients. Therefore, the main aims of this project are to:
1- Determine if the expression of FANC genes is altered in non-FA HNSCC.
2- Define the effect of the alterations in FANC genes on cells in response to the DNA damage agent.
3- Identify possible factors in the oral environment which may cause DNA damage.



[bookmark: _Toc514111139]Chapter two: Materials and methods


[bookmark: _Toc514111140]Materials 
[bookmark: _Toc514111141]Working solutions
Various buffers and working solutions were prepared according to their manufacturer guideline (table 2.1). 
[bookmark: _Toc514111214]Table ‎2.1: buffers and working solutions used in this study 
[image: ]


[bookmark: _Toc514111142]Cells used in the project 
Four different types of cells were used in this study:
· Normal oral keratinocytes (NOK): `OK17, OK19, OK21, NOK8, NOK334 
· Immortalised oral keratinocyte FNB6TERT, OKF4 and OKF6. 
· Non- FA head and neck squamous cell carcinoma (HNSCC): H357, B22, B16. And TR146
· HNSCC derived from FA patients (FA-HNSCC) including OHSU-974, OHSU-FAA and VU1131. OHSU-974 cells which have has a mutation in FANCA. OHSU-FAA are OHSU974 cells which have been previously complimented with wild type (WT) FANCA cDNA. VU1131 has a mutation in FANCC. 
The normal oral keratinocytes cells and head and neck squamous cell carcinoma were obtained from the School of Clinical Dentistry, Sheffield University. VU1131 cells were generously donated by Dr Johan de winter (VUMC, Amsterdam). OHSU-974 and OHSU-FAA cell lines were donated by Dr Grover Bagby (Oregon Health and Science University, United States), via the Fanconi Anaemia Research Fund (FARF) (Refer to table 2.2). 



[bookmark: _Toc514111215]Table ‎2.2: table showing the cells used in this study along with their histology, tissue source and culture medium needed for their growth.
	Histology
	Cell name
	Tissue source
	Culture medium 
	Reference 

	Normal oral keratinocyte
	Oral Keratinocyte 17 (OK17)
	Buccal mucosa
	Keratinocyte Growth Medium (KGM) 
	isolated from healthy volunteers



	
	Oral Keratinocyte 19 (OK19)
(OK19)
	
	
	

	
	Oral Keratinocyte 21 (OK21)
(OK21)
	
	
	

	
	Normal Oral Keratinocyte 8    (NOK 8)
	
	
	

	
	Normal Oral Keratinocyte 334 (NOK 334)
	
	
	

	Immortalised normal keratinocyte
	FNB6 hTERT (FNB6)
	Floor of mouth 
	
	(McGregor et al., 2002)

	
	OKF4
	
	
	(Hu et al., 1991)

	
	OKF6/TERT-1 (OKF6)
	
	
	(Dickson et al., 2000)

	Head and neck Squamous cell carcinoma (HNSCC)
	H357
	Tongue
	
	(Prime et al., 1990)

	
	BICR 22 (B22)
	Neck lymph nodes
	
	(Edington et al., 1995)

	
	BICR 16 (B16)
	tongue
	
	

	
	TR146
	Neck lymph nodes
	
	(Rupniak et al., 1985)

	Fanconi Anaemia head and neck squamous cell carcinoma (FA-HNSCC)  
	OHSU-974
	Tongue
	Roswell Park Memorial Institute (RPMI) 
	(van Zeeburg et al., 2005)

	
	OHSU-FAA
	Tongue
	
	

	
	VU1131
	Floor of mouth

	Basic medium
	




[bookmark: _Toc514111143]Cell culture media 
Different culture media was used for each specific cell line according to their individual cell culture requirements (table 2.3). 
[bookmark: _Toc400901704][bookmark: _Toc514111216]Table ‎2.3: Culture media used throughout the study
	Medium 
	Supplements 
	Final concentration 

	Keratinocyte growth media (KGM)
	
	

	

	Dulbecco's Modified
Eagle Medium (DMEM)
	69% 

	
	Nutrient Mixture F-12 (Ham's F-12)
	27%

	
	Foetal Calf serum (FCS) 
	10%

	
	Adenine 
	1.8e-4 M

	
	Hydrocortisone 
	0.5 μg/ml

	
	Insulin 
	5 μg/ml

	
	L-glutamine 
	2 mM/mL

	
	Epidermal growth factor (EGF)
	10 ng/mL

	
	Penicillin/streptomycin  (P/S)
	100 IU/ml

	Roswell Park Memorial 
Institute medium (RPMI)

	
	RPMI 1640,medium
	89%

	
	Foetal Calf serum (FCS)
	10%

	
	Penicillin/streptomycin (P/S)
	5 μg/ml

	
	Insulin
	5 μg/ml

	
	Hydrocortisone
	0.5 μg/ml

	
	amphotericin b (Fungizone)
	2.5 μg/ml

	Basic medium
	

	
	Dulbecco's Modified
Eagle Medium (DMEM)
	90%

	
	Foetal Calf serum (FCS)
	10%

	
	L-glutamine 	
	2 mM/mL



[bookmark: _Toc400901659][bookmark: _Toc514111144]Antibodies 
Different antibodies were used to detect different proteins of interest including FANCA, FANCC and FANCD2 which were investigated using western blotting and immunohistochemistry, while antibodies which bind to FANCD2, γH2AX and 53BP1 were used for immunofluorescence as shown in table 2.4. 
[bookmark: _Toc400901705][bookmark: _Toc514111217]Table ‎2.4: List of antibodies used in western blot, immunohistochemistry and immunofluorescence along with their host animal, dilution used, reference and manufacturer.
	Antibody name
	Host Animal 
	Antibody dilution 
	Reference number 
	Manufacturer, country 

	Western blot (WB)
	 
	 
	 
	 

	 Anti-FANCA Antibody
	Rabbit
	1:1000
	ab5063
	Abcam, UK

	 Anti-FANCD2 Antibody
	Mouse
	1:1000
	ab12450
	Abcam, UK

	 Anti β-actin antibody
	Mouse
	1:1000
	ab8226
	Abcam, UK

	(Secondary antibody) Polyclonal Goat Anti-Mouse Immunoglobulins/HRP
	Goat
	1:1000
	P 0447
	Dako, Denmark UUKDenmark

	(Secondary antibody) Polyclonal swine Anti-rabbit Immunoglobulins/HRP
	Rabbit
	1:1000
	P 0399
	Dako, Denmark

	Immunohistochemistry (IHC)
	 
	 
	 
	 

	 Anti-FANCA Antibody
	Rabbit
	1:250
	SAB2900407
	Sigma-Aldrich, UK

	 Anti-FANCC Antibody
	Rabbit
	1:200
	Ab102788
	Abcam, UK

	 Anti-FANCD2 Antibody
	Rabbit
	1:150
	ab108928
	Abcam, UK

	 Anti-Ki67 Antibody
	Rabbit
	1:200
	Ab16667
	Abcam, UK

	(Secondary antibody) Biotinylated Goat Anti-Rabbit IgG Antibody
	Goat
	1:200
	BA-1000
	Vector laboratories, UK

	Immunofluorescence (IF)
	
	
	
	

	Anti-FANCD2 Antibody
	Mouse
	1:1000
	Ab12450
	Abcam, UK

	Anti-53BP1 Antibody
	Rabbit
	1:1000
	Ab36823
	Abcam, UK

	Anti-phospho-Histone H2A.X (Ser139) Antibody, Clone JBW301
	mouse
	1:1000
	05-636
	MERCK MILLIPORE,UK

	Goat anti-Mouse IgG (H+L) Secondary Antibody, Alexa Fluor 488 conjugate Secom Secondry

,ccsSecondary Ant
	Goat 
	1:1000
	A-11001
	Thermo Fisher Scientific, UK


	Goat anti-Rabbit IgG (H+L) Secondary Antibody, Alexa Fluor 594 conjugate
	Goat 
	1:1000
	A-11012
	Thermo Fisher Scientific, UK


[bookmark: _Toc400901660]



[bookmark: _Toc514111145]TaqMan probes
TaqMan probes used for qPCR for genes including FANCA, FANCC, FANCD2, FANCI, FANCE, FANCL, UB2T and USP21 (table 2.4) were manufactured by Life Technologies, UK.  
[bookmark: _Toc400901706][bookmark: _Toc514111218]Table ‎2.5: TaqMan probes used in this study. 
	Gene symbol
	Gene name
	Species
	Assay ID
	NCBI reference number
	Catalogue number 

	FANCA
	Fanconi anaemia, complementation group A
	Human 
	Hs01116668_m1
	NM_000135.2
	4331182

	FANCC
	Fanconi anaemia, complementation group C
	Human
	Hs00984545_m1
	NM_000136.2
	4331182

	FANCD2
	Fanconi anaemia, complementation group D2
	Human
	Hs00276992_m1
	NM_001018115.1
	4331182

	FANCE
	Fanconi anaemia, complementation group E
	Human
	Hs00222482_m1
	NM_021922.2
	4331182

	FANCI
	Fanconi anaemia, complementation group I
	Human
	Hs00383049_m1
	NM_001113378.1
	4331182

	FANCL
	Fanconi anaemia, complementation group L
	Human
	Hs01015745_m1
	NM_001114636            
	4331182

	UB2T
	ubiquitin-conjugating enzyme E2T 
	Human
	Hs00928040_m1
	NM_014176.3
	4331182

	USP1
	ubiquitin specific peptidase 1
	Human
	Hs00163427_m1
	NM_001017415.1
	4331182

	B2M
	(Endogenous control)
Beta-2-Microglobulin
	Human
	Hs00984230_m1
	NM_004048.2
	4453320


[bookmark: _Toc514111146]Methods
[bookmark: _Toc400901662][bookmark: _Toc514111147]Cell culture
Recovery of cells from liquid nitrogen storage container 
Cell vials were recovered from liquid nitrogen and thawed in a water bath at 37°C for 90 seconds or until just a small ball of ice was left in centre of the vial, so that the vial was not completely defrosted. Next, the vial was gently wiped with 70% Ethanol and transferred into laminar flow cabinet class II (Walker, UK) to work in a hygienic place.
To remove Dimethyl sulphoxide (DMSO) from the cells, 3 ml of pre-warmed complete growth medium was suspended in a conical tube to which the contents of the cryovial were added and centrifuged at 400 x g for 5 minutes. Then the supernatant was discarded, and the cell pellet was re-suspended in 15 ml of complete growth medium and transferred into T75 tissue culture flask. The tissue culture flask was incubated in a Galaxy incubator (Eppendorf, USA) at 37°C with 5% CO2 level and 100% humidity.  
Trypsinization of cells   
In this step trypsin is used to cleave the proteins which bind the cells onto tissue culture flask wall, therefore detaching them from the surface. 
After discarding the growth media, phosphate buffer saline (PBS) (without Ca2+/Mg2+) was used to wash the cells twice to reduce any trace of serum left in the flask which can affect trypsin activity. 3 ml per 25 cm2 of 1x Trypsin/EDTA (ethylene demine tetra acetic acid) was added into tissue culture flask and rotated to cover all the cells in the flask, then the flask was incubated for approximately 3 to 5 minutes at 37°C, 5% CO2 (table 2.5).
Following that, to neutralise the solution and inactivate the trypsin, twice the volume of fresh growth medium was added and centrifuged for 5 minutes at 200 x g. Finally, the supernatant was discarded and the pellet is now ready for passaging, harvesting or further study. 
Splitting or passaging the cells
After the trypsinization step the cell pellet was resuspended and diluted using different dilutions levels depending on the cell confluence and flask size. Then some of the prepared dilution was added to new fresh medium and incubated at 37°C, 5% CO2 (table 2.6).
[bookmark: _Toc514111219][bookmark: _Toc400901707]Table ‎2.6: Table showing the properties of tissue culture flasks used 
 (Life Technologies, UK)  
	Flask Type
	Surface area (cm2)
	Estimated Seeding density
	Estimated Cells at confluence
	Trypsin (ml of 0.05%EDTA)
	Growth medium (ml) 

	T-25
	25
	0.7X106
	2.8X106
	3
	3-5

	T-75
	75
	2.1X106
	8.4X106
	5
	8-15

	T-160
	162
	4.6X106
	18.4X106
	10
	15-30


Harvesting or pelleting cells 
Harvesting or pelleting cells allows for extraction of DNA, mRNA or protein for further studies. After the cells have been trypsinized the cell pellet was washed using 1 ml of sterile PBS and then transferred into 1.5 eppendorf tube and centrifuged for 5 minutes at 200 x g then the supernatant was completely removed. After that, the pellet is ready for further study or it can be stored at -80 °C.
Cell counting 
Cell counting process started by fixing the cover slip on the haemocytometer (Neuberger, Cambridge, UK) after being wiped with 70% ethanol. Then 10μl of the cell suspension and same volume of trypan blue vital stain 0.4% (Invitrogen, UK), which is used to distinguish between viable and unviable cells, was added into eppendorf tube and mixed well. Following that, 10 µl from the suspension was dispensed in Newton ring, which is in the area between cell counting grid and the cover slip. After that the cells were counted under the microscope with 10x magnification power objective lens. All four squares were counted then divided by 4 and finally multiplied by 10,000. The final cell count is derived as the number of cells per ml. The living cells appear colourless under the microscope, while the dead cells stained blue.
Storage of cells vials in liquid nitrogen 
The process of storing the cells vials in liquid nitrogen was performed as follows, cells were trypsinized and resuspended in 5 ml fresh medium. Next, the cells were counted, aiming to produce 1 million cells/ml in the suspension. Dimethyl sulfoxide (DMSO) (Sigma-Aldrich, UK) was added in percentage of 10% in fresh medium. 1 ml of the final solution was aliquoted into cryoprotective ampules tube then the vials are stored in Mr Frosty (a freezing container filled with isopropyl alcohol) the cryotubes is labelled with the name of the cell line, passage number, density and freezing date. Finally Mr Frosty placed at –80 °C for 24-72 hours and then cryoprotective tube stored into liquid nitrogen for long-term storage.
[bookmark: _Toc400901663][bookmark: _Toc514111148]Quantitative real-time polymerase chain reaction (qPCR)
This technique involves six steps, which are mRNA extraction, mRNA quantification and dilution, reverse transcription, mRNA detection and finally data analysis. 
Sample preparation
Total cellular RNA was extracted using ISOLATE II RNA Mini Kit (Bioline kit, UK) following the manufacturer’s guidelines as follows; cell pellet were resuspended in lysis buffer containing guanidine thiocyanate that deactivates endogenous RNase thus producing intact mRNA. 70% Ethanol was then added to the sample to increase affinity of mRNA towards binding to column membrane. The sample was placed in the provided spin column containing silica membrane. RNase-free DNase was used to remove DNA contamination. Cellular components were then removed by washing the column with the provided two buffers. Finally, purified mRNA was eluted in RNase-free water.
The mRNA concentration and quality were then measured using a NanoDrop ND-1000 spectrophotometer (NanoDrop Technologies, USA) at Absorbance of 260nm. Samples with value for 260/280 nm absorbance ratio ≥ 1.9 are considered of good quality. All mRNA samples were then diluted to concentration of 100 ng/µl in order to minimise any possible variation in the results. 
The equation used for the dilution was: 
C1 X V1= C2 X V2
Where C1= current mRNA concentration, C2= target concentration =100 µl, V1= current sample volume and V2= target volume
The mRNA Samples were then reverse transcribed into cDNA using High Capacity cDNA Reverse Transcription Kits (Life Technologies, UK) following the manufacturer’s guidelines.  A mixture of 1 µg mRNA, 2 µl 10x RT Buffer, 0.8 µl 25✕ dNTP Mix (100 mM), 2 µl 10✕ RT Random Primers, 1 µl MultiScribe Reverse Transcriptase,1 µl mRNase Inhibitor (Thermo Fisher Scientific, UK), was added, and adjusted to total volume of 20 µl with Nuclease-free H2O. Then the mixture was added to thermal cycle machine with the following parameters: 25⁰C for 10 minutes, 37⁰C for 120 minute, 85⁰C for 5 minutes and on hold at 4⁰C. 
qPCR master mix (TaqMan® Gene Expression Master Mix, Thermo Fisher Scientific, UK), β2macroglobin (B2M) and primers and probes (Table 2.4) were supplied by Applied Biosystems, UK). Samples were prepared according to the manufacturer’s guidelines as follows: a mixture of 5 µl master mix, 0.5 µl probe and primer mix, 0.5 µl B2M 1 µl previously prepared mRNA/cDNA and 3 µl dH2O. Samples were prepared in triplicate and loaded into a 96-well plate (Applied Biosystems, UK). The wells were capped and the plate centrifuged at 400 x g for 3 minutes. The qPCR setup was made using SDS 2.4 software (Life Technologies, UK) following the settings in table 2.6 using ABI 7900HT real time system.
[bookmark: _Toc400901708][bookmark: _Toc514111220][bookmark: _Hlk512259094]Table ‎2.7: qPCR cycling parameters
	Step name
	Time 
	Temperature 
	Cycles 
	Purpose 

	UmpErase activation
	2 minutes
	50C
	1
	Activation of UmpErase to remove any DNA contamination.

	Enzyme activation
	10 minutes
	95C
	1
	To activate the hot start DNA polymerase

	Denaturation
	15 seconds
	95C
	40 cycles
	Separate the two strand of DNA

	Annealing/ Extemsion 
	1 minute
	60C
	40 cycles
	Binding of primers/ doing the actual amplification


Data analysis 
Microsoft Excel was used to analyse the generated raw data (from RQ manager software) and produce the figures using relative quantification comparative delta threshold cycle (∆CT) method. CT refers to the first cycle where the target protein is detected. While ∆CT is calculated by subtracting CT from target protein from CT from endogenous control (house-keeping gene B2M) since endogenous control is expected to similar across all cells tested. ∆CT was measured using the following equation:
∆CT= CT endogenous – CT target
Each sample was carried out in triplicate to ensure accurate detection. In addition, an endogenous control was used as positive control and for normalisation of mRNA level variation.
[bookmark: _Toc514111149]Western blotting (WB)
Protein lysate extraction
Cell pellets were re-suspended in 50-100 µl (depend on pellet size) lysis working solution. The lysis working solution was made by mixing 1 ml of radio-immunoprecipitation assay (RIPA) buffer (Sigma -Aldrich, UK) with 143 µl of complete, Mini, EDTA-free Protease Inhibitor Cocktail (Roche, UK), which was prepared by diluting one tablet in 1500 µl dH2O. After that, the cell lysates were incubated for 15-30 minutes on ice followed by 10 minutes centrifugation at 15,000 x g to purify protein content. The supernatants were stored in 1.5 ml eppendorf tubes at -20°C for later protein quantification. 
Protein quantification
Colorimetric Bicinchoninic acid (BCA) protein assay kit (Thermo Fisher Scientific, UK) was used according to the manufacturer’s guidelines to measure protein concentration in each sample. This is then detected using spectrophotometer plate reader at 570nm absorption (POLARstar Omega Microplate Reader, BMG LABTECH).  
Protein quantification was performed as follows, Pierce BCA Protein Assay Kit (Thermo Fisher Scientific, UK) was used by mixing reagent A and B together at concentration 50:1 according to manufacturer guideline, followed by the addition of 200 µl per well of BCA working solution in 96-well plate. Then the samples were diluted to concentration 1:10, of which 10 µl was added and mixed with BCA in each well. Each sample was carried out in triplicate. In addition, in order to produce a standard curve to allow quantification of the target protein, 10 µl per well of serially diluted protein with known concentration was prepared using bovine serum albumin (BSA). BSA standard, 2 mg/ml (Thermo Fisher Scientific, UK) was then added to BCA, and was performed in triplicate, using the following concentrations 2 mg/ml,1 mg/ml, 0.5 mg/ml, 0.25 mg/ml, 0.125 mg/ml, 0.0625 mg/ml, 0.03125 mg/ml, 0 mg/ml. The plate was then incubated at 37°C, 5% CO2 for 30 minutes. Following that, absorbance at 562nm was determined using a spectrophotometer reader. Quantification was performed by comparing the values of each of the samples and plotting them against the standard curve of known protein concentration which in turn gives values of the concentration of the protein of interest, this was performed using Microsoft Excel (Microsoft, USA). 
The samples were prepared to contain 50 µg protein in 20 µl total volume including the loading dye (bromophenol blue, Sigma-Aldrich, UK) which was used to visualize protein migration through the gel. Then the samples were denatured by heating at 95°C for 5 minutes.
SDS-PAGE 
First, two cassettes containing a pre-cast gel Nu-PAGE 4-12% Bis-Tris gel, NOVEX (Invitrogen, UK) were set in XCell SureLockTM mini-cell electrophoresis system tank (Invitrogen, UK) which is filled with 1X NuPAGE Running buffer (50 ml of NuPAGE MOPS SDS running buffer (20X) (Invitrogen, UK), 950 ml of dH2O). The cassette combs were removed gently and washed with the same running buffer to insure that there was no retained unpolymerized acrylamide. 20 µl of protein samples were loaded into pre-cast gels along with10 µl of EZ-Run Pre-Stained Rec Protein ladder (Thermo Fisher Scientific, UK). The electrophoresis was set at 120 volts for approximately one and half hour at which stage the proteins were separated. 
Transfer to PVDF membrane
SDS-PAGE gels were gently removed from the cassette following electrophoresis and soaked in 1X NuPAGE Transfer buffer (50 ml NuPAGE transfer buffer (20X) (Invitrogen, UK), 200 ml Methanol, 750 ml dH2O). Then, PVDF membrane (Thermo Fisher Scientific, UK) was directly placed over the gel, followed by three sponges and three Whatman filter papers (Sigma-Aldrich, UK) from each side. Then the cassette was locked and proteins were transferred to the membranes at 60 volts for one hour using a Mini Trans-Blot Electrophoretic Transfer Cell (Bio-Rad, UK).
Immunolabelling and protein detecting 
The membrane has high affinity for protein binding, thus, a blocking step is very important to reduce non-specific binding which will reduce background and improve specificity. 5% skimmed milk powder in 1X TBS-Tween (TBST) buffer (1 L 10X Tris-buffered saline (TBS) buffer (Sigma-Aldrich, UK), 10 ml TWEEN 20, 8.99 L dH2O) was used as blocking buffer for one hour at room temperature with constant agitation. The membrane was then incubated overnight with primary antibody diluted in blocking buffer in a suitable ratio under gentle rotation at 4⁰C (refer to table 2.4). The next day, the membrane was washed three times using 1% TBST buffer to remove unbound primary antibody and reduce background. Then the membrane was incubated for one hour in blocking buffer with HRP-conjugated secondary antibody solutions (horseradish peroxidase conjugated) for one hour in room temperature in gentle agitation. After that, the membrane was washed three times with 1% TBST buffer, to get rid of unbound secondary antibody.   
The detection steps started by adding ECL plus western blotting detection (GE Healthcare Amersham Ltd, UK). ECL interacts and detects HRP of the secondary antibody and thus detecting the protein of interest. The manufacturer protocol was followed by mixing 1 ml from reagent A with 25 µl from reagent B and spreading the solution equally to cover the membrane. Then the membrane was covered by Caterwrap cling film and incubated with x-ray film (CL-XPousre film, Thermo Fisher Scientific, UK) in x-ray cassette (Kodak,USA) in dark room. Finally, the film was placed in X-ray machine (CompactX4, Exograph). The exposure time for incubation vary depending on protein level ranging between 1-30 minutes. 
The membrane was incubated in restore stripping buffer (Thermo Fisher Scientific, UK) for 15 minutes at room temperature. The membrane was then incubated with anti-β actin antibody diluted in blocking buffer in a suitable ratio under gentle rotation at 4oC for one hour (refer to table 2.3). Then the membrane was washed three times using 1% TBST buffer. After that, the membrane was incubated for one hour in blocking buffer with HRP-conjugated secondary antibody solutions (refer to table 2.3). After washing the membrane, the detection steps mentioned above were then applied. 
Band density quantification
The density of the gel band was quantified using ImageJ software v1.48 (National Institutes of Health, USA). This software gives an approximate value depending on the density of the band. This was performed by scanning the film and the image was imported to ImageJ which gave value for each band. These values were normalised using the value of β-actin (loading control) to take into account loading variation. Clearly identifiable bands (non-saturated bands) were quantified using this method.



[bookmark: _Toc400901664][bookmark: _Toc514111150]Immunohistochemistry (IHC)
Optimisation
FANCA, FANCC, FANCD2 and KI67 antibodies were optimised in a human normal tonsil tissue which was used as a positive control in order to produce tissues with minimal non-specific staining. Tonsil tissue was chosen as they highly express FA proteins (Holzel et al., 2003)
Different concentrations for each antibody was optimised depending on the manufacturer recommendations, and the optimal staining with minimal background for each antibody were chosen. Three different antibody concentrations of 1:100, 1:200, 1:500 (according to the manufacturer guideline) were tested and 1:200 was chosen for FANCA, FANCC and Ki67 antibodies. While the FANCD2 antibody was tested using 1:100, 1:150, 1:200 and 1:500 concentration and 1:150 was chosen (refer to table 2.4).
In addition, the incubation time for the primary antibody was also optimised, different incubation time ranging from 6, 16 and 20 hours in 4⁰C for each primary antibody were also tested. FANCA, FANCC and KI67 were incubated for 20 hours at 4⁰C while FANCD2 staining was high, therefore incubation time was reduced to16 hours at 4⁰C.
IHC assay
Formalin fixed paraffin embedded (FFPE) tissue sections (prepared by histology technicians, mounted on coated glass slides) were deparaffinised twice for five minutes each in Xylene, as incomplete deparaffinisation can lead to poor staining of the tissue section. The tissue was then hydrated in different concentrations of ethanol as follows, 100%, 70%, and 30% for 3 minutes each. Then the slide was incubated for 20 minutes in 3% Hydrogen peroxide (H2O2) in methanol at room temperature to block cellular endogenous peroxide. After that the tissue section was submerged in PBS. The slide must be wet all the time, as drying the slide can increase non-specific binding which leads to high background staining. 
The aim of the antigen retrieval is to break the bridges which were formed by methylene and allow the antibodies to bind with the antigen. There are two commonly used methods for antigen retrieval which are heat induced epitope retrieval (HIER) and proteolytic-induced epitope retrieval (PIER). The most common antigen retrieval method is heat induced epitope retrieval (HIER) with either acidic sodium citrate pH 6.0 or basic Tris/EDTA pH 9.0 in combination with heat resource such as microwave, vegetable steamer or pressure cooker. The temperature and the incubation time must be optimized properly in order to avoid destroying the cell morphology. Microwave and vegetable steamer were used for antibody optimisation and it was found that heating the antigen retrieval to 95⁰C in steamer for 30 minutes produced better antibody staining of target protein and this approach was deemed less damaging than the microwave method.
Sodium Citrate Buffer (10mM Sodium Citrate, 0.05% Tween 20, pH 6.0) was used for antigen retrieval, then tissue slides were placed in a vegetable steamer for 30 minutes, then the tissue was cooled for 15 minutes in PBS. Blocking was carried out to minimise the nonspecific staining by incubating the tissue in normal blocking serum, in the same species as the secondary antibody was made (Vector laboratories, USA), for one hour at room temperature. Following that, the tissue was washed in PBS twice for five minutes. Then the primary antibody dilution (refer to table 2.4) was prepared, which was optimised by testing serial dilutions in a known positive control section (tonsil tissue) and choosing the dilution that shows the best detection with the lowest background, in the same serum which was used in blocking and incubated overnight at 4⁰C. For each run a negative (no primary antibody used) and positive (staining of tonsil tissue) controls were included to insure the validity of the staining. 
On the following day, the tissue was washed in PBS three times for 5 minutes. Then, the tissue was incubated in biotinylated secondary antibody solution from Vectastain Elite ABC Kit (Vector laboratories, USA) for 30 minutes at room temperature. This was followed by three PBS washes and then incubation in VECTASTAIN Elite Avidin and Biotinylated horseradish peroxidase substrate (ABC) mix, which was prepared according manufacture’s guideline, for 30 minutes. The tissue was washed twice and incubated in DAB Peroxidase (HRP) Substrate Kit (Vector laboratories, USA) for 5-8 minutes to develop the staining. Finally, the tissue was rinsed in distilled water to stop the reaction. The tissue was immersed in haematoxylin then 0.1 acid alcohol, Scott’s tap water, 95% and 100% concentration ethanol and xylene. Finally, DPX permanent mounting media was used to fix the cover slide into the slide. 
Scoring of Immunohistochemistry
The staining from the IHC assay was assessed using Histoquest software (TissueGnostics, Vienna, Austria). The stained and mounted slides were scanned using a Nanozoomer S210 Digital Slide scanner (Hamamatsu Photonics, Welwyn Garden City, UK). The scanned slides, including all positive and negative control slides for each antibody were loaded into the Histoquest software. For each stain, an algorithm for assessment of nuclear DAB staining was selected and the software run to auto detect the nuclei in the control sections (positive and negative). This allowed the setting of the thresholds for positive and negative staining, which could be adjusted to allow for background staining. In each experimental section (normal and cancer), four regions of interest (ROI) were marked in each slide, each encompassing at least 200 nuclei. The agreed analysis parameters were then propagated to all slides and the analysis run.  The output was % of positive nuclei (above the threshold) for 4 ROIs in each slide.  The mean of the 4 ROIs was used in further analysis. Details of samples used in the clinical cohort are shown in table 2.8. The scoring of IHC was performed under the supervision of a specialist pathologist (Prof. Keith Hunter)

[bookmark: _Toc514111221]Table ‎2.8: Details of IHC biopsies used in the clinical cohort
. The table illustrates the patients’ age, gender, tissue site, diagnosis and tumour stage. The cases include 10 normal individuals, 11 HNSCC patients and 3 FA-HNSCC patients. [image: ]T2 N1
T1 N0
T1 N0
T4a N1
T1 N0
T1 N0
T4a N2b
T4a N2b
T1 N0
T1 N0


*N/A=not applicable, M=male, F=female



[bookmark: _Toc400901665][bookmark: _Toc514111151]Cyquant assay 
Cyquant assay was used as a cytotoxicity assay to calculate EC25 and EC50 Cisplatin (cis-Diammineplatinum (II) dichloride, Pt (NH3)2 Cl2), (Sigma Aldrich, UK) on non-FA HNSCC and FA-HNSCC cells. Cyquant measures DNA content via binding of a fluorescent dye, giving a measurement of the number of cells (Jones et al., 2001).
CyQUANT® NF Cell Assay Kit (Invitrogen, UK) was used according to the manufacturer guidelines as follows: cells were seeded then after 24 hours cells were treated with a dose range of cisplatin (including 0.1 µM, 1µM. 10 µM, 25 µM, 50 µM and 100µM) for 24 hours. Next day, growth media were removed and 100 µl 1 X dye binding solution (22 µl CYQUANT NF dye reagent with 11 ml 1XHBSS) was dispensed into each well and incubated for one hour at 37°C. The fluorescence intensity was measured using fluorescence microplate reader at 485 nm excitation and 530 nm emission.
EC25 and EC50 values were then calculated for each cell line by plotting 25% and 50% in the curve generated using the above serial dilutions using Microsoft Excel. The optimisation was performed for all different cells used.
[bookmark: _Toc514111152]Immunofluorescence (IF)
Immunofluorescence is mainly used to visualize a specific antigen after it has been fluorescently labelled within the tissue. In this project indirect method was used by using secondary antibody conjugated with dye which aimed to bind to primary antibody that is bond to the antigen of interest. The advantage of using the indirect method is that it has greater sensitivity, in expensive in addition to the ability of more than one secondary antibody to bind to primary antibody which lead to enhanced fluorescence.  
Sample preparation 
After investigation of FANC gene expression in large panel of non-FA HNSCC, four cells were used in these experiments: HNSCC (H357, B22) and FA-HNSCC (OHSU-974, VU1131) due to time limitations. 
Seeding was performed for each cell in three different conditions as follows. Cells were seeded onto Millicell EZ SLIDE 8-well glass slides (MERCK MILLIPORE, USA). Cells were subjected to one of three different conditions: untreated, treated with cisplatin or Lipopolysaccharide from Porphyromonas gingivalis (LPS-PG) and washout. The untreated condition was performed by seeding the cells and incubating them for 48 hours before starting IF experiment. The treated (Cisplatin or LPS-PG) condition was performed by adding the treatment 24 hours after seeding and incubating it for another 24 hours before starting IF experiment. The washout condition was performed by seeding cells and incubating them for 24 hours, then adding treatment and incubate for 24 hours, finally washing out was performed followed by 48 hours incubation without drug before starting IF experiment. 
Cells were first washed three times in PBS and then fixed using 4x formaldehyde (PFA) for 10 minutes at room temperature, before being washed a further three times in PBS. Blocking followed by cell membrane permeabilization took place for one hour using 3% BSA in PBST (PBS+ 0.2% Triton X-100) at room temperature. After discarding the blocking solution, the cells were incubated in 1 µg/ml primary antibody (targeting FANCD2, γH2AX or 53BP1) in 3% BSA in PBS for two hours at room temperature to bind to target antigen. Cells were then washed three times using PBS for five minutes each. Cells were then incubated with 1 µg/ml Alexa Fluor 488 Goat anti-Mouse IgG (H+L) Secondary Antibody or Alexa Fluor 594 Goat anti-Rabbit IgG (H+L) Secondary Antibody diluted in 3% BSA in PBS to bind with primary antibody, DNA was counterstained with 1 µg/ml (4',6-diamidino-2-phenylindole) DAPI in the dark for one hour at room temperature. The cells were then washed three times using PBS then immersed in dH2O. The cells were mounted in aqueous Immu-Mount medium (Thermo Fisher Scientific, UK) and covered with a coverslip and stored in the dark until analysis.   
Data analysis 
Immunofluorescence images were taken by Nikon Eclipse TE2000 inverted microscopes (Melville), using a Hamamatsu Orca ER camera (Prior Scientific, UK) on a 100x objective lens. Velocity 3.6.1 software (Improvision) was used for capturing and analysing the images. 10 separate fields of each condition containing 50-100 cells in total were scored. Nuclear foci were calculated and scored positive if there were more than five foci per nucleus. The percentage of positive cells was then calculated and the mean of three independent experiments was then calculated and compared between three conditions. 
[bookmark: _Toc514111153]Comet assay or Single Cell Gel Electrophoresis assay (SCGE)
The Comet assay is a sensitive and effective technique for detecting DNA damage and repair in eukaryotic cells. The term “comet” refers to the DNA migration from the nucleoid through electrophoresis, which resemble a comet. Under electric current, undamaged supercoiled DNA migrates slowly out of the nucleoid, whereas DNA fragmentations from damaged cells migrate faster from the nucleoid and resemble a larger comet. Alkaline comet assay was used to detect single and double strand DNA break as it can detect small amount of damage and more sensitive than Neutral comet assay which can only detect DNA double strand (Glukhov et al., 2008).
Sample preparation 
Four different cells were used in these experiments: HNSCC (H357, B22) and FA-HNSCC (OHSU974, VU1131). Cells were seeded in 6 well plate for each cell in three different conditions as follows.
Three different conditions were performed which were untreated, treated with Cisplatin or LPS-PG and washout. The untreated condition was performed by seeding the cells and incubating them for 48 hours before harvesting. While, treated condition was performed by adding the treatment 24 hours after seeding and incubating it for another 24 hours before harvesting. The washout condition was performed by seeding cells and incubating them for 24 hours, then adding treatment and incubate for 24 hours, finally washing out was performed followed by 48 hours incubation without drug before harvesting. 
Comet assay was performed using CometAssay® Reagent kit for single cell gel electrophoresis assay (TREVIGEN Inc., USA). Harvesting was performed as follows; the cells were trypsinized. PBS was then used to wash the cells. A solution of 20,000 Cells in 1000 µl cold PBS (Ca2+ and Mg2+ free) was combined with pre-heated 37°C low melting point agarose (LMA) at a ratio of 1:10 (v/v), 100 µl of which was embedded onto Trevigen microscope comet slide, which is specially made to enhance the adherence of the agarose, to cover the sample area. The comet slides were then incubated at 4°C in high humidity environment for 30 minutes or until a 0.5 mm clear ring agarose formed. After that, the slides were immersed in lysis solution to lyse the cells at 4°C (to inhibit endogenous damage as well as cell repair) for one hour, after draining the excess buffer, the comet slide were immersed in fresh prepared alkaline unwinding solution pH>13 (200 mM NaOH, 1 mM EDTA) and incubated in 4°C for one hour in dark to unwind and denature the DNA. Then the slides were placed in electrophoresis slide tray in electrophoresis unit covered by cold alkaline electrophoresis solution pH >13 (500 mM NaOH, 1 mM EDTA) with 21 volts applied for 30 minutes. Electrophoresis enables negatively charged small DNA fragments (damaged DNA) to migrate faster than larger fragments towards the anodes.
The slides were then washed twice in dH2O and dehydrated in 70% ethanol for five minutes. To facilitate observation (i.e. arrange the cells in one layer), the slides were then dried for 10-20 minutes at 37°C and was stained for 30 minutes in dark using 100 µl SYBR Gold staining solution (Thermo Fisher Scientific, UK) (1 µl of 10.000X SYBR Gold stain in DMSO diluted in 30 ml TE buffer PH 7.5 (TE: 10 mM Tris-HCl pH 7.5, 1 mM EDTA). The cells were visualised under fluorescence microscope using 40 x objectives. 
Data analysis 
The assessment of DNA comet intensity was scored to quantify the amount of DNA damage. DNA emits green light when bound to SYBR Gold stain at 496 nm excitation and 522 emissions. Three parameters were used to quantify the DNA damage including tail moment, tail length and % DNA in tail. The tail moment is calculated by multiplying % DNA in tail and the distance between the mean of head and tail distributions. 
The images from 50 random cells per condition were analysed using TriTek CometScore 1.6.1.25 software (TriTek Corp, 2013). The experiment was performed three independent times, and the mean of 50 random cells from each condition were calculated using Microsoft Excel2010.
[bookmark: _Toc514111154]MitoSOX experiment with flow cytometry
Mitochondria are an essential source for intercellular superoxide production in some pathological conditions. MitoSOX Red is a novel fluorogenic dye which can be used to detect and measure the superoxide production in the mitochondria of live cells. The detection can be either semi quantitative or quantitative. Semi quantitative can be detected in few cells by fluorescence microscopy while quantitative method uses flow cytometry in large quantity of live cells (Dingley et al., 2012, Mukhopadhyay et al., 2007). 
Fluorescence-activated cell sorting (FACS) 
The experiment was performed under three different conditions which are untreated, positive control using Antimycin A (AntA), which is produced by Streptomyces species and is known to stimulate the production of reactive oxygen species from mitochondria, and treated using LPS-PG. 
The experiment was performed as follows; LPS-PG was added 24 hours after seeding cells in 6 well plate and incubated for another 24 hours while 100 µM Antimycin A (Sigma-Aldrich, UK) was added 48 hours after seeding and incubated for one hour. Following that, all cells were washed with PBS (Ca2+ and Mg2+ free) three times. 5µM MitoSOX Red, prepared according to manufacture guideline (Invitrogen, UK) was added and incubated in dark for 30 minutes at 37°C, 5% CO2. The cells were then trypsinized. After that, the wells were washed twice with Hank’s buffered salt solution containing magnesium and calcium (HBSS) (Sigma-Aldrich, UK) with 1% BSA. Cells were suspended in Fluorescence activated cell sorting (FACS) binding buffer (HBSS, 1%BSA).  
Data analysis 
Oxidative MitoSOX red was measured using FACS-Calibur (Becton-Dickinson). The data were analysed by FlowJO v8.5.2 (Tree Star, Inc.). With 488 nm excitation and FL2 channel. 10,000 live cells were gated and plotted as histogram from each condition. The experiment was performed three independent times. The mean of three independent experiments was then calculated and compared between three conditions. 
Fluorescence Microscope 
Cells were seeded on Millicell EZ SLIDE 8-well glass, sterile and incubated for 24 hours. Three different conditions were performed which are untreated, positive (Antimycin A) and treated (LPS-PG). LPS-PG was added 24 hours after seeding and incubated for another 24 hours while 100 µM Antimycin A was added 48 hours after seeding and incubated for one hour. The cells were washed twice with Hank’s buffered salt solution containing magnesium and calcium (HBSS). 5µM MitoSOX Red were added along with 1 ug/ml DAPI stain in dark and incubated for 20 minutes at 37°C, 5% CO2. The cells were then washed with HBSS and mounted with aqueous Immu-Mount medium (Thermo Fisher Scientific, UK) and covered with a cover slip. The cells were visualised under fluorescence microscope using 60X objective lens. 
[bookmark: _Toc400901666][bookmark: _Toc514111155]Statistical analysis
[bookmark: _Toc400901667]Statistical analysis of this project was carried out using Graph Pad Prism V6. 05 (GraphPad Software Inc, USA). T-test was used to compare the significance between two groups. Significance was reported when p<0.05. Pearson R test was used to test for correlation.
[bookmark: _Toc514111156]Ethics
[bookmark: _Hlk512258950]Ethical approval for use of the tissues was obtained prior to the start of this project from The Glasgow West LREC (08/S0709/70). Ethical approval for use of the normal oral keratinocyte primary cultures was obtained from Sheffield Research Ethics Committee 09/H1308/66. 
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[bookmark: _Toc478697085][bookmark: _Toc514111157]Chapter three: Investigation of the expression of FANC mRNA and protein expression in panel of normal and non-FA HNSCC  


[bookmark: _Toc478697086][bookmark: _Toc514111158][bookmark: _Hlk511560337]Background
HNSCC is considered the most frequent solid cancer diagnosed in FA patients, with the predominant site in oral cavity and two thirds of which arise in the tongue and gingiva (Hosoya et al., 2010). The question of why FA patients develop this specific cancer at the exact sites remains unanswered. FA patients have nearly 500-700-fold increased risk of developing HNSCC compared to the general population (Kutler et al., 2003a). 
Current evidence suggests that mutations in FA genes significantly increase the risk of developing HNSCC (Ghosh et al., 2012). Thus, alteration of FA genes expression in FA-HNSCC is well documented. 
On the other hand, the extent of alteration of FA gene expression in non-FA HNSCC is not clearly known. Therefore, the aim of this part of the project was to investigate the possible alteration of FA gene expression in non-FA HNSCC. 
Two different approaches were followed for this investigate which use qPCR and western blotting in a panel of normal oral keratinocytes and non-FA HNSCC along with FA-HNSCC. qPCR was used to assess mRNA expression while western blotting was used to assess protein expression of different cell lines. OHSU-974 cell line was used as a negative control since it is known to lack the expression of FANCA gene. In addition, OHSU-FAA was used as a positive control as it has a wild-type FANCA gene inserted (van Zeeburg et al., 2005).  

[bookmark: _Toc478697087][bookmark: _Toc514111159]mRNA expression  
The first aim of this project was to measure and compare the mRNA expression of the FANC FANCA, FANCC, FANCD2, FANCE, FANCI, FANCL, FANCT (UBE2T) and FANC related gene USP1 using quantitative real-time PCR (qPCR), in three types of cells, which are normal (including NOK8, NOK334, OK17, OK19, OK21, OKF4, OKF6 and FNB6), non-FA head and neck squamous cell carcinoma (non-FA HNSCC) (including B22, TR146, B16 and H357) and Fanconi anaemia with head and neck cancer (FA-HNSCC) (including OHSU-974, OHSU-FAA and VU1131). These genes were selected because they significantly contribute to FA pathway activation (figures 1.2). The expression of FANC mRNA levels was measured relative to the house-keeping gene B2M (refer to section 2.2.2). The expression was then compared to NKO8 as it was the most available stock of normal primary cell line used. Overall, OKF4, OKF6, FNB6 showed relatively high expression compared to normal as they are immortalised normal cells.
[bookmark: _Toc478697088][bookmark: _Toc514111160]FANCA
Assessment of FANCA expression revealed that normal oral keratinocyte cells have lower expression compared to HNSCC cells. OHSU-FAA showed the highest expression due to genetically engineered re-expression of wild type FANCA (van Zeeburg et al., 2005). On the other hand, the expression was very low in OHSU-974 due to the mutation in FANCA which contributed to the observed reduction in level (figure 3.1). Looking at the expression of FANCA after combining different cells in their relative groups including normal and non-FA HNSCC, the expression was significantly higher in non-FA HNSCC compared to normal (figure 3.1). Immortalised NOK showed higher FANCA expression compared to NOK. 
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[bookmark: _Toc400901688][bookmark: _Toc478697157][bookmark: _Toc514111226]Figure ‎3.1: FANCA mRNA expression in different normal and HNSCC cell lines.
 The expression level is shown in logarithmic scale due to the large variation of expression between the cells used. The expression shown is in fold change compared to NOK8. A: FANCA expression in different cell lines, and B: Average FANCA expression in different groups by combining different cell lines in groups depending on their status (expression relative to NOK8). The results shown are the mean of three independent experiments. The standard error of mean (SEM) is shown for each cell line. The t-test was used to compare each two groups (***P<0.0005). Green bars indicate normal, red indicate non-FA HNSCC and blue indicate FA-HNSCC cells.  

[bookmark: _Toc478697089][bookmark: _Toc514111161]FANCC
Assessment of FANCC expression revealed that normal cells have lower expression compared to HNSCC cells (figure 3.2). Looking at the expression of FANCC after combining different cells in their relative groups including normal and non-FA HNSCC, the expression was significantly higher in non-FA HNSCC compared to normal (figure 3.2). The expression of FANCC in immortalised NOK and NOK are similar. 
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[bookmark: _Toc478697158][bookmark: _Toc514111227]Figure ‎3.2: FANCC mRNA expression in different normal and HNSCC cell lines.
[bookmark: _Hlk514011081] The expression level is shown in logarithmic scale due to the large variation of expression between the cells used. The expression shown is in fold change compared to NOK8. A: FANCC expression in different cell lines, and B: Average FANCC expression in different groups by combining different cell line in groups depending on their status (expression relative to NOK8). The results shown are the mean of three independent experiments. The standard error of mean (SEM) is shown for each cell line. The t-test was used to compare each two groups (****P<0.00005). Green bars indicate normal, red indicate non-FA HNSCC and blue indicate FA-HNSCC cells.
[bookmark: _Toc478697090][bookmark: _Toc514111162]FANCD2
Assessment of FANCD2 expression revealed that normal cells have lower expression compared to HNSCCC cells (figure 3.3). Looking at the expression of FANCD2 after combining different cells in their relative groups including normal and non-FA HNSCC, the expression was significantly higher in non-FA HNSCC compared to normal (figure 3.3). The expression of FANCD2 in immortalised NOK and NOK are similar. 
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[bookmark: _Toc478697159][bookmark: _Toc514111228]Figure ‎3.3: FANCD2 mRNA expression in different normal and HNSCC cell lines.
 The expression level is shown in logarithmic scale due to the large variation of expression between the cells used. The expression shown is in fold change compared to NOK8. A: FANCD2 expression in different cell lines, and B: Average FANCD2 expression in different groups by combining different cell line in groups depending on their status (expression relative to NOK8). The results shown are the mean of three independent experiments. The standard error of mean (SEM) is shown for each cell line. The t-test was used to compare each two groups (****P<0.00005). Green bars indicate normal, red indicate non-FA HNSCC and blue indicate FA-HNSCC cells.
[bookmark: _Toc478697091][bookmark: _Toc514111163]FANCE
Assessment of FANCE expression revealed that normal cells have lower expression compared to HNSCCC cells (figure 3.4). Looking at the expression of FANCE after combining different cells in their relative groups including normal and non-FA HNSCC, the expression was significantly higher in non-FA HNSCC compared to normal (figure 3.4). The expression of FANCE in immortalised NOK and NOK are similar. 
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[bookmark: _Toc478697160][bookmark: _Toc514111229]Figure ‎3.4: FANCE mRNA expression in different normal and HNSCC cell lines.
 The expression level is shown in logarithmic scale due to the large variation of expression between the cells used. The expression shown is in fold change compared to NOK8. A: FANCE expression in different cell lines, and B: Average FANCE expression in different groups by combining different cell line in groups depending on their status (expression relative to NOK8). The results shown are the mean of three independent experiments. The standard error of mean (SEM) is shown for each cell line. The t-test was used to compare each two groups (**P<0.005). Green bars indicate normal, red indicate non-FA HNSCC and blue indicate FA-HNSCC cells.
[bookmark: _Toc478697092][bookmark: _Toc514111164]FANCI
Assessment of FANCI expression revealed that normal cells have lower expression compared to HNSCCC cells (figure 3.5). Looking at the expression of FANCI after combining different cells in their relative groups including normal and non-FA HNSCC, the expression was significantly higher in non-FA HNSCC compared to normal (figure 3.5). The expression of FANCI in immortalised NOK and NOK are similar. 
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[bookmark: _Toc478697161][bookmark: _Toc514111230]Figure ‎3.5: FANCI mRNA expression in different normal and HNSCC cell lines.
 The expression level is shown in logarithmic scale due to the large variation of expression between the cells used. The expression shown is in fold change compared to NOK8. A: FANCI expression in different cell lines, and B: Average FANCI expression in different groups by combining different cell line in groups depending on their status (expression relative to NOK8). The results shown are the mean of three independent experiments. The standard error of mean (SEM) is shown for each cell line. The t-test was used to compare each two groups (****P<0.00005). Green bars indicate normal, red indicate non-FA HNSCC and blue indicate FA-HNSCC cells.
[bookmark: _Toc478697093][bookmark: _Toc514111165]FANCL
Assessment of FANCL expression revealed that normal cells have lower expression compared to HNSCCC cells (figure 3.6). Looking at the expression of FANCL after combining different cells in their relative groups including normal, Non-FA HNSCC, the expression was low in normal and higher in non-FA HNSCC (figure 3.6). The expression of FANCL in immortalised NOK and NOK are similar. 
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[bookmark: _Toc478697162][bookmark: _Toc514111231]Figure ‎3.6: FANCL mRNA expression in different normal and HNSCC cell lines.
 The expression level is shown in logarithmic scale due to the large variation of expression between the cells used. The expression shown is in fold change compared to NOK8. A: FANCL expression in different cell lines, and B: Average FANCL expression in different groups by combining different cell line in groups depending on their status (expression relative to NOK8). The results shown are the mean of three independent experiments. The standard error of mean (SEM) is shown for each cell line. The t-test was used to compare each two groups. Green bars indicate normal, red indicate non-FA HNSCC and blue indicate FA-HNSCC cells.
[bookmark: _Toc478697094][bookmark: _Toc514111166]UBE2T
Assessment of FANCT/UBE2T expression revealed that normal cells have lower expression compared to HNSCCC cells (figure 3.7). Looking at the expression of UBE2T after combining different cells in their relative groups including normal and non-FA HNSCC, the expression was significantly higher in non-FA HNSCC compared to normal (figure 3.7). The expression of UBE2T in immortalised NOK and NOK are similar. 
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[bookmark: _Toc478697163][bookmark: _Toc514111232]Figure ‎3.7: FANCT/UBE2T mRNA expression in different normal and HNSCC cell lines.
 The expression level is shown in logarithmic scale due to the large variation of expression between the cells used. The expression shown is in fold change compared to NOK8. A: UBE2T expression in different cell lines, and B: Average UBE2T expression in different groups by combining different cell line in groups depending on their status (expression relative to NOK8). The results shown are the mean of three independent experiments. The standard error of mean (SEM) is shown for each cell line. The t-test was used to compare each two groups (*P<0.05). Green bars indicate normal, red indicate non-FA HNSCC and blue indicate FA-HNSCC cells. 

[bookmark: _Toc478697095][bookmark: _Toc514111167]USP1
Assessment of USP1 expression revealed that normal cells have lower expression compared to HNSCCC cells (figure 3.8). Looking at the expression of UBE2T after combining different cells in their relative groups including normal and non-FA HNSCC, the expression was significantly higher in non-FA HNSCC compared to normal (figure 3.8). The expression of USP1 in immortalised NOK and NOK are similar. 
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[bookmark: _Toc478697164][bookmark: _Toc514111233]Figure ‎3.8: USP1 mRNA expression in different normal and HNSCC cell lines.
 The expression level is shown in logarithmic scale due to the large variation of expression between the cells used. The expression shown is in fold change compared to NOK8. A: USP1 expression in different cell lines, and B: Average USP1 expression in different groups by combining different cell line in groups depending on their status (expression relative to NOK8). The results shown are the mean of three independent experiments. The standard error of mean (SEM) is shown for each cell line. The t-test was used to compare each two groups (***P<0.0005). Green bars indicate normal, red indicate non-FA HNSCC and blue indicate FA-HNSCC cells.

[bookmark: _Toc478697096][bookmark: _Toc514111168]FANC gene expression 
In summary, as the main aim of this project was to determine any association between FANC genes in non-FA HNSCC, comparison was made for all genes of interest between normal and HNSCC cell lines (figure 3.9). The majority of these genes showed significant increase in expression in non-FA HNSCC cell lines compared to normal oral keratinocytes suggesting a possible association between FANC genes in non-FA HNSCC.***
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[bookmark: _Toc478697165][bookmark: _Toc514111234][bookmark: _Toc400901695]Figure ‎3.9: The figure summarises the difference in expression for genes of interest (combined from previous figures).
 It compares the expression of these genes between normal (green) and non-FA HNSCC cells (red). The t-test was used to compare each two groups (*P<0.05, **P<0.005, ***P<0.0005 and ****P<0.00005). 



[bookmark: _Toc478697097][bookmark: _Toc514111169]Protein expression
The qPCR data was complemented using western blot analysis, which was used to measure the FANC protein expression in the three different cell line groups. The FANC proteins that have been studied are FANCA, FANCC and FANCD2, as they are the most mutated proteins and are best characterised members of the DNA core complex and they are the ones that have the best available commercial antibodies. Western blot was quantified by measuring band density using Image J (refer to section 2.2.3).  
[bookmark: _Toc478697098][bookmark: _Toc514111170]FANCA
Assessment of FANCA protein expression showed that normal cells have lower expression compared to HNSCCC cells. OHSU-FAA showed the highest expression due to having re-introduction of wild type FANCA, on the other hand, the expression was very low in OHSU-974 due to them having mutation in FANCA and are unable to express FANCAA normally (van Zeeburg et al., 2005) confirming findings from mRNA expression (figure 3.10). FANCA expression after combining different cells in their relative groups including normal, non-FA HNSCC and FA-HNSCC, was low in normal and higher in non-FA HNSCC and FA-HNSCC (figure 3.10). Immortalised NOK showed higher FANCA expression compared to NOK. 
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[bookmark: _Toc400901696][bookmark: _Toc478697166][bookmark: _Toc514111235]Figure ‎3.10: The figure shows the expression of FANCA protein in different cell lines using western blotting
. A) Western blots showing FANCA and β-actin expression in panel of normal oral keratinocyte, FA-HNSCC and non FA HNSCC.  The expected product size is 163kDa. β-actin was used as loading control in the same membrane used for measuring the expression of all FANC proteins., B) Quantification of FANCA expression normalised to β-actin for each cell line., and C) comparison between different cell line groups. The expression is high in OHSU- FAA compared to other cell lines confirming the qPCR results. The t-test was used to compare each two groups (***P<0.0005 and ****P<0.00005). Green bars indicate normal, red indicate non-FA HNSCC and blue indicate FA-HNSCC cells. The results shown are the mean of three independent experiments. The standard error of mean (SEM) is shown for each cell line. 


[bookmark: _Toc478697099][bookmark: _Toc514111171]FANCD2
FANCD2 protein expression showed that normal cells have lower expression compared to HNSCC cells (figure 3.11). Non-FA HNSCC showed a double band suggesting the ubiquitination of FANCD2 is due to them having functional FA pathway. On the other hand, FA HNSCC cells showed single band which demonstrate lack of FANCD2 ubiquitination due to having defect in FANCA and FANCC in OHSU-974 and VU1131 respectively. The expression of FANCD2 after combining different cells in their relative groups including normal, Non-FA HNSCC and FA-HNSCC, was low in normal and higher in Non-FA HNSCC and FA-HNSCC (figure 3.11). Immortalised NOK showed higher FANCD2 expression compared to NOK. 
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[bookmark: _Toc400901697][bookmark: _Toc478697167][bookmark: _Toc514111236]Figure ‎3.11: The figure shows the expression of FANCD2 protein in different cell lines using western blotting. 
 A: Western blots showing FANCD2 and β-actin expression in panel of normal oral keratinocyte, FA-HNSCC and non-FA HNSCC. The expected product size is 166kDa. β-actin was used as loading control in the same membrane used for measuring the expression of all FANC proteins. B: Quantification of FANCD2 expression normalised to β-actin for each cell line. and C: comparison between different cell line groups. Non-FA HNSCC showed significantly higher expression compared to normal. Non-FA HNSCC cells (H357, B22, TR146 and B16) expressed two bands which is ubiquitination form of FANCD2. Normal and FA-HNSCC cells expressed FANCD2 in one band. The t-test was used to compare each two groups (***P<0.0005 and ****P<0.00005). Green bars indicate normal, red indicate non-FA HNSCC and blue indicate FA-HNSCC cells. The results shown are the mean of three independent experiments. The standard error of mean (SEM) is shown for each cell line. 

[bookmark: _Toc478697100][bookmark: _Toc514111172]FANCC
FANCC protein expression showed that normal cells have lower expression compared to HNSCCC cells (figure 3.12). The expression of FANCC after combining different cells in their relative groups including normal, Non-FA HNSCC and FA-HNSCC, was low in normal and higher in Non-FA HNSCC and FA-HNSCC (figure 3.12). The FANCC protein was expressed in low level in VU1131 cells due to having a mutation in FANCC (van Zeeburg et al., 2005). NOK8
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[bookmark: _Toc478697168][bookmark: _Toc514111237]Figure ‎3.12: The figure shows the expression of FANCC protein in different cells using western blotting.
 A: Western blots showing FANCC and β-actin expression in panel of normal oral keratinocyte, FA-HNSCC and non-FA HNSCC.  The expected product size is 60kDa. β-actin was used as loading control in the same membrane used for measuring the expression of all FANC proteins., B: Quantification of FANCC expression normalised to β-actin for each cell line, and C: Comparison between different cell line groups. The results for all cells were similar to qPCR results apart from VU1131 which is having mutation in FANCC which might have affected translation but not transcription, however, no available data about the mutation present in this cell lice to confirm this suggestion. The t-test was used to compare each two groups (*P<0.05 and **P<0.005). Green bars indicate normal, red indicate non-FA HNSCC and blue indicate FA-HNSCC cells. The results shown are the mean of three independent experiments. The standard error of mean (SEM) is shown for each cell line.

[bookmark: _Toc478697104][bookmark: _Toc514111173]Discussion
FA patients are known to have increased risk of developing HNSCC, although evidence of alteration of FA expression in non FA-HNSCC patients is scarce. In addition, the lack of evidence of association between expression of FA genes in non-FA HNSCC highlighted the importance of investigating FANC genes expression in FA-HNSCC and non-FA HNSCC which was the main aim of this part of the project. 
To determine whether the expression of FANC genes is altered in non-FA HNSCC and FA-HNSCC, an investigation of the expression of FANC genes mRNA and protein expression was carried out in a panel of normal oral keratinocyte, non-FA HNSCC and FA HNSCC cell lines. mRNA expression of six different FANC genes and their associated proteins including UBE2T/FANCT and USP1 were investigated. 
In general, the qPCR results showed that FANC genes were expressed in most cells in our panel with similar expression pattern. The expression was low in normal cells, while high in non-FA HNSCC and FA HNSCC. In most cases, immortalised NOK and NOK showed similar expression pattern apart from the expression of FANCA where immortalised showed noticeably higher expression in comparison with NOK.
In non-FA HNSCC cells, most FANC genes shown increase expression, with FANCA, FANCC, FANCD2, FANCE, FANCI, UBE2T and USP1 showing a significant increase, while FANCL showing an increase but was not significant compared to normal oral keratinocyte.
Supporting our finding, a study by Roe and colleagues reported an increase of FANCA and FANCD2 RNA expression in malignant pleural mesothelioma (Roe et al., 2010). It has also been reported that FANCA is overexpressed in breast cancer (van Wezel et al., 2005). Another study by Kao and colleagues showed upregulated expression of FANCD2 and FANCL in melanoma skin cancer when compared to normal skin (Kao et al., 2011). Additionally, FANCD2 mRNA expression was significantly higher in human colorectal cancer and poorer prognosis compared to non-tumour cells (Ozawa et al., 2010). Another study reported overexpression of FANCD2 and FANCF in leukaemia cells (Yao et al., 2015). It has also been shown that there is an increased FA protein expression and re-activation of the FA pathway in glioblastoma multiforme (Patil et al., 2014). These findings suggest increase in FA pathway expression which could be due to increase in DNA damage as a result of reduced genome stability in cancer cells.  
A previous study provided evidence of overexpression of UBE2T in bladder cancer along with current results, UBE2T might be considered as a biomarker for the development of cancer (Gong et al., 2016). UBE2T are found to be overexpressed in breast cancer (Ueki et al., 2009), lung cancer (Hao et al., 2008). In addition, although some FA genes showed slightly different expression pattern, these findings are supported by previous study that showed different FA genes having different expression pattern and are not necessarily consistent (Haitjema et al., 2014).  
On the other hand, when looking at FA-HNSCC cells, increased expression of FANC genes was observed in general with FANCA, FANCE, FANCI, UBE2T and USP1 showing significant increase in VU1131 cells, while only FANCC showed significant increase in OHSU-974. 
A cell line containing a mutation in FANCA (OHSU-974) was investigated as mutation in FANCA was reported to be most prevalent among other FANC genes (Tischkowitz and Hodgson, 2003). The results suggest that FANCA expression was absent in OHSU-974 as it has a mutation in FANCA. Our results support previous findings where reduced expression of FANCA was reported due to mutation in FANCA gene in sporadic acute myeloid leukaemia (Tischkowitz et al., 2004). 
On the other hand, FANCA is highly expressed in OHSU-FAA due to the insertion of additional copy of wild type FANCA (van Zeeburg et al., 2005). Furthermore, other FANC genes showed high level of expression in OHSU-974 which could be because these cells are expressing more FANC genes to compensate for the lack of FANCA expression. 
The similarity of expression of different FANC genes is due to their role as a complex, therefore, similar expression pattern is not unexpected. Although VU1131 has mutated FANCC, the expression was relatively normal which could be explained because the mutation did not affect the expression but instead the translation rate or protein stability. However, there is lack of details on the type of mutation or its effect from the original source of this cell
Following the investigation of mRNA expression, protein expression of three of FANC core complex proteins (FANCA, FANCC and FANCD2) were examined to compliment the qPCR data and assess FANCD2 ubiquitination which is a key step in the FA pathway (Chen et al., 2005) (section 5.5). FANC proteins were expressed in all cells. Overall, the protein expression was high in non-FA HNSCC and FA-HNSCC compared to normal cells supporting previous mRNA expression findings. Immortalised NOK showed higher expression of FANCA and FANCD2 compared to NOK. 
In non-FA HNSCC cells, FANCA, FANCC and FANCD2 showed significant increase in protein expression compared to normal, suggesting a possible association between FA protein expression and non-FA HNSCC. 
This is also supported by previous study where FANCA is reported to be overexpressed in breast tumour (van Wezel et al., 2005). It is also reported that FANCD2 and FANCC are overexpressed in melanoma, suggesting that FANCC and FANCD2 levels are elevated in response to DNA damage caused by intermittent ultraviolet exposure (Kao et al., 2011). 
When comparing FA proteins expression in FA-HNSCC. FANCA expression in OHSU-974 was lower compared to normal cells while OHSU-FAA had significantly increased FANCA expression due to the presence of additional FANCA copy (van Zeeburg et al., 2005). On the other hand, FANCD2 was significantly increased in OHSU-974. In VU1131, there was a low expression of FANCC due to having a mutation in FANCC. However, FANCC mRNA expression was higher. This might be due to the mutation is affecting translation process or protein stability rather than mRNA expression. 
Since the role of monoubiquitinated FANCD2 is to activate nucleases and repair DNA damage in the downstream FA pathway (Chen et al., 2005) investigation of FANCD2 ubiquitination was carried out. In non-FA HNSCC cells, FANCD2 expressed in two bands which represent un-ubiquitinated and ubiquitinated FANCD2, which is a marker for FA pathway activation. On the other hand, In FA-HNSCC cells there was loss of FANCD2 ubiquitination due to FA complex abnormalities. Previous study showed enhanced mono-ubiquitination of FANCD2 was reported in leukaemia cells (Yao et al., 2015). 
In conclusion, the current results show increased mRNA and protein expression in FA-HNSCC as well as non-FA HNSCC compared to normal. Ubiquitination of FANCD2 pathway occurred in non-FA HNSCC but not in FA-HNSCC. These data support previous findings that suggest that non-FA HNSCC shares similar pattern of expression as FA-HNSCC apart from the mutated FA gene (van Zeeburg et al., 2005). As such, FANC genes have the potential to be used as a biomarker for diagnosis and treatment of HNSCC. 
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[bookmark: _Toc514111174]Chapter four: Assessment of FANC protein expression in panel of normal and non-FA OSCC biopsies  

[bookmark: _Toc514111175]Background 
Following the investigation of mRNA and protein expression and the comparison of FA gene expression in normal oral keratinocytes, FA-HNSCC and non-FA HNSCC cells, IHC was then used to investigate protein expression in tissues obtained from patients in order to complement these findings. 
In this study, IHC was used to assess FANCD2, FANCA and FANCC protein expression in biopsies derived from 10 normal individuals, 11 non-FA OSCC and 3 FA-OSCC (refer to table 2.8). In addition, Ki67 was investigated to assess proliferation rate. Therefore, correlation between proliferation and expression in the same tissues was also assessed.  However, the precise lesion in the FA pathway was not available for the 3 FA-OSCC patients. 
[bookmark: _Toc514111176]FANCD2 expression 
FANCD2 was assessed as it is a key protein the Fanconi anaemia pathway. The current findings showed that FANCD2 protein expression was significantly higher in non-FA OSCC when compared to normal oral mucosa. However, there was no significant difference between expression in normal oral mucosa and FA-OSCC (figure 4.4).
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[bookmark: _Toc514111238]Figure ‎4.1: Photomicrographs of FANCD2 expression assessed by immunohistochemistry in normal oral mucosa (A and B) and non-FA OSCC (C and D). 
 FANCD2 expression was nuclear and mostly in basal cells.  Scale bar = 100µm
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[bookmark: _Toc514111239]Figure ‎4.2: High power photomicrographs of expression of FANCD2 as assessed by immunohistochemistry in normal oral mucosa (A) and OSCC (B). 
 Strong nuclear expression is seen in OSCC, compared to normal.  Scale bar = 50µm.  
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[bookmark: _Toc514111240]Figure ‎4.3: Photomicrographs of expression of FANCD2 as assessed by immunohistochemistry in 3 cases of FA-OSCC.
 FANCD2 expression was nuclear and mostly in basal cells but very low expression was seen in one case (FC2).  Scale bar = 200µm.
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[bookmark: _Toc514111241]Figure ‎4.4: Percentage of cells expressing FANCD2 in normal oral mucosa (n=10), OSCC (n=11) and FA-OSCC (n=3).
 The data for each sample is the mean of 4 regions of interest, generated using automated analysis using Histoquest software, with the mean for the group indicated by the bar in the graph. The expression of FANCD2 is significantly higher in non-FA OSCC when compared to normal mucosa (**p<0.001). The t-test was used to compare the means between each two groups. 


[bookmark: _Toc514111177]Ki67 expression
KI67 is a cellular proliferation marker as it is present in all active cell cycle phases except resting phase (G0). Ki67 can be detected in cell nucleus. The fraction of Ki67 positive cells is usually correlated with clinical stage of cancer, and can be used as predictive and prognostic marker for cancer treatment and diagnosis (Scholzen and Gerdes, 2000). It was investigated in normal oral mucosa, non-FA OSCC and FA-OSCC patients. The current findings showed that KI67 expression was significantly higher in OSCC and FA-OSCC when compare it to normal oral mucosa (figure 4.7). There was a significant direct correlation between FANCD2 and Ki67 expression in the investigated tissues (figure 4.8).
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[bookmark: _Toc514111242]Figure ‎4.5: Photomicrographs of expression of Ki67 as assessed by immunohistochemistry in normal oral mucosa (A and B) and non-FA OSCC (C and D).
 Ki67 expression was nuclear and mostly in basal cells. Scale bar = 100µm.
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[bookmark: _Toc514111243]Figure ‎4.6: Photomicrographs of expression of Ki67 as assessed by immunohistochemistry in 3 cases of FA-OSCC.
 The expression was nuclear and mostly in basal cells but very little expression was seen in one case (FC2). Scale bar = 200µm
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[bookmark: _Toc514111244]Figure ‎4.7: Percentage of cells expressing Ki67 in normal oral mucosa (n=10), OSCC (n=11) and FA-OSCC (n=3).
 The data for each sample is the mean of 4 regions of interest, generated using automated analysis using Histoquest software, with the mean for the group indicated by the bar in the graph.  The expression of Ki67 is significantly higher in non-FA OSCC and FA-OSCC when compared to normal mucosa (*p<0.01, **p<0.001). The t-test was used to compare the means between each two groups. 
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[bookmark: _Toc514111245]Figure ‎4.8: Correlation of FANCD2 and Ki67 expression in normal and OSCC samples.
 There is a significant positive correlation between FANCD2 expression and proliferation in the tissues (r=0.46; p<0.05) using Pearson R test.


[bookmark: _Toc514111178]FANCC expression
FANCC expression was then investigated in tissues from normal oral mucosa, OSCC and FA-OSCC patients. In normal and FA-OSCC, there was a high nuclear FANCC expression and some cytoplasmic expression, whereas in OSCC nearly half of the cases exhibited nuclear expression and low cytoplasmic expression. Overall the expression in non-FA OSCC is significantly lower than in normal and FA-OSCC expression were higher than normal but not significant (figure 4.12).
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[bookmark: _Toc514111246]Figure ‎4.9: Photomicrographs of expression of FANCC as assessed by immunohistochemistry in normal oral mucosa (A and B) and non-FA OSCC (C and D).
 All cells showed nuclear expression as well as cytoplasmic expression of FANCC.  Scale bar = 100µm.
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[bookmark: _Toc514111247]Figure ‎4.10: High power photomicrographs of expression of FANCC as assessed by immunohistochemistry in normal oral mucosa (A) and OSCC (B).
 The difference in pattern of expression is evident as there is strong nuclear expression and some cytoplasmic expression in normal cells, whereas in 4/10 OSCC the pattern changes to prominent nucleolar expression and less cytoplasmic expression.  Scale bar = 50µm.  
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[bookmark: _Toc514111248]Figure ‎4.11: Photomicrographs of expression of FANCC as assessed by immunohistochemistry in 3 cases of FA-OSCC.
 In all 3 cases, the cytoplasmic and nuclear staining pattern seen in normal tissues is maintained. Scale bar = 200µm
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[bookmark: _Toc514111249]Figure ‎4.12: Percentage of cells expressing FANCC in normal oral mucosa (n=10), OSCC (n=11) and FA-OSCC (n=3).
 The data for each sample is the mean of 4 regions of interest, generated using automated analysis using Histoquest software, with the mean for the group indicated by the bar in the graph.  Expression in OSCC is significantly lower than in normal tissues (**p<0.01). The t-test was used to compare the means between each two groups. 





[bookmark: _Toc514111250]Figure ‎4.13: Correlation of FANCC and Ki67 expression in normal and OSCC samples.
 There is no obvious correlation between FANCC expression and proliferation in the tissues (r=0.047; p=83) using Pearson R test.



[bookmark: _Toc514111179]FANCA expression
FANCA expression was also investigated in tissues from normal oral mucosa, OSCC and FA-OSCC individuals. In our panel, most cells expressed FANCA. In normal and FA-OSCC, there was a high nuclear FANCA expression and some cytoplasmic expression, whereas nearly half of the OSCC cases showed nuclear staining and low cytoplasmic expression. Overall the expression FA OSCC is significantly higher than normal, and OSCC expression were higher than normal but not significant (figure 4.17). 
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[bookmark: _Toc514111251]Figure ‎4.14: Photomicrographs of expression of FANCA as assessed by immunohistochemistry in normal oral mucosa (A and B) and non-FA OSCC (C and D).
 All cells showed nuclear expression as well as cytoplasmic expression of FANCC.  Scale bar = 100µm.
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[bookmark: _Toc514111252]Figure ‎4.15: Strong nuclear and cytoplasmic FANCA expression in OSCC cells (A) compared to normal cells (B). 
 All cells showed nuclear expression as well as cytoplasmic expression of FANCC.  Scale bar = 50µm.
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[bookmark: _Toc514111253]Figure ‎4.16: Photomicrographs of expression of FANCA as assessed by immunohistochemistry in 3 cases of FA-OSCC.
 In all 3 cases, the cytoplasmic and nuclear staining pattern seen in normal tissues is maintained. Scale bar = 200µm. 
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[bookmark: _Toc514111254]Figure ‎4.17: Percentage of cells expressing FANCA in normal oral mucosa (n=10), OSCC (n=11) and FA-OSCC (n=3).
 The data for each sample is the mean of 4 regions of interest, generated using automated analysis using Histoquest software, with the mean for the group indicated by the bar in the graph.  Significant increase was only observed when comparing normal with FA-OSCC (*p<0.05). The t-test was used to compare the means between each two groups. 






[bookmark: _Toc514111255]Figure ‎4.18: Correlation of FANCA and Ki67 expression in normal and OSCC samples.
 There is slight positive correlation between FANCA expression and proliferation in the tissues (r2=0.27; p=0.23) using Pearson R test.



[bookmark: _Toc514111180]Discussion 
Following mRNA and protein expression investigations in cell lines, investigation of FA genes expression in patients’ tissues is expected to provide more physiological representation of FANC expression in differentiating epithelium. Thus, the aim of this chapter was to evaluate FANCA, FANCC and FANCD2 expression in normal oral mucosa, non-FA OSCC and FA-OSCC tissues using immunohistochemistry, in order to complement previous findings in patient’s samples instead of expression in immortalised cell lines which was used previously. Although western blotting is highly sensitive in measuring protein expression, IHC specifically investigates protein expression within specific tissues, allowing for the pattern of expression in the tissue to be seen.
FANCA, FANCC and FANCD2 were chosen for this analysis as they are the most commonly mutated FA proteins and are the best characterized members of the FA core complex. They are also the FANC proteins with the best available commercial antibodies. In this study, tonsil tissue was used as positive control as they highly express FA proteins. This was reported in a previous study of FANCD2 expression using immunohistochemistry in normal human tissue and found that the highest expression was found in tonsils, lymph nodes and spleen (Holzel et al., 2003). 
FANCD2 was expressed exclusively in the nucleus (Boisvert et al., 2013) in normal, non-FA OSCC and FA-OSCC tissues. The percentage of cells expressing FANCD2 protein was significantly higher in non-FA OSCC compared to normal oral mucosa (figure 4.4), which is consistent with our previous result on mRNA and protein expression in vitro. FA-OSCC showed a slight but non-significant higher FANCD2 expression compared to normal. 
In agreement with high incidence of HNSCC in FA patients (Rosenberg et al., 2011, Kutler et al., 2003a), a study by Holzel and colleagues showed that FANCD2 protein is expressed in normal human tissues that are cancer prone in FA, such as  in  squamous epithelial cells particularly in uterine cervix and head and neck area, also the expression was found in haematopoietic cells in foetus (Holzel et al., 2003). 
However, the precise lesion in the FA pathway was not available for the 3 FA-OSCC patients which restricted our understanding of the reason for the observed increase in levels. In addition, IHC doesn’t give any indication of the functional state as seen with the western blot, thus, only indication of level was investigated.
Ki67 protein was expressed in the nucleus in normal, non-FA OSCC and FA-OSCC tissues. The percentage of cells expressing Ki67 protein was higher in non-FA OSCC and FA-OSCC compared to normal oral mucosa (figure 4.7). There was a significant positive correlation between FANCD2 expression and Ki67 proliferation rate in normal oral mucosa and OSCC tissue samples (figure 4.8) which could be due to the accumulation of FANCD2 during S-phase as suggested by a previous study (Taniguchi et al., 2002) .This was also seen in a study that showed that the expression of FANCD2 is correlated with Ki67 proliferation rate in gliomas (Patil et al., 2014). Another study has also reported that FANCD2 expression in stomach was correlated with the expression of the proliferation marker Ki67 (Holzel et al., 2003). In addition, a strong correlation between the overexpression of FANCD2 and proliferation marker Ki67 in breast cancer cells has also been reported (van der Groep et al., 2008). 
Moreover, proliferating cells of the small intestine and the rectum were positive for FANCD2, where FA patients tend to develop tumours (Pavithran et al., 2002). Consistent with this study, recent reports showed that highly proliferative tissues such as tonsils, testis and spleen exhibit high levels of FANCD2 and FANCA expression. In contrast, in non-proliferative tissues such as brain, liver, lung and muscle exhibit low level of protein expression (Holzel et al., 2003, van de Vrugt et al., 2000). 
On the other hand, lack of FANCD2 protein expression for adult and foetal hematopoietic cells have been reported in normal lung epithelia (Holzel et al., 2003) as no increased risk of lung cancer in FA patients has been reported (Alter et al., 2003). 
FANCC was expressed in the nucleus and cytoplasm in normal, non-FA OSCC and FA-OSCC, which matches previous studies reporting that the cellular localisation of FANCC is cytoplasmic and nucleus of human cells  (Youssoufian, 1996, Youssoufian, 1994, Hoatlin et al., 1998) which support current findings. The percentage of FANCC was significantly higher in normal compared to OSCC, while FA-OSCC was slightly but not significantly higher than normal (figure 4.12). A previous study investigated FANCC expression in SCC using IHC and showed reduced expression of FANCC in sporadic HNSCC compared to normal cells which is in line with our findings (Ghosh et al., 2012)
One would argue that western blotting results for FANCC (figure 3.12) are not line with those from IHC, however, Western blot measures overall protein level while IHC measure the percentage of cells expressing FANCC which are two different measurements and may give different results. In addition, western blot analyses were performed on cultured cells which contain relatively homogeneous cell population which was not the case with epithelium tissues used for IHC as they have various clonal populations with various proliferation and differentiation states. 
FANCA is expressed in low level in tissue from normal individuals when compared to tissue from non-FA OSCC and FA-OSCC. The expression was significantly higher only in FA-OSCC when compared to normal and it was slightly but not significantly higher in OSCC (figure 4.17). A previous study showed high expression of FANCA and FANCD2 in highly proliferative tissues such as tonsils, testis and spleen which support our findings where cancerous cells highly express FANCA (Holzel et al., 2003, van de Vrugt et al., 2000). Current evidence suggests that although there is a relation between expression and proliferation, other factors might be influencing FANC expression. The expression was found mainly in the cytoplasmic and nucleus which is in the line with previous studies (Kupfer et al., 1997, Walsh et al., 1999). 
The current data show that FANCA, FANCC and FANCD2 are expressed in all cells and expression of FANCA and FANCD2 is higher in FA-OSCC and non-FA OSCC compared to normal oral keratinocytes, while FANCC showed lower expression in OSCC, which could be due to the mutation affecting FANCC expression, however, the mutation in these cases are not known. Furthermore, a previous study reported transcriptional downregulation of several FANC genes including FANCC in sporadic HNSCC while downregulation of FANCA and FANCD2 was very rare, which in turn support the current findings (Wreesmann et al., 2007). The mechanism driving the observed downregulation was suggested to be due to defect in these genes or due to methylation inactivation (Marsit et al., 2004).  
As a result, understanding immunohistochemistry staining of Fanconi anaemia pathway markers may facilitate novel diagnostic and treatment strategies. An example of the use of FANC gene expression as a marker for predicting prognosis outcome has been reported previously where an increase of the expression of FANCA has been associated with poor prognosis in lung carcinoid (Swarts et al., 2013). As such, the association of FANC genes expression can have wider uses to facilitate treatment and predict the prognosis of such cases. In order for this to be achieved, further investigation is required to assess FA-HNSCC and non-FA HNSCC response to DNA damaging agent which will be discussed in the next chapter.


[bookmark: _Toc514111181]Chapter Five: Investigating the effect of cisplatin on cellular responses to DNA damage in non-FA HNSCC


[bookmark: _Toc514111182]Introduction 
Surgery or radiotherapy are used to treat early stage HNSCC and in combination they are used to treat advanced tumours (Jemal et al., 2011). Chemotherapy is being used for the treatment of advanced cancer in combination with radiotherapy. Chemotherapy, using agents such as platinum-based compounds like cisplatin has significantly increased cancer patient survival rates (Wilson et al., 2006). Cisplatin is a DNA cross linking agent, which is commonly used to treat multiple cancers including head and neck, lung, ovarian and testicular (Gregoire et al., 2010).  
The FA pathway plays an important role in the repair of DNA interstrand cross links (the type of damage caused by cisplatin), therefore, FA patients are hypersensitive to DNA cross-linking agents (Martens-de Kemp et al., 2016). This in turn means that HNSCC patients who also have FA are at risk of developing fatal DNA damage from cisplatin-based therapies, although in non-FA HNSCC patients, the use of cisplatin is one of the main cytotoxic chemotherapeutic agents used (Poll et al., 1982). Cisplatin works by inhibiting DNA replication through causing DNA crosslinks which leads to apoptosis(Zhang and Tung, 2017). 
In this study, the difference between non-FA HNSCC and FA-HNSCC in response to cisplatin treatment was investigated in order to assess their response to DNA damaging agents as cisplatin, the main anticancer chemotherapeutic agent used in HNSCC. mRNA and protein expression of FANC core complex factors was investigated before and after treatment with cisplatin using qPCR and western blotting, which was also used to asses FANCD2 monoubiquitylation (FA pathway activation), respectively. Following that, the DNA damage was then assessed in both non FA-HNSCC and FA-HNSCC cells before and after cisplatin treatment using Immunofluorescence, which demonstrated the formation of FANCD2 nuclear foci as a measure of FA pathway activation in response to cisplatin treatment, and comet assay, which visualise and quantify DNA breaks.  
[bookmark: _Toc514111183]Calculation of cisplatin EC25 and EC50
Before proceeding to test the effect of cisplatin on FA-HNSCC and non-FA HNSCC cells, optimisation was first performed to calculate the EC25 and EC50, which refers the concentration needed in order to induce 25% and 50% cell death respectively, using cyquant assay (refer to section 2.2.5). A dose range of cisplatin was tested including 0.1µM, 1µM. 10µM, 25µM, 50µM and 100µM, which were prepared according to the manufacturer guidelines, and was compared to the effects on untreated cell populations. EC25 and EC50 values were then calculated for each cell line by plotting 25 and 50 in the curve generated using the above serial dilutions using Microsoft Excel. The optimisation was performed for all different cells used.

[bookmark: _Toc514111184]Calculation of EC25 and EC50 
[image: ]
[bookmark: _Toc514111256]Figure ‎5.1: The figure shows the percentage of live cells relative to concentration of cisplatin treatment for H357 cells which was used for the calculation of EC25 and EC50
. A dose range of cisplatin was tested including 0.1µM, 1µM. 10µM, 25µM, 50µM and 100µM. Dotted line was then generated (exponential decay) to represent the reduction in live cell number in response to increase in cisplatin concentration. EC50 and EC25 was then calculated when cell death reached 50% and 25% respectively. The experiment was performed three independent times. Bars showing standard error of mean (SEM). 
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[bookmark: _Toc514111257]Figure ‎5.2: The figure shows the percentage of live cells relative to concentration of cisplatin treatment for B22 cells which was used for the calculation of EC25 and EC50.
 A dose range of cisplatin was tested including 0.1µM, 1µM. 10µM, 25µM, 50µM and 100µM. Dotted line was then generated (exponential decay) to represent the reduction in live cell number in response to increase in cisplatin concentration. EC50 and EC25 was then calculated when cell death reached 50% and 25% respectively. The experiment was performed three independent times. Bars showing standard error of mean (SEM). 
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[bookmark: _Toc514111258]Figure ‎5.3: The figure shows the percentage of live cells relative to concentration of cisplatin treatment for OHSU-974 cells which was used for the calculation of EC25 and EC50.
 A dose range of cisplatin was tested including 0.1µM, 1µM. 10µM, 25µM, 50µM and 100µM. Dotted line was then generated (exponential decay) to represent the reduction in live cell number in response to increase in cisplatin concentration. EC50 and EC25 was then calculated when cell death reached 50% and 25% respectively. The experiment was performed three independent times. Bars showing standard error of mean (SEM).  
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[bookmark: _Toc514111259]Figure ‎5.4: The figure shows the percentage of live cells relative to concentration of cisplatin treatment for VU1131 cells which was used for the calculation of EC25 and EC50.
 A dose range of cisplatin was tested including 0.1µM, 1µM. 10µM, 25µM, 50µM and 100µM. Dotted line was then generated (exponential decay) to represent the reduction in live cell number in response to increase in cisplatin concentration. EC50 and EC25 was then calculated when cell death reached 50% and 25% respectively. The experiment was performed three independent times. Bars showing standard error of mean (SEM). 










[bookmark: _Toc514111222]Table ‎5.1: EC50 and EC25 calculated for each cell using previous graphs.
	
	EC50
	EC25

	H357
	1.6 µM
	0.59 µM

	B22
	4.99 µM
	1.67 µM

	OHSU-974
	1.26 µM
	0.44 µM

	VU1131
	0.66 µM
	0.3 µM




[bookmark: _Toc514111185]mRNA expression
Real-time PCR was used to measure the expression of three FANC genes, which are FANCA, FANCC, and FANCD2. Two group of cells were used which are non-FA-HNSCC cells (H357 and B22) and FA-HNSCC (OHSU-974 and VU1131). Cells were treated with different cisplatin concentrations corresponding to previously measured EC25 and EC50. Overall, there was increased expression of all the tested FANC genes with increased cisplatin concentration in all cells.  
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[bookmark: _Toc514111260]Figure ‎5.5: mRNA expression of FANCA in different cell lines treated with different dosages of cisplatin compared to untreated.
 Four different cells lines were used (OHSU-974, VU1131, H357 and B22) in three different conditions which are untreated cells, and 24 hours treated with cisplatin at EC25 and cisplatin at EC50. The mRNA expression increased when the concentration of cisplatin is increased. The results shown are from three independent experiments, the standard error of mean (SEM) is shown. The t-test was used to compare the different conditions (**p<0.005, ***p<0.0005, ****p<0.00005). 
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[bookmark: _Toc514111261]Figure ‎5.6: mRNA expression of FANCC in different cell lines treated with different dosages of cisplatin compared to untreated. 
 Four different cells lines were used (OHSU-974, VU1131, H357 and B22) in three different conditions, which are untreated cells, and 24 hours treated with cisplatin at EC25 and cisplatin at EC50. The mRNA expression increased when the concentration of cisplatin is increased. The results shown are from three independent experiments, the standard error of mean (SEM) is shown. The t-test was used to compare the different conditions (*P<0.05, **P<0.005, ***P<0.0005, ****P<0.00005).  
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[bookmark: _Toc514111262]Figure ‎5.7: mRNA expression of FANCD2 in different cell lines treated with different dosages of cisplatin compared to untreated.
 Four different cells lines were used (OHSU-974, VU1131, H357 and B22) in three different conditions, which are untreated cells and 24 hours treated with cisplatin at EC25 and cisplatin at EC50. The mRNA expression increased when the concentration of cisplatin is increased. The results shown are from three independent experiments, the standard error of mean (SEM) is shown. The t-test was used to compare the different conditions (*p<0.05, **p<0.005, ***p<0.0005, ****p<0.00005). 






[bookmark: _Toc514111186]FANCD2 protein expression
To complement the qPCR data, western blot analysis was carried out to measure the protein expression for FANCD2 in Non-FA HNSCC (H357 and B22) and FA-HNSCC (OHSU-973 and VU1131). The density of the bands was quantified and the density relative to β-actin was then analysed.
The expression of FANCD2 protein showed that untreated cells having lower expression compared to treated cells. Ubiquitination of FANCD2 showed an increase with increased cisplatin concentration in non-FA HNSCC but not in FA-HNSCC (figure 5.8). 
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[bookmark: _Toc514111263]Figure ‎5.8: FANCD2 Protein expression in different cells treated with different dosage of Cisplatin compare to untreated. 
 A) FANCD2 (166KD) and β-actin (loading control) band. Two bands are seen for FANCD2 which represent mono-ubiquitinated and non-ubiquitinated forms of FANCD2 B) Band density measurement of both bands (when available). C) Ratio between non-ubiquitinated FANCD2 (FANC-L) and ubiquitinated FANCD2 (FANCD2-S), which was measured by measuring the density of the top and bottom band, showing increased FANCD2 ubiquitination in response to increased cisplatin concentration. Two different cell groups were tested, non-FA HNSCC (H357 and B22) and FA-HNSCC (OHSU-974 and VU1311). FANCD2 expression increased consistently with cisplatin concentration increase (EC25 and EC50). In non-FA HNSCC cells (H357 and B22) two bands are present which represent mono-ubiquitinated and non-ubiquitinated FANCD2 protein. In FA-HNSCC cells only one band representing non-ubiquitinated FANCD2 is seen as these cells are unable to ubiquitinate  (and therefore activate) FANCD2.The results shown were done in three independent experiments, the standard error of mean (SEM) is shown. The t-test was used to compare each two groups together (*p<0.05, **p<0.005, ***p<0.0005, ****p<0.00005). 

[bookmark: _Toc514111187]Immunofluorescence
Immunofluorescence was performed to assess Fanconi anaemia pathway activation in response to the DNA damaging agent cisplatin in non FA-HNSCC cells (H357 and B22), and FA-HNSCC (OHSU-974 and VU1311). Three different markers were tested, FANCD2 as a marker for FANC complex activation, γH2AX as a general DNA damage marker and 53PB1 which is a marker of DNA double strand breaks (Sharma et al., 2012, Wang et al., 2014). Current findings showed that nuclear foci were increased after cisplatin treatment in non FA-HNSCC cells.  However, the DNA damage was largely repaired over 48 hours post wash out in non FA-HNSCC cells (figure 5.9 and 5.10). In FA-HNSCC cells, there was a complete absence of FANCD2 expression and the DNA damage was only slightly reduced after 48 hours of washout (figure 5.11 and 5.12). Using FANCD2 marker the findings suggest that FA pathway is functional in non-FA HNSCC and non-functional in FA-HNSCC which is shown previously using western blot. 
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[bookmark: _Toc514111264]Figure ‎5.9: Quantification of the nuclear foci using FANCD2, 53BP1 and γH2AX markers in H357 under three different conditions which are untreated, cisplatin treated and 48h washout.
 A) Representative immunofluorescent images of different conditions of H357 stained with DAPI, FANCD2 and 53BP1. B) Representative immunofluorescent images of different conditions of H357 stained with DAPI and γH2AX C). The percentage of nuclear foci positive cells increased after cisplatin treatment, which was then reduced after 48 hours of removal of cisplatin (washout). The results shown were done in three independent experiments, the standard error of mean (SEM) is shown. The t-test was used to compare each two groups together (**p<0.005, ****p<0.00005). 
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[bookmark: _Toc514111265]Figure ‎5.10: Quantification of the nuclear foci using FANCD2, 53BP1 and γH2AX markers in B22 in three different conditions which are untreated, cisplatin treated and 48h washout. 
 A) Representative immunofluorescent images of different conditions of B22 stained with DAPI, FANCD2 and 53BP1. B) Representative immunofluorescent images of different conditions of H357 stained with DAPI and γH2AX C) Data analysis. The percentage of positive cells was increased after cisplatin treatment, which was then reduced 48 hours after removal of cisplatin (washout). The results shown were carried out in three independent experiments, the standard error of mean (SEM) is shown. The t-test was used to compare each two groups together (**p<0.005, ****p<0.00005). 


[bookmark: _Toc514111189]FA-HNSCC
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Figure 5.11: Quantification of the nuclear foci using FANCD2, 53BP1 and γH2AX markers in OHSU-974 in three different conditions which are untreated, cisplatin treated and 48h washout. A) Representative immunofluorescent images of different conditions of OHSU-974 stained with DAPI, FANCD2 and 53BP1. B) Representative immunofluorescent images of different conditions of OHSU-974 stained with DAPI and γH2AX C) The percentage of positive cells was increased after cisplatin treatment, which was then slightly reduced but remains higher than untreated after 48 hours of removal of cisplatin (washout). There is complete absence of FANCD2 nuclear foci formation due to these cells having Fanconi anaemia. The results shown were done in three independent experiments, the standard error of mean (SEM) is shown. The t-test was used to compare each two groups together (*p<0.05, **p<0.005, ***p<0.0005, ****p<0.00005). 
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[bookmark: _Toc514111266]Figure ‎5.11: Quantification of the nuclear foci using FANCD2, 53BP1 and γH2AX markers in VU1311 in three different conditions which are untreated, cisplatin treated and 48h washout. 
 A) Representative immunofluorescent images of different conditions of VU1311 stained with DAPI, FANCD2 and 53BP1. B) Representative immunofluorescent images of different conditions of VU1311 stained with DAPI and γH2AX. C) The percentage of positive cells was increased after cisplatin treatment, which was then slightly reduced but remains higher than untreated 48 hours after removal of cisplatin (washout). There is complete absence of FANCD2 nuclear foci formation due to these cells having a mutated FANCC, and thus being unable to form nuclear foci. The results shown were done in three independent experiments, the standard error of mean (SEM) is shown. The t-test was used to compare each two groups together (**p<0.005, ****p<0.00005). 


[bookmark: _Toc514111190]Assessment of cisplatin-induced DNA damage using Comet assay. 
Comet assay was performed to visualise and quantify DNA breaks in cells and cellular response to treatment with Cisplatin. Three different parameters were used to quantify the damage, which are tail length, % DNA in tail and tail moment (refer to section 2.2.7). The cells used were non FA-HNSCC cells (H357 and B22) and FA-HNSCC cells (OHSU-974 and VU1311). The results showed that DNA fragmentation increased after cisplatin treatment in all cells. However, the DNA damage was largely repaired in non-FA HNSCC cells over 48 hours (figure 5.14 and 5.15), but not in FA-HNSCC cells (figure 5.16 and 5.17) confirming previous immunofluorescence results. 
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[bookmark: _Toc514111267]Figure ‎5.12: representative image illustrating the method of measuring of head, tail and tail moment. Images were analysed using TriTek CometScore 1.6.1.25 software (TriTek Corp, 2013). 
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[bookmark: _Toc514111268]Figure ‎5.13: Representative comet assay fluorescence images for the indicated cells/condition. 
 The figure shows DNA migration pattern (from cathode to anode after electrophoresis) of different cells including OHSU-974, VU1131, H357 and B22 at different conditions including untreated, cisplatin treated and washout.

[bookmark: _Toc514111191]Non-FA HNSCC
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[bookmark: _Toc514111269]Figure ‎5.14: Evaluation of DNA damage in H357 using three different conditions which are untreated, cisplatin treated and 48h washout. 
 The tail length, % DNA in tail and tail moment were increased after cisplatin treatment.  The DNA damage was reduced 48 hours after cisplatin removal to levels similar to the untreated cells. The results shown were done in three independent experiments, the standard error of mean (SEM) is shown. The t-test was used to compare each two groups together (****p<0.00005). 
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[bookmark: _Toc514111270]Figure ‎5.15: Evaluation of DNA damage in B22 using three different conditions which are untreated, cisplatin treated and 48h washout. 
 The tail length, % DNA in tail and tail moment were increased after cisplatin treatment. The DNA damage was reduced 48 hours after cisplatin removal to levels similar to the untreated cells. The results shown were done in three independent experiments, the standard error of mean (SEM) is shown. The t-test was used to compare each two groups together (****p<0.00005).


[bookmark: _Toc514111192]FA-HNSCC
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[bookmark: _Toc514111271]Figure ‎5.16: Evaluation of DNA damage in OHSU-974 using three different conditions, which are untreated, cisplatin treated and 48h washout. 
The tail length, % DNA in tail and tail moment were increased after cisplatin treatment, The DNA damage was reduced 48 hours cisplatin removal, but remained higher than untreated. The results shown were done in three independent experiments, the standard error of mean (SEM) is shown. The t-test was used to compare each two groups together (*p<0.05, **p<0.005, ***p<0.0005). 
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[bookmark: _Toc514111272]Figure ‎5.17: Evaluation of DNA damage in VU1311 cells using three different conditions, which are untreated, cisplatin treated and 48h washout. 
 The Tail length, % DNA in tail and tail moment were increased after cisplatin treatment. DNA damage was reduced 48 hours after cisplatin removal. The results shown were done in three independent experiments, the standard error of mean (SEM) is shown. The t-test was used to compare each two groups together (*p<0.05, ****p<0.00005). 


[bookmark: _Toc514111193]Discussion 
Cisplatin is widely used as a main or adjuvant treatment option for different types of cancer such as HNSCC (Gregoire et al., 2010). It causes interstrand cross-links, which lead to death of cancer cells when severe damage has occurred (Wilson et al., 2006). However, FA patients tend to develop HNSCC and are unable to use cisplatin as a treatment, due to their hypersensitivity to interstrand cross linking agents (Kutler et al., 2003a). Therefore, the difference in cellular response to cisplatin was investigated by comparing FA-HNSCC and non-FA HNSCC. 
mRNA expression of FANCA, FANCC and FANCD2 were measured in non-FA HNSCC (including H357 and B22) and FA-HNSCC (including OHSU-973 and FANCC) after cisplatin treatment using EC25 and EC50 concentration. 
In general, mRNA expression increased with increased concentration of cisplatin, which is expected since FA pathway is performing DNA damage response in order to treat interstrand cross link caused by cisplatin (section 5.4).
 In non-FA HNSCC, there was a significant increase in mRNA expression with increased cisplatin on FANCA, FANCC and FANCD2. These results are in line with the results of a previous study that showed increased FANCF and FANCD2 mRNA expression in human leukaemia cell lines after being treated with DNA damaging agent (Adriamycin) (Yao et al., 2015). On the other hand, there was a significant increase in mRNA expression with increased cisplatin concentration in FA-HNSCC compared to untreated.  
It has been reported that expression of FANCD2 is related to ki67 expression (i.e. proliferation). Increase in FANC pathway expression and activation are expected due to DNA breaks during S-phase. It is therefore possible that the variation in FANC pathway activation that has been observed in FA-HNSCC cells is related in part to differences in proliferation (i.e. passage through S phase). 
Since non-FA HNSCC showed higher FANC genes expression compared to FA HNSCC and showed higher EC50, it is possible that increased expression of FANC genes could make cells more resistant to cisplatin and thus limit the efficacy of the treatment. This is supported by a previous study which investigated the association of Np63 with FANC gene activation and the efficacy of cisplatin treatment and found increased expression of Np63 which activates FA pathway that in turn reduces cisplatin treatment efficacy (Bretz et al., 2016). Another study performed genome wide functional genetic screening on HNSCC cells and reported that the FA pathway may be responsible for the cisplatin response (Martens-de Kemp et al., 2017).
[bookmark: _Hlk509864534]Conversely, other previous studies have investigated the relationship between the FANC pathway and cisplatin sensitivity and reported that FANC genes are not the common factor associated with cisplatin sensitivity. Instead, other factors are associated including p53 status, glutathione-transferase-pi, and glutathione concentration (Wu et al., 2014). However, they suggested a lack of FA pathway inactivation in the samples tested which could be the reason behind the observed lack of association between FA pathway and cisplatin sensitivity.
In addition, another study suggested that FANCD2 expression is not correlated with sensitivity to cisplatin treatment in lung cancer patients. However, it was proposed that this difference is due to the late stage of cancer they investigated and they suggested that FA pathway might not be of much importance in late stage cancer and that other pathways could be more involved in the DNA damage response (Ferrer et al., 2005). 
Western blot was carried out to measure FANCD2 protein expression to confirm mRNA expression on non-FA HNSCC and FA-HNSCC as well as to assess FANCD2 ubiquitination which is a key marker of FA pathway function (section 5.5). The FANCD2 protein expression were increased consistently with increased cisplatin concentration. These findings support previous qPCR findings. These results are similar to previous study which showed that FANCD2 and FANCF protein level were significantly increased after Adriamycin treatment in leukaemia cells (Yao et al., 2015).   
When investigating the effect of cisplatin on FANCD2 ubiquitination, FA HNSCC cells showed a single band indicating a lack of FANCD2 ubiquitination, which is expected due to them having a mutated FANC gene, and no activation of the FA pathway (figure 5.8). On the other hand, non-FA HNSCC cells have a double FANCD2 band indicating the presence of FANCD2 mono-ubiquitination which is a marker of FA pathway activation, since the role of monoubiquitinated FANCD2 is to activate nucleases and repair DNA damage in the downstream FA pathway (Chen et al., 2005). FANCD2 activation increased with increased cisplatin concentration (figure 5.8), supporting previous findings that showed FANCD2 ubiquitination after treatment with DNA damaging agent Temozolomide (TMZ) on glioma tissue in case of functional FA pathway (Patil et al., 2014). A previous study showed that most non-FA HNSCC cells expressed two bands for FANCD2 after treatment with mitomycin C which functions similarly to cisplatin, this in turn support our current findings (Stoepker et al., 2015).  
The FANCD2-L/S ratio was used as an indication of enhanced FANCD2 ubiquitination in response to DNA damaging agent. The results showed increased FANCD2-L/S ratio in response to cisplatin treatment. Previous studies have also reported increased FANCD2-L/S ratio in response to DNA damaging agent (Adriamycin) in leukaemia cells (Yao et al., 2015).  . This was further supported by a study conducted by Lundholm and colleagues which showed enhanced FANCD2 ubiquitination in response to cisplatin treatment in non-small cell lung cancer stem cells (Lundholm et al., 2013). This is what is expected from treatment of cisplatin as the pattern of DNA damage caused by cisplatin should particularly activate the FANC pathway (Martens-de Kemp et al., 2017).
Immunofluorescence was used to assess the effect of cisplatin on DNA damage and FA pathway activation using FANCD2, γH2AX and 53BP1 marker in non-FA HNSCC and FA-HNSCC (section 5.6). 
Overall, in non-FA HNSCC, cells with FANCD2 nuclear foci were significantly increased after cisplatin treatment while, the expression were significantly decreased after 48 hours of cisplatin removal. The percentage of cells with 53BP1 and γH2AX nuclear foci was also increased after cisplatin treatment and were then significantly reduced after 48 hours of cisplatin washout (Figure 5.9 and 5.10). In agreement with our findings, a study showed that FANCD2 re-localised to nuclear foci after treatment with Temozolomide, which is a chemotherapeutic agent for glioblastoma multiforme (Patil et al., 2014). In addition, another study showed that overexpression of FANCD2 and FANCF play a potential mechanism for Adriamycin drug resistant in leukaemia cells as they have functional DNA repair pathway (Hess et al., 2017, Yao et al., 2015). This in turn suggested reduced efficiency of cisplatin in non-FA HNSCC compared to FA-HNSCC which are sensitive to these treatments since they have less functional FA pathway. It was also reported that chemical inhibition of FA pathway could reduce cell resistance to cisplatin treatment in cancer cells (Jacquemont et al., 2012). 
FA-HNSCC shows absence of FANCD2 nuclear foci, due to the mutation in their Fanconi genes resulting in loss of FANC pathway activation. The percentage of cells with 53BP1 and γH2AX nuclear foci was significantly increased after cisplatin treatment and remained significantly higher than untreated cells even after 48 hours of cisplatin washout (Figure 5.11 and 5.12). The reason is due to the lack of FA pathway activation (which is shown by the lack of FANCD2 nuclear foci formation) which helps prevent collapse of stalled replication forks into generating DNA DSBs. This resulted in the amount of damage remaining relatively high even after the removal of cisplatin in FA-HNSCC when compared to non-FA HNSCC which showed a significant reduction in damage markers after removal of cisplatin which is in line with previous suggestion that lack of FANCD2 ubiquitination/ expression leads to increased sensitivity to cisplatin (Marsit et al., 2004, Stoepker et al., 2015). Although some repair was observed suggesting that other DDR pathways were activated. Taken together, monoubiquitinating of FANCD2 (western blot findings) and localisation of FANCD2 in nuclear foci (immunofluorescence results) after chemotherapy treatment illustrates the importance of FA activation in response to DNA damaging agent. This is in agreement with another study that found FANCD2 monoubiquitylation and formation of FANCD2 nuclear foci are increased in TMZ/BCNU-resistant glioma cells (Chen et al., 2007a).  
The Comet assay was used to evaluate DNA fragmentation before and after cisplatin treatment in non-FA HNSCC and FA-HNSCC (section 5.7), to complement the immunofluorescence data. The tail moment was used for the comparison. The results showed that DNA fragmentation was significantly increased after cisplatin treatment in all cells. This is supported by previous study that suggested that FA cells treated with radiation shows increased release of DNA fragments as indication of DNA damage (Mathew, 2006). Non-FA HNSCC showed significant reduction in DNA fragmentation after cisplatin washout (Figure 5.14 and 5.15), while FA-HNSCC cells showed slight but not significant reduction in DNA fragmentation after cisplatin washout (Figure 5.16 and 5.17). These findings were also supported by previous study that showed that DNA fragmentation was significantly increased in leukaemia cells after being treated with Adriamycin, in which drug-sensitive cells showed more DNA fragmentation compared to drug resistant cells (Yao et al., 2015).  
The results of this chapter indicate that, cisplatin treatment is not ideal for FA-HNSCC patients since they can develop fatal chromosomal breakage in different parts of their body since they have a non-functional FA pathway.  Hence why cisplatin is not a treatment option for FA-HNSCC. On the other hand, non-FA HNSCC patients could benefit from inhibition of FA pathway in order to improve their response to cisplatin treatment since they have functional FA-pathway and could resist cisplatin treatment by performing DNA repair. 
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[bookmark: _Toc514111194]Chapter six: Investigation of the association of Lipopolysaccharide from Porphyromonas gingivalis (LPS-PG) on cellular response to DNA damage


[bookmark: _Toc514111195]Background
Fanconi anaemia patients are known to have a high risk of developing different types of cancer and more commonly HNSCC (Hosoya et al., 2010). However, there is currently no convincing explanation of the relative site specificity of cancers in these patients. Several studies have suggested different reasons for such high incidence of HNSCC in FA, including infection with HPV, however the data are conflicting (van Zeeburg et al., 2005, Kutler et al., 2003c). Also, it is worth noting that tobacco and alcohol consumption, which are considered major risk factors for HNSCC incidence, are mostly absent in FA patients (Kutler et al., 2003b). This suggests that other factors may be involved in the development of cancer in FA patients. 
The importance of associated infections has been recently linked with the development of cancer (Meurman and Bascones-Martinez, 2011). It has been reported that 20% of malignancies may rise as a consequence of an infective agents (Coussens et al., 2013). Different types of cancer have been linked to different microorganisms for example, infection with Helicobacter pylori is linked with cancer of stomach, hepatitis B and C viruses are linked to liver cancer while human papilloma virus is related with uterine cervix cancer (Whitmore and Lamont, 2014, Coussens et al., 2013). 
In order to ensure long-term survival of the pathogens, a balance between pathogens and host cells should be in place. Pathogens develop ways of maintaining cell viability in a manner that makes them undetectable by the immune system, thus also improving pathogen survival. Some pathogens can also modulate the DDR for their benefit, since the DDR can result in cell death when unrepairable damage has occurred which could also have knock-on effects on pathogen viability (Chumduri et al., 2016) 
Given that FA patients tend to specifically develop oral cancer along with the fact that the oral cavity contains a large number of bacteria that function as microflora, it is possible that these bacteria can cause DNA damage that, if not repaired efficiently (due to FA pathway dysfunction), could contribute to the development of cancer. Porphyromonas gingivalis is one of the most common oral bacterial and is the most frequently identified periodontal pathogen in both FA-HNSCC and non-FA HNSCC (Lyko et al., 2013). Therefore, the effect of a component P. gingivalis on DNA damage was studied further given that this type of bacteria are often found in oral cavity in general and tumour tissues in specific (Whitmore and Lamont, 2014, Hooper et al., 2009, Szczepanski et al., 2009, Hohberger et al., 2008). 
The damage caused by these bacteria is expected to occur via different pathways which results in NFκb activation. One of these pathways is due to bacterial lipopolysaccharide (LPS) antigens, which cause mitochondrial DNA damage and the release of reactive oxygen species (ROS) via activation of Toll-like receptors (Suliman et al., 2005).This in turn causes further DNA damage. Recently, evidence has suggested that mitochondrial reactive oxygen species are associated with some pathophysiological processes such as the development of cancer, inflammatory and neurodegenerative disorders, diabetes and aging (Shigenaga et al., 1994, Pacher et al., 2007).  
Therefore, the aim of this part of the project was to investigate the possible effects of Lipopolysaccharide from Porphyromonas gingivalis (LPS-PG) on FA-HNSCC and non-FA HNSCC. This was performed by assessing the localisation of FANCD2, γH2AX and 53BP1 in response to LPS-PG in non FA-HNSCC and FA-HNSCC by immunofluorescence (section 6.2). Following that, visualising and quantifying DNA breaks were examined by comet assay in response to LPS-PG in non FA-HNSCC and FA-HNSCC (section 6.3). In addition, the possibility of LPS-PG leading to increased production of mitochondrial (ROS) using MitoSOX Red was evaluated using fluorescent microscopy and flow cytometry approaches (section 6.4).

[bookmark: _Toc514111196]Immunofluorescence
Immunofluorescence was performed to investigate the effect of LPS-PG on cellular response to DNA damage using non-FA HNSCC cells (H357, B22) and FA-HNSCC cells (OHSU-974, VU1131). Three different markers were used which were FANCD2, γH2AX and 53BP1.    
[bookmark: _Toc514111197]LPS-PG optimisation
In order to find optimal LPS-PG concentration for non-FA HNSCC and FA-HNSCC cells, cells were exposed to a range of different LPS-PG concentrations (0.1 µg/ml, 1 µg/ml and 10 µg/ml) for 24 hours and the effect was quantified using the general DNA damage marker which is nuclear γH2AX foci, these concentrations were chosen according to a previous study (Chuang et al., 2011). Cells with γH2AX nuclear foci in non-FA HNSCC and FA-HNSCC increased with increasing LPS-PG concentration compared to untreated cells. 
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[bookmark: _Toc514111273]Figure ‎6.1: Quantification of γH2AX nuclear foci in untreated and LPS-PG treated H357 cells.
The percentage of H357 cells with nuclear DNA damage foci increased with LPS-PG concentration (0.1 µg/ml, 1 µg/ml and 10 µg/ml). The results shown are the mean of three independent experiments, the standard error of mean (SEM) is shown. The t-test was used to compare each two groups together (*=p<0.05, ****=p<0.00005).  
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[bookmark: _Toc514111274]Figure ‎6.2: Quantification of γH2AX nuclear foci in untreated and LPS-PG treated B22 cells 
The percentage of B22 positive cells with nuclear DNA damage foci increased with LPS-PG concentration (0.1 µg/ml, 1 µg/ml and 10 µg/ml). The results shown are the mean of three independent experiments, the standard error of mean (SEM) is shown. The t-test was used to compare each two groups together (****=p<0.00005). 
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[bookmark: _Toc514111275]Figure ‎6.3: Quantification of γH2AX nuclear foci in untreated and LPS-PG treated OHSU-974 cells. 
 The percentage of OHSU-974 cells with nuclear DNA damage foci increased with LPS-PG concentration (0.1 µg/ml, 1 µg/ml and 10 µg/ml). The results shown are the mean of three independent experiments, the standard error of mean (SEM) is shown. The t-test was used to compare each two groups together (****=p<0.00005). 


VU1131
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[bookmark: _Toc514111276]Figure ‎6.4: Quantification of γH2AX nuclear foci in untreated and LPS-PG treated VU1131 cells. 
 The percentage of vu1131 positive cells with nuclear DNA damage foci increased with LPS-PG concentration (0.1 µg/ml, 1 µg/ml and 10 µg/ml). The results shown are the mean of three independent experiments, the standard error of mean (SEM) is shown. The t-test was used to compare each two groups together (**=p<0.005, ****=p<0.00005). 

[bookmark: _Toc514111198]Immunofluorescence 
Exposure of H357, B22, OHSU-974 and VU1131 cells to 0.1 µg/ml LPS for 24 hours caused little DNA damage. Meanwhile, there was significant damage when LPS-PG concentration reached 1 and 10 µg/ml (Figure 6.1, 6.2, 6.3 and 6.4). As such, 10 µg/ml was therefore chosen as the optimal concentration since it resulted in the most significant increase without causing significant amount of cell death, it was also chosen as the optimal concentration in previous study (Chuang et al., 2011). 
Cells were then treated with 10 µg/ml LPS-PG and the cellular response to DNA damage was assessed by detection of DNA damage nuclear foci by immunofluorescence. Overall, the percentage of cells with nuclear FANCD2, γH2AX and 53BP1 foci was significantly increased in LPS-PG treated non-FA HNSCC compared to untreated cells. After 48 hours of LPS-PG removal there was a significant decrease in the number of nuclear foci-positive cells (Figure 6.5 and 6.6). However, the percentage of cells with nuclear FANCD2, γH2AX and 53BP1 foci also significantly increased following LPS-PG treatment in FA-HNSCC cells but with no significant reduction 48h after withdrawal of LPS-PG, apart from 53BP1 in VU1131 cells (Figure 6.7 and 6.8). 


[bookmark: _Toc514111199]Non-FA HNSCC
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[bookmark: _Toc514111277]Figure ‎6.5: Quantification of FANCD2, 53BP1 and γH2AX nuclear foci in H357 cells in three different conditions which are untreated, LPS-PG treated and 48h washout.
 A) Representative immunofluorescent images of different conditions of H357 stained with DAPI, FANCD2 and 53BP1 B) Representative immunofluorescent images of different conditions of H357 stained with DAPI and γH2AX C) quantification of FANCD2, 53BP1 and γH2AX nuclear foci. The percentage of positive cells was significantly increased after LPS-PG treatment, which was then significantly reduced after 48 hours of removal of LPS-PG (Washout). The results shown are the mean of three independent experiments, the standard error of mean (SEM) is shown. The t-test was used to compare each two groups together (*p<0.05, **p<0.005, ***p<0.0005, ****p<0.00005).    
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[bookmark: _Toc514111278]Figure ‎6.6: Quantification of FANCD2, 53BP1 and γH2AX nuclear foci in B22 cells in three different conditions which are untreated, LPS-PG treated and 48h washout. 
 A) Representative immunofluorescent images of different conditions of B22 stained with DAPI, FANCD2 and 53BP1 B) Representative immunofluorescent images of different conditions of B22 stained with DAPI and γH2AX C) quantification of FANCD2, 53BP1 and γH2AX nuclear foci. The percentage of positive cells was significantly increased after LPS-PG treatment, which was then significantly reduced after 48 hours of removal of LPS-PG (Washout).The results shown are the mean of three independent experiments, the standard error of mean (SEM) is shown. The t-test was used to compare each two groups together (*p<0.05, **p<0.005, ***p<0.0005, ****p<0.00005). 
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[bookmark: _Toc514111279]Figure ‎6.7: Quantification of FANCD2, 53BP1 and γH2AX nuclear foci in OHSU-974 cells in three different conditions which are untreated, LPS-PG treated and 48h washout.
 A) Representative immunofluorescent images of different conditions of OHSU-974 stained with DAPI, FANCD2 and 53BP1 B) Representative immunofluorescent images of different conditions of OHSU-974 stained with DAPI and γH2AX C) quantification of FANCD2, 53BP1 and γH2AX nuclear foci. There is lack of FANCD2 nuclear foci in FANC core complex formation in OHSU-974 due to Fanconi anaemia deficiency. The percentage of 53BP1 and γH2AX positive cells was significantly increased after LPS-PG treatment, however after 48 hours of LPS-PG removal the percentage of positive cells there was slight but not significant reduction. The results shown are the mean of three independent experiments, the standard error of mean (SEM) is shown. The t-test was used to compare each two groups together (*p<0.05, **p<0.005, ***p<0.0005). 
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[bookmark: _Toc514111280]Figure ‎6.8: Quantification of FANCD2, 53BP1 and γH2AX nuclear foci in VU1131 cells in three different conditions which are untreated, LPS-PG treated and 48h washout.
 A) Representative immunofluorescent images of different conditions of VU1131 stained with DAPI, FANCD2 and 53BP1 B) Representative immunofluorescent images of different conditions of VU1131 stained with DAPI and γH2AX C) quantification of FANCD2, 53BP1 and γH2AX nuclear foci. There is lack of FANCD2 nuclear foci in FANC core complex formation in OHSU-974 due to Fanconi anaemia deficiency. The percentage of 53BP1 and γH2AX positive cells was increased after LPG-PG treatment, however after 48 hours of LPS-PG removal the percentage of positive cells there was slight but not significant reduction apart from 53BP1. The results shown are the mean of three independent experiments, the standard error of mean (SEM) is shown. The t-test was used to compare each two groups together (*p<0.05, **p<0.005).


[bookmark: _Toc514111201]Comet Assay
The Comet assay was carried out to directly visualise DNA damage, rather than using immunofluorescent markers such as γH2AX and 53BP1, caused by LPS-PG treatment on non-FA HNSCC (H357 and B22) and FA-HNSCC (OHSU-974 and VU1131). DNA fragmentation was measured using three different parameters which are tail length, % DNA in tail and tail moment. Results show that, the DNA fragmentation in non-FA HNSCC increased significantly after LPS-PG treatment compared to untreated cells, which was significantly reduced after 48 hours of LPS-PG removal (Figure 6.10 and 6.11). Whereas, DNA damage of FA-HNSCC was significantly higher after LPS-PG treatment compared to untreated cells and there was a small but not significant reduction in DNA fragmentation after 48 hours of LPS-PG removal (Figure 6.12 and 6.13).  
[image: ]
[bookmark: _Toc514111281]Figure ‎6.9: Representative comet fluorescence images showing DNA migration pattern. 
 The figure shows DNA migration pattern (from cathode to anode after electrophoresis) of different cells including H357, B22, OHSU-974 and VU1131 at different conditions including untreated, treated and washout.

[bookmark: _Toc514111202]Non-FA HNSCC
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[bookmark: _Toc514111282]Figure ‎6.10: Evaluation of DNA fragmentation in H357 cells using three different conditions which are untreated, LPS-PG treated and 48h washout.
 The Tail length, % DNA in tail and tail moment were increased after LPS-PG treatment, The DNA fragmentation shown in Tail length and tail moment was then largely reduced while %DNA in tail slightly increase after 48 hours LPS-PG removal. The results shown are the mean of three independent experiments, the standard error of mean (SEM) is shown. The t-test was used to compare each two groups together (*p<0.05, **p<0.005, ***p<0.0005, ****p<0.00005).
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[bookmark: _Toc514111283]Figure ‎6.11: Evaluation of DNA fragmentation in B22 cells using three different conditions which are untreated, LPS-PG treated and 48h washout. 
 The tail length, % DNA in tail and tail moment were significantly increased after LPS-PG treatment, The DNA fragmentation was then significantly reduced after 48 hours LPS-PG removal. The results shown are the mean of three independent experiments, the standard error of mean (SEM) is shown. The t-test was used to compare each two groups together (*p<0.05, **p<0.005, ***p<0.0005, ****p<0.00005).


[bookmark: _Toc514111203]FA-HNSCC
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[bookmark: _Toc514111284]Figure ‎6.12: Evaluation of DNA fragmentation in OHSU-974 cells using three different conditions which are untreated, LPS-PG treated and 48h washout.
 The tail length, % DNA in tail and tail moment were significantly increased after LPS-PG treatment, The DNA fragmentation remained high even after 48 hours LPS-PG removal. The results shown are the mean of three independent experiments, the standard error of mean (SEM) is shown. The t-test was used to compare each two groups together (*p<0.05, **p<0.005, ***p<0.0005)  
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[bookmark: _Toc514111285]Figure ‎6.13: Figure: Evaluation of DNA fragmentation in VU1131 cells using three different conditions which are: untreated, LPS-PG treated and washout.
 The tail length, % DNA in tail and tail moment were significantly increased after LPS-PG treatment, The DNA fragmentation remained high even after 48 hours LPS-PG removal. The results shown are the mean of three independent experiments, the standard error of mean (SEM) is shown. The t-test was used to compare each two groups together (*p<0.05, **p<0.005, ***p<0.0005). 

[bookmark: _Toc514111204]Assessment of mitochondrial reactive oxygen species (ROS) 
After assessing the damage caused by LPS-PG on both non-FA HNSCC and FA-HNSCC, the potential mechanism by which LPS-PG cause the damage was then investigated. There is evidence that LPS-PG may damage DNA by causing the release of superoxide from mitochondria (Pagano et al., 2014). Therefore, the level of superoxide was measured and compared between untreated and LPS-PG treated for different cells including FA-HNSCC and non-FA HNSCC cells using fluorescent microscopy and flow cytometry. Current results suggest that there was a significant increase between untreated and LPS-PG treated for all examined cells (figure 6.19). 
[image: ]
[bookmark: _Toc514111286]Figure ‎6.14: Representative fluorescence images for H357 using three different conditions,
 including untreated, 1 hour treated with Antimycin A (positive control) and 24 hours LPS-PG treated. The cells were stained with DAPI (blue) and MitoSOX (red). Stronger red fluorescence Indicates stronger presence of super oxide. 
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[bookmark: _Toc514111287]Figure ‎6.15: Representative fluorescence images for B22 using three different conditions
 including untreated, Antimycin A treated (positive control) and LPS-PG treated. The cells were stained with DAPI (blue) and MitoSOX (red). Stronger red fluorescence Indicates stronger presence of mitochondrial superoxide.   
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[bookmark: _Toc514111288]Figure ‎6.16: The figure is representative fluorescence images for OHSU-974 using three different conditions
 including untreated, Antimycin A treated (positive control) and LPS-PG treated. The cells were stained with DAPI (blue) and MitoSOX (red). Stronger red fluorescence Indicates stronger presence of mitochondrial superoxide. 
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[bookmark: _Toc514111289]Figure ‎6.17: The figure is representative fluorescence images for VU1131 using three different conditions
 including untreated, Antimycin A treated (positive control) and LPS-PG treated. The cells were stained with DAPI Indicates (blue) and MitoSOX (red). Stronger red fluorescence Indicates stronger presence of mitochondrial superoxide.
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[bookmark: _Toc514111290]Figure ‎6.18: Representative histogram of flow cytometry experiment. 
 The measurements were performed to determine mitochondrial superoxide production. This was performed using FAScalibur with Mitosox Red excited at a wavelength of 488 nm and data collected at FSC and SSC, 585/42 nm (FL2). The figure shows the distribution of cells according to their stain intensity for H357, B22, OHSU-974 and VU1131 using three different conditions untreated, Antimycin A (positive control) to stimulate the production of reactive oxygen species from mitochondria and LPS-PG treated. 
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[bookmark: _Toc514111291]Figure ‎6.19: Quantification of flow cytometry fluorescence intensity
[bookmark: _Hlk512264404] In non-FA HNSCC and FA-HNSCC by measuring mitochondrial superoxide production in untreated, Antimycin A treated (+ve) and LPS-PG treated. Overall, there is significant increase in fluorescence intensity in Antimycin A and LPS-PG treated cells when compare it to untreated in both non-FA HNSCC and FA-HNSCC. The results shown are the mean of three independent experiments, the standard error of mean (SEM) is shown. The t-test was used to compare each two groups together (****p<0.00005).  
[bookmark: _Hlk508826769]

[bookmark: _Toc514111205]Discussion 
Since FA patients are reported to have much higher risk of developing oral cancer the suggestion was that mouth-resident bacteria might be the underlined cause of DNA damage which may contribute to the development of cancer (Grivennikov and Karin, 2010, Hooper et al., 2009). P. gingivalis is the most common periodontal pathopgenic bacteria in both non-FA HNSCC and FA-HNSCC patients’ oral cavity (Lyko et al., 2013). OSCCs  are found to harbour higher level of P. gingivalis and Fusobacterium compared to healthy people (Nagy et al., 1998).  One previous study showed that high levels of P. gingivalis correlated with increased aerodigestive cancer mortality (Ahn et al., 2012) and another recent study showed association between high level of P. gingivalis infection and pancreatic cancer (Michaud, 2013).  Furthermore, more P. gingivalis was detected using immunohistochemistry staining in gingival squamous cell carcinoma patients when compared to healthy gingival tissue (Katz et al., 2011). It was therefore proposed that P. gingivalis is producing DNA damaging agents leading to the development of HNSCC. 
Thus, an investigation into the effect of LPS-PG on DNA damage was performed using variety of different approaches. The effect of LPS-PG on non-FA HNSCC and FA-HNSCC was investigated using immunofluorescence which was then complemented by comet assay to measure DNA fragmentation in the same cells. Following that, assessing mitochondrial reactive oxygen species was performed using fluorescent microscopy and flow cytometry.  These studies are limited due to the limited availability of appropriate techniques that are capable of assessing the production of these superoxides. However, recently developed fluoroprobe MitoSOX red dye was introduced with the ability to study ROS which was used in the current study (Mukhopadhyay et al., 2007). 
A previous study tested the toxicity effect of LPS on epithelial cells and found that concentration below 1µg/ml has no significant effect on cell viability while 1 µg/ml and 10 µg/ml showed a significant 49 and 74 % reduction in cell viability, respectively (Chuang et al., 2011). 
[bookmark: _Hlk502681596]Immunofluorescence data showed that both non-FA HNSCC and FA-HNSCC had significant increase in percentage of nuclear foci positive cells using FANCD2, 53BP1 and γH2AX antibodies after treatment with LPS-PG. However, non-FA HNSCC had significant reduction of percentage of positive cells using all markers 48 hours post washout, while FA-HNSCC only showed little significant reduction. This suggests that non-FA HNSCC cells were able to repair the damage induced by LPS-PG since they have a functional FA pathway. On the other hand, FA-HNSCC cells were not able to repair the damage caused by LPS-PG since they have a non-functional FA pathway, which is confirmed by the lack of FANCD2 nuclear foci (Figure 6.5,6,6,6,7 and 6.8). One study using gingival fibroblasts found that DNA damage, assessed using γH2AX, increased after treating cells with LPS (Cheng et al., 2015). Findings from this study directly support our hypothesis that the oral microbiome may play a significant role in the DNA damage in oral epithelial cells. 
Comet assay was also performed on non-FA HNSCC and FA-HNSCC using similar conditions which showed, overall, the same results. All cells had significant increase in DNA fragments after treatment with LPS-PG with non-FA HNSCC cells showing significant reduction after washout (Figure 6.10 and 5.11). On the other hand, FA-HNSCC showed no significant reduction in most cases which suggest that they were not able to repair the damage caused by LPS-PG due to them having a non-functional FA pathway (Figure 6.12 and 6.13). A previous study found that treatment with LPS for 24 and 48 hours of human lung carcinoma type II cells resulted in significantly increased DNA damage by 2.4-fold and 3.2-fold respectively (Cheng et al., 2015). 
Mitochondria are essential for cell survival during an inflammatory response. Mitochondrial DNA damage cause oxidative stress, energy failure or apoptosome formation which leads to the initiation of apoptosis (Lemasters et al., 1999). Reactive oxygen species are produced by mitochondria as a result of interaction between cytochrome-c oxidase and NO in addition to other respiratory chain proteins (Brookes et al., 2002). 
Host cells and the immune system recognise bacterial pathogens which leads to triggering inflammatory signals and production of reactive molecules, such as ROS and RNS. These molecules can facilitate elimination of the bacterial pathogens, however they can also cause DNA damage in the host cell. Thus, high level of ROS and RNS are considered a significant source of DNA damage, as they can lead to DNA double strand breaks and oxidized bases.  These reactive molecules can be produced in response to infections by immune cells and can also be made by bacteria-infected cells (West et al., 2011).
It has also been suggested recently that mitochondrial ROS is involved in the phagosomes of macrophage in response to bacterial infection (Arsenijevic et al., 2000, Sonoda et al., 2007). A subset of TLR receptors including TLR1, TLR2 and TLR4 engage in responses to bacterial activity, as a result, mitochondria are recruited to the phagosome and initiate mitochondrial ROS production. This involves translocation of TLR signalling adaptors such as Tumour necrosis factor receptor associated factor 6 (TRAF6) to mitochondria which interacts with evolutionary conserved signalling intermediate in toll pathways (ECSIT). This in turn leads to the ubiquitination of ECSIT resulting in increased production of mitochondrial ROS (West et al., 2011). 
Bacterial pathogens can induce DSBs independently from ROS by interaction with other pathways in the cell (Hanada et al., 2014). Some bacteria induce DSBs through direct interaction with host cell through the bacterial type IV secretion system, which interacts with host cell integrin B1 that results in the activation of nuclear factor-kb (NF-KB) signalling. Interaction of NF-KB with endonucleases xeroderma pigmentosum group-G complementing protein, XPF and host cell chromatin then causes DSB (Hartung et al., 2015). 
Previous studies have shown that sepsis from acute pulmonary infection caused by Gram-negative bacteria can lead to hypoperfusion or organ dysfunction abnormalities (Angus et al., 2001, Cazzola et al., 2004).The LPS from Gram-negative bacteria is a major factor for septic shock and acute lung injury (Tai et al., 2007, Welbourn and Young, 1992). LPS from these bacteria induce ROS production which can cause oxidative stress and lead to cell apoptosis (Pellegrini and Baldari, 2009). It was also reported that high doses of LPS in mice lead to death of bronchial epithelial cells (Vernooy et al., 2001).  
These bacteria can cause DNA damage through different pathways that end in activation of NFκb, one of which is through the activation of TLR2 and TLR4 through their LPS which causes mitochondrial damage and the release of ROS that causes further DNA damage. It has been reported that TLR4 activation produces a large quantity of NO dependant on NFKB signalling, which also leads to mitochondrial DNA damage (Suliman and Piantadosi, 2014, Suliman et al., 2005). 
[bookmark: _Hlk508811957]There is clear evidence showing that mitochondrial dysfunction and generation of reactive oxygen species (ROS) and reactive nitrogen species (RNS) are associated with the pathophysiological processes in cancer, inflammatory and neurodegenerative disorders, aging and diabetic complications (Shigenaga et al., 1994, Pacher et al., 2007). Studies have shown that mutations in Mitochondria DNA contribute to the development of colorectal cancer (Dimberg et al., 2014), acute myeloid leukaemia (Silkjaer et al., 2013), breast cancer (Yadav and Chandra, 2013) and hepatocellular carcinoma (Hsu et al., 2013).  
In our study, the investigation of the possible mechanism by which LPS-PG is (Robinson et al., 2006) causing DNA damage was studied further. It was proposed that LPS-PG causes an increase in ROS production and thus increased DNA damage, therefore, cells were treated with LPS-PG and Antimycin A (which was used as a positive control since it is known to cause increase in ROS production) (Mukhopadhyay et al., 2007). The ROS in the mitochondria was measured by a novel fluoroprobe MitoSOX red dye. Fluorescent microscopy was used to semi quantitatively measure mitochondria superoxide generation, while flow cytometry was used to quantitatively measure mtROS in a large population of cells. 
The mean fluorescence intensity of Antimycin A showed significant increase in MitoSOX fluorescence intensity (i.e. ROS production). In addition, LPS-PG caused a significant increase in ROS production in both non-FA HNSCC and FA-HNSCC (Figure 6.19). Some studies have shown mitochondrial dysfunction as part of the FA phenotype (Kumari et al., 2014, Pagano et al., 2014). Unconfined to FA, other DNA damage and repair syndromes such as Werner syndrome and ataxia-telangiectasia, display oxidative stress along with a mitochondrial dysfunction phenotype that play a role in the phenotype of these syndromes (Pallardo et al., 2010). Furthermore, studies showed major mitochondrial dysfunction in cells with FANCA, FANCC, FANCD2 and FANCG mutations (Kumari et al., 2014, Ravera et al., 2013). Other studies have demonstrated that genes involved in mitochondria bioenergetic pathways were significantly down-regulated approximately by 2-fold in FA cells compared to healthy donors (Pagano et al., 2013a) and down-regulation of six mitochondria genes in FA patients (Pagano et al., 2013a). These studies support the data that shows the mitochondria dysfunction in FA which is reported by the current study, may contribute to DNA damage in epithelial cells.   
The initial LPS-induced DNA damage is observed in both FA and non-FA cancer cells. There appears to be no consistent difference in the initial DNA damage caused. This indicates that both are susceptible to injury, yet it implies that the repair of LPS-induced damage in an FA-deficient background is less effective.
[bookmark: _Hlk508812180]In conclusion, these data suggest that P. gingivalis, which is a constituent of the normal oral flora, can cause an increase in ROS production as a result of mitochondrial dysfunction which leads to DNA damage. This is of importance specifically to FA patients who have a defective FA pathway and are unable to repair certain types of DNA damage effectively, and therefore are at much higher risk of developing cancer. This study therefore provides novel insights into the potential mechanism leading to the increased risk of FA patients in developing oral cancer. Future studies are required to improve the understanding of the impact of bacterial pathogens in the development of host cells’ genome instability.

[bookmark: _Toc514111206]Chapter seven: Final discussion 	



[bookmark: _Toc514111207]Final discussion
Fanconi anaemia is caused by a defect in one of 21 genes leading to loss of an important DNA repair pathway (Mamrak et al., 2016), which in turn leads to chromosomal instability and development of different types of cancer, most commonly HNSCC (Kutler et al., 2003b). However, the relationship between FA and the development of HNSCC is not clear. Therefore, the main aim of this project was to study the relationship between FANC genes and non-FA HNSCC. 
Initially it was proposed to investigate FANC genes mRNA and protein expression in a panel of normal oral keratinocytes and non-FA HNSCC cells. In general, both mRNA and protein expression was found to be significantly higher in non-FA HNSCC compared to normal cells for the majority of the FANC genes tested. In mRNA, the expression was similar between all FANCC genes tested as it expected due to their role in DNA damage repair (Figure 3.9). mRNA expression was similar between all FANC genes tested and this was expected due to their ongoing role in DNA damage repair. In western blot, the ubiquitinated (active) form of FANCD2 was only found in non-FA HNSCC (Figure 3.11), which indicates that the non-FA HNSCC cells have a functional FA pathway while the FA-HNSCC cells do not. 
Following quantification of mRNA and protein expression in cells, investigation of protein expression in tissue sections from normal oral mucosa, non-FA OSCC and FA-OSCC patients was performed. FANCD2 and FANCC expression were significantly higher in non-FA OSCC compared to normal oral mucosa, supporting a previous report that showed increased FANCD2 expression in OSCC (Holzel et al., 2003). Furthermore, the expression of FANCD2 was increased in correlation with Ki67 expression, which is an indicator of proliferation rate, which is similar to previous findings in gliomas (Patil et al., 2014). Recent studies on breast cancer found that FANCA expression was significantly increased in tumours in comparison to normal tissue, and this increase was correlated with tumour grade (van Wezel et al., 2005). FA genes expression was also found to be high in melanoma and they were found to be resistant to chemotherapy, supporting our current findings (Kao et al., 2011). This in turn suggests a possible association between FANC genes expression and non-FA HNSCC.   
As the FA pathway plays an important role in the repair of DNA interstrand cross links, the response to the DNA damaging agent cisplatin treatment, which causes interstrand cross links, in both non-FA HNSCC and FA-HNSCC was then studied to assess the phenotypic effects of FA pathway in these cells in response to cisplatin. First, mRNA and protein expression were investigated under three conditions, untreated, treated with EC25 and EC50 doses of cisplatin. The expression of almost all cells and FANC genes tested was significantly increased with increased cisplatin concentration (refer to section 5.4 and 5.5). This is not unexpected since cisplatin is reported to cause DNA interstrand cross links which are primarily repaired by the FA pathway (Wilson et al., 2006). Thus, it is likely that FA gene expression increased in response to cisplatin treatment in order to facilitate the repair the resulting DNA lesions (Wilson et al., 2006). Additionally, western blotting showed that FANCD2 ubiquitination is increased with increased cisplatin concentration (Figure 5.8) confirming its role in interstrand cross link repair and FA pathway activation in response to DNA damaging agent; this was supported by previous findings in glioma tissue, showing FANCD2 ubiquitination after treating with DNA damaging agent Temozolomide (TMZ) (Patil et al., 2014). 
Secondly, FA pathway activation in response to the DNA damaging agent (cisplatin) was assessed by immunofluorescence under three different conditions, untreated, treated and washout in non-FA HNSCC and FA-HNSCC cells. In general, in non-FA HNSCC, FANCD2 nuclear foci were significantly increased after cisplatin treatment and the number of foci was significantly reduced after 48 hours cisplatin washout. Consistent with this, cells stained for the DNA damage markers, 53BP1 and γH2AX showed an increase in nuclear foci after cisplatin treatment and a significant reduction 48 hours post washout (Figure 5.9 and 5.10).Comet assay was additionally used to directly visualise DNA breaks and the results were in line with previous immunofluorescence findings where non-FA HNSCC cells showed significant increase in DNA fragmentation and significant reduction after 48 hours washout (Figure 5.14 and 5.15).These data suggest that non-FA HNSCC cells are able to repair DNA damage caused by cisplatin as they have functional FA pathway. This is in line with a previous report that showed functional FA pathway increase resistance to chemotherapy as shown here by the observed repair (Hess et al., 2017, Yao et al., 2015).  
Given that the majority of FA patients are not affected by common causes of HNSCC such as infection with HPV nor they are tobacco and alcohol abusers (van Zeeburg et al., 2005, Kutler et al., 2003c, Kutler et al., 2003b), it has been suggested that other factors may be involved in the observed increased risk of HNSCC development in FA patients, including the oral microbiome. It is reported that P. gingivalis, which is the most common oral bacteria in FA-HNSCC and non-FA HNSCC causes DNA damage (Lyko et al., 2013) resulting in NFκb activation through several pathways. One of these pathways is by LPS activation of TLR2 and TLR4 that results in mitochondrial damage (Suliman and Piantadosi, 2014). This in turn results in the release of reactive oxygen species that damages the DNA further (Shyamsunder et al., 2016). It was therefore hypothesised that P. gingivalis, is involved in the observed increased risk of HNSCC. Therefore, the effects of Lipopolysaccharide from Porphyromonas gingivalis (LPS-PG) effect on DNA damage in FA-HNSCC and non-FA HNSCC cells was studied further.    
Using immunofluorescence, the percentage of positive cells (for FANCD2, 53BP1 and γH2AX nuclear foci) was significantly increased in non-FA HNSCC cells after LPS-PG treatment and was significantly reduced 48 hours after washout (Figure 6.5 and 5.6).These findings were complemented by the comet assay, which showed a significant increases in DNA fragmentation (tail moment) after LPS-PG treatment and significant reduction 48 hours post washout (Figure 6.10 and 6.11). The observed effect on DNA damage by LPS-PG was similar to the observed effect by cisplatin shown previously.
This in turn suggests that, although LPS-PG is normally present in the oral cavity, its ability to cause DNA damage may increase the risk of developing HNSCC in FA patients. 
There is evidence suggesting that LPS-PG can cause DNA damage by releasing superoxide from mitochondria (Suliman et al., 2005). Therefore, the level of superoxide was measured in non-FA HNSCC and FA-HNSCC after treatment with LPS-PG (Figure 6.19). The results showed a significant increase in reactive oxygen species after treatment with LPS-PG in both non-FA and FA-HNSCC. Therefore, it is hypothesised that PG release causes mitochondria dysfunction leading to the release of superoxide which causes DNA damage and leading to increased risk of developing cancer. Interestingly, mitochondria dysfunction and the release of superoxide were reported previously in FA patients (Pagano et al., 2013b), which supports our findings.  
[bookmark: _Toc514111208]Study limitations  
The current study as any other study has some limitations; some of which could be overcome by further work. One of these limitations is that additional non-FA HNSCC and FA-HNSCC cells and tissues could be added to support our current findings. In addition, the expression of remaining FA genes could be investigated if there were no time constraints. Due to the limited availability of good antibodies for western blotting, only FANCA, FANCC and FANCD2 were investigated, thus other FANC proteins can be tested to determine the defects in the FA core complex. 
Lack of available FA-HNSCC tissue mutation information in IHC made it difficult to identify any correlations between the type of the mutation and mutated gene with the observed abnormality. In addition, due to time limitations only two cells from non-FA HNSCC and FA-HNSCC were studied using immunofluorescence and comet assay for DNA damage assessment. 



[bookmark: _Toc514111209]Future work  
In our studies, we have provided evidence that FA HNSCC and non-FA HNSCC behave similarly in terms of basal FA gene expression and in response to DNA damaging agents, except that non-FA HNSCC showed partial recovery after washout of damaging agent. Therefore, knocking out FANCD2 in non-FA HNSCC could be performed to test the response to DNA damaging agent, such as cisplatin. The aim of such experiment is to test whether disabling FA pathway is responsible for the recovery observed in non-FA HNSCC. This could be tested using immunofluorescence and/or comet assay, as performed previously. Following that, comparison between untreated, treated and washout between non-FA HNSCC and FANCD2 knocked out non-FA HNSCC could be carried out in order to identify any differences in response to treatment and after washout with and without a functional FA pathway in order to observe the specific association of FA pathway.
In addition, non-FA HNSCC and FA-HNSCC cells are found to have severe genetic abnormalities due to the genomic instability observed in them. Therefore, generating NOKs cells that contain mutated FANC gene will allow us assess the differences in the effect of pathogen on normal cells and the knock out version of these cells. The outcome of these experiments will provide evidence of the accumulation of DNA damage in the presence of pathogen bacteria (LPS) in NOK-FA deficient cells. In addition, this may provide a better understanding of the initiating process of HNSCC.
In addition, knocking out FANCA in normal cells could also be performed to investigate lack of FANCA expression on FANCD2 expression and ubiquitination in unstressed conditions and in response to DNA damaging agent such as cisplatin (as described previously). The aim of such experiment is to investigate the importance of FANCA in FA pathway activation through FANCD2 ubiquitination.  In addition, comparing the findings with our current data for FA-HNSCC cells especially OHSU-974, since these cells showed lack of FANCD2 ubiquitination. 
The effect of LPS effect on DNA damage was tested in this study using commercially available LPS. Thus, Non-FA HNSCC and FA-HNSCC can be treated with different concentration of P. gingivalis. LPS isolated from clinical periodontal patients or from common lab strains. The effect of oral pathogen bacteria on cells will be assessed after treatment and after washout to assess DNA repair mechanism. Additionally, assessment of DNA damage foci for p53BP1 and γH2AX, FANCD2 nuclear foci using immunofluorescence will be carried out. Since periodontal disease is reported to be associated with other organisms that can cause DNA damage, LPS isolated from these organisms will be investigated. The outcome of these experiments is expected to confirm our results of the effect of LPS on HNSCC cells and extend these findings to other bacteria such as the red complex. It can also help describe the mechanism of interaction and consider how it can be inhibited.
In addition to that, we have provided evidence that LPS-PG causes DNA damage, therefore, testing for bacterial inhibiting agents/strategies could be of future interest. Anti-oxidants are an ideal choice to be tested for inhibition of LPS-PG effect on DNA damage. This could be then tested on cells treated with LPS-PG and their DNA damage assessed in order to identify whether these antioxidants reduced DNA damage. This in turn would be supportive of the development of prevention methods for FA patients in order to reduce the risk of developing HNSCC.

[bookmark: _Toc514111210]Final conclusion 
The current study provided evidence that the expression of FANC genes is altered in non-FA HNSCC compared to normal oral keratinocyte cells. In addition, this study showed increased expression of FANC genes in response to DNA damage agent including cisplatin as well as LPS-PG. This in turn support our hypothesis that states the expression and activation of Fanconi genes and their associated proteins are altered in non-FA HNSCC compared to normal oral keratinocyte. This could be due to that FA pathway is responding to DNA damage cause by normal oral flora.
Therefore, our data suggest that P. gingivalis which is considered part of the normal oral flora can cause an increase in ROS production which in turn can cause DNA damage. This is of importance specifically to FA patients who have a defective FA pathway and are potentially unable to repair this damage efficiently. Therefore, they are at much higher risk of developing HNSCC cancer. This information provides a novel insight into possible reasons associated with the observed increased risk of FA patients developing oral cancer and can be used as a measure in the prevention of oral cancer/HNSCC by emphasising the importance of oral hygiene especially in individuals with defective DNA damage repair mechanisms such as FA. In addition, lowering or stopping tobacco and/or alcohol usage must be encouraged (Kutler et al., 2003b). Furthermore, avoiding mouthwashes containing alcohol and maintaining an overall healthy life style may reduce risk. 
Several studies suggest that poor oral hygiene and mouth-resident bacteria can cause DNA damage (Grivennikov and Karin, 2010, Hooper et al., 2009). Therefore, treatment of periodontitis, maintenance of routine dental evaluation and routine oral cancer screening are recommended to limit the spread or development of cancer (Mehrotra and Gupta, 2011) particularly after bone marrow transplantation in FA patients  (Mamrak et al., 2016). Finally, the increased knowledge of the molecular pathology of DNA damage repair pathway can enhance the understanding the development of cancer in FA patients as well as improve FA diagnosis and prevention methods.   
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Expression in fold change to NOK8

FANCD2
0.158667811115971	0.27224634115876301	0.208105481634515	0.44464660985701099	0.195231847442983	0.117964399398011	3.0390421325366401E-2	5.8681612812986901E-2	2.89476267478582E-2	0.25021821071283801	0.16745332294105	8.0279198210577399E-2	0.107859787775612	0.30194172678239301	0.32345971802580398	6.2895867227770699E-2	0.166599454027717	0.158667811115971	0.27224634115876301	0.208105481634515	0.44464660985701099	0.195231847442983	0.117964399398011	3.0390421325366401E-2	5.8681612812986901E-2	2.89476267478582E-2	0.25021821071283801	0.16745332294105	8.0279198210577399E-2	0.107859787775612	0.30194172678239301	0.32345971802580398	6.2895867227770699E-2	0.166599454027717	NOK8	NOK334	OK17	OK19	OK21 	OKF4	OKF6	FNB6	B22	TR146 	B16	H357	OHSU-974	OHSU-FAA	FANCC	1	14.626611984208299	0.53988008973992296	1.1763185846186091	0.30990305678923702	15.54830532002252	19.985841888061621	4.4486930593176472	10.973706455193989	119.8341592629202	601.27773045709205	982.37523754975621	128.7256059074852	80.158126231166776	169.86383641567309	
Expression in fold change to NOK8

FANCE
0.13831628754898401	7.82660570192035E-2	0.48178258207342101	8.8404085393908094E-2	0.29919580283375202	0.185080831477312	0.364621556572017	0.25264472359092199	0.347472761816424	0.51649160290269902	0.20583193202788999	0.21736903145189099	0.215563137169446	0.194843380467493	0.13550223502707801	0.21899440573676701	0.30879078690001999	0.13831628754898401	7.82660570192035E-2	0.48178258207342101	8.8404085393908094E-2	0.29919580283375202	0.185080831477312	0.364621556572017	0.25264472359092199	0.347472761816424	0.51649160290269902	0.20583193202788999	0.21736903145189099	0.215563137169446	0.194843380467493	0.13550223502707801	0.21899440573676701	0.30879078690001999	NOK8	NOK334	OK17	OK19	OK21 	OKF4	OKF6	FNB6	B22	TR146 	B16	H357	OHSU 974	OHSU FAA	FANCC	1	2.9615721238522892	0.88555307481977696	0.62694953154463595	1.1178368231340949	2.358861091041998	3.5884059919830888	3.3511660396691871	8.844824651043476	6.8614126243906899	10.596451457356119	10.441160520791639	8.5531657146817697	15.890037861805819	85.799111406899428	
Expression in fold change to NOK8

FANCI
0.23330829689990401	0.44048525949494999	0.34227349415976399	0.27396740635155797	0.15360103037523401	0.31292164079206802	2.54087336428497E-2	0.180162042495083	0.35215751644541199	0.26150116052514899	0.343718142538815	6.7876797230963598E-2	0.233451548982511	0.16770313948263901	9.0219536256475399E-2	0.74157227798981196	0.49326417019720098	0.23330829689990401	0.44048525949494999	0.34227349415976399	0.27396740635155797	0.15360103037523401	0.31292164079206802	2.54087336428497E-2	0.180162042495083	0.35215751644541199	0.26150116052514899	0.343718142538815	6.7876797230963598E-2	0.233451548982511	0.16770313948263901	9.0219536256475399E-2	0.74157227798981196	0.49326417019720098	NOK8	NOK334	OK17	OK19	OK21 	OKF4	OKF6	FNB6	B22	TR146 	B16	H357	OHSU-974	OHSU-FAA	FANCC	1	1.289856633276405	1.187937275223119	0.71150348507185202	0.29336127725905797	1.6624382096039201	4.5683429637277362	3.105932107164568	2.0690242731697142	9.3503386477914372	35.047721982196137	41.38234470296905	13.557254056796729	15.19122465292576	31.459373714674399	
Expression in fold change to NOK8

FANCL
0.11074406249245899	0.13695594364247199	0.297500943647242	0.27396740635155797	0.15360103037523401	0.31292164079206802	2.54087336428497E-2	0.180162042495083	0.22577920569072099	0.26150116052514899	9.45705811144954E-2	6.7876797230963598E-2	0.26228096599639	9.1736338972076906E-2	0.33765160044242798	0.200052864729135	0.49326417019720098	0.11074406249245899	0.13695594364247199	0.297500943647242	0.27396740635155797	0.15360103037523401	0.31292164079206802	2.54087336428497E-2	0.180162042495083	0.22577920569072099	0.26150116052514899	9.45705811144954E-2	6.7876797230963598E-2	0.26228096599639	9.1736338972076906E-2	0.33765160044242798	0.200052864729135	0.49326417019720098	NOK8	NOK334	OK17	OK19	OK21 	OKF4	OKF6	FNB6	B22	TR146 	B16	H357	OHSU-974	OHSU-FAA	FANCC	1	61.819032392557773	56.934337509126777	34.100268088979981	14.059942658537	79.67577084057811	136.49278759328851	148.85818515672699	5.416511888887479	448.13421339775908	38.667030062707333	20.86521002481512	27.515439561680829	12.439625864660711	1507.755197395094	
Expression in fold change to NOK8

UB2T
0.19434124924558199	0.138147328649526	0.32751618900801399	0.17977650435749501	0.31321398461967398	0.383393651298506	0.29062343747364999	8.5784894301581302E-2	0.14539061139335499	0.149780356712755	0.181557390238827	7.7667424808173902E-2	0.15430655304404201	0.120659591555472	7.3470670358993406E-2	0.12322139023048399	0.25864939565429801	0.19434124924558199	0.138147328649526	0.32751618900801399	0.17977650435749501	0.31321398461967398	0.383393651298506	0.29062343747364999	8.5784894301581302E-2	0.14539061139335499	0.149780356712755	0.181557390238827	7.7667424808173902E-2	0.15430655304404201	0.120659591555472	7.3470670358993406E-2	0.12322139023048399	0.25864939565429801	NOK8	NOK334	OK17	OK19	OK21 	OKF4	OKF6	FNB6	B22	TR146 	B16	H357	OHSU-974	OHSU-FAA	FANCC	1	3.0520312174002	4.2098501576572058	2.1757333707500188	0.82350547237207605	7.9261068086365052	23.00821113033016	11.99048425894583	3.8103848303855639	41.551621389487941	53.583170452135931	44.53819761424797	11.21843116173455	10.77820660376644	125.75561294167569	
Expression in fold change to NOK8

USP1
0.117383464122224	9.4291551669984E-2	0.151050524100382	2.9962750726249099E-2	3.4801553846630501E-2	6.3898941883084301E-2	4.8437239578941603E-2	8.5784894301581302E-2	0.14539061139335499	0.149780356712755	9.4224405564588595E-2	7.7667424808173902E-2	5.4456354673567402E-2	1.53717456826899E-2	0.19910115865057099	0.41925586079187099	0.42185563048630698	0.117383464122224	9.4291551669984E-2	0.151050524100382	2.9962750726249099E-2	3.4801553846630501E-2	6.3898941883084301E-2	4.8437239578941603E-2	8.5784894301581302E-2	0.14539061139335499	0.149780356712755	9.4224405564588595E-2	7.7667424808173902E-2	5.4456354673567402E-2	1.53717456826899E-2	0.19910115865057099	0.41925586079187099	0.42185563048630698	NOK8	NOK334	OK17	OK19	OK21 	OKF4	OKF6	FNB6	B22	TR146 	B16	H357	OHSU-974	OHSU-FAA	FANCC	1	0.25307962823657298	0.34908794731762999	0.18041551785973101	6.8286476760299794E-2	0.65724628013530195	1.907880065595347	0.99427138272045501	2.7145048125573958	3.4455312363535202	13.01805397579114	17.376047567828241	6.9252193061515337	3.707732344725958	1.8361014775742099	
Expression in fold change to NOK8

FANCA
0.25673800000000002	2.2673800000000002	2.7673800000000002	2.0545399999999998	3.25454	2.0024999999999999	2.902499999999999	0.5	1	1.3	0.25673800000000002	2.2673800000000002	2.7673800000000002	2.0545399999999998	3.25454	2.0024999999999999	2.902499999999999	0.5	1	1.3	NOK334	OKF4	OKF6	B16	H357	B22	TR146	OHSU-974	OHSU-FAA	VU1131	1	13.327626789875961	13.02295872421821	21.31435136078747	32.242011295451519	10.02964110112107	18.35215361046879	7.0893048168548347	45.234945716722493	21.991018210174872	Relative expression to β-actin 
FANCD2
0.31394339999999998	1.5943400000000001	1.0434000000000001	1.0046999999999999	1.7047000000000001	0.80139300000000002	1.31393	0.5	0.5	0.5	0.31394339999999998	1.5943400000000001	1.0434000000000001	1.0046999999999999	1.7047000000000001	0.80139300000000002	1.31393	0.5	0.5	0.5	NOK334	OKF4	OKF6	B16	H357	B22	TR146	OHSU-974	OHSU-FAA	VU1131	1	7.2899100486000492	7.8962085062194918	10.746434953388279	15.9588643128371	6.22088285468267	10.426052742496431	11.480302336558299	13.9572053238323	4.0051067742565367	Relative expression to β-actin
FANCC
NOK8	B16	B22	H357	OHSU-974	OHSU-FAA	FANCC	1	1.579644783679788	0.73973110089157801	2.8252693965376792	1.3630362775755061	1.970691248604616	0.160245109076081	Relative expression to β-actin
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Ingredients

Cell lysis working solution

10% complete, Mini, EDTA-free Protease
Inhibitor Tablets in RIPA buffer

1x Tris buffered Saline with Tween-20
(TBST) buffer

1L from 10X Tris-buffered saline (TBS) buffer,
10ml Tween-20, 8.99L dH20 (pH 7).

1x NuPAGE Running buffer

50ml of NuPAGE MOPS SDS running buffer
(20X), 950 ml of dH>O

1X NuPAGE Transfer buffer

50ml NuPAGE transfer buffer (20X) (Invitrogen),
200ml Methanol, 750 ml dH.O

skimmed milk (blocking buffer )

5% skimmed milk powder in TBST

1 litre PBS washing buffer

8g Sodium Chloride (NaCL), 0.2g Potassium
chloride (KCI), 1.44g Sodium phosphate dibasic
(NapHPOQ4), 0.24g Potassium dihydrogen
phosphate. Dissolved in 1 litre dH.O

Acid antigen retrieval buffer

1.18g tri-Sodium citrate dissolved in 400ml
dH,0 (pH 6.0)

0.1% acid alcohol

0.1% Hydrochloric acid(HCL), 70% Isopropanol

Scott's tap water

2.0 g Sodium bicarbonate, 3.5g magnesium
sulphate, Dissolved in 1 litre dH20

3% BSA in PBST (blocking buffer)

PBS+ 0.2% Triton X-100

alkaline unwinding solution

200 mM NaOH, 1 mM EDTA pH>13

alkaline electrophoresis solution

500 mM NaOH, 1 mM EDTA pH >13

5mM MitoSOX Red reagent stock solution

50 pg MitoSOX, 13 pL of dimethylsulfoxide
(DMSO)

5 mM MitoSOX reagent working solution

50 pg MitoSOX stain diluted in 13 yl DMSO
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