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Abstract 

The nucleotide excision repair (NER) pathway is essential for repair of UV

induced bulky DNA lesions. NER is divided into two subpathways: global genome repair 

(GGR) and transcription-coupled repair (TCR). UVC radiation has been shown to result 

in the formation of bulky DNA lesions, which are removed by NER. Previous published 

reports have shown a role for the p53 tumour suppressor protein in GGR and TCR, but 

the involvement of p53 in TCR has been controversial. In addition, it has also been 

suggested that hypoxia affects NER and expression of p53. In the present work, the role 

ofp53, hypoxia and HIF-la in NER was investigated. 

It was determined that p53 overexpression in primary human fibroblasts resulted 

in up-regulation of both the GGR and TCR subpathways of a UV -damaged reporter gene. 

Pre-treatment of cells with low UVC-fluence and p53 overexpression also induced an up

regulation of GGR and TCR. These results are consistent with a p53-dependent up

regulation of TCR and GGR of the UVC-damaged reporter gene, as well with a UV

inducible TCR and GGR that is dependent on p53 expression prior to UV treatment. 

Hypoxia coupled to low pH induced a transient up-regulation of p53 expression 

and NER in human primary normal fibroblasts and a concomitant decrease in UV C 

sensitivity. In contrast, in tumour cells hypoxia coupled to low pH resulted in a delayed, 

but not absent up-regulation of NER, which was p53-independent and did not result in a 

decrease in UVC sensitivity. We report here that it is the early transient p53-dependent 

up-regulation induced by hypoxia coupled to acidosis in human primary normal 
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fibroblasts that may play a significant role in cellular UVC sensitivity. These data suggest 

a different cellular NER response to hypoxia compared to hypoxia coupled to low pH. 

The NER response to hypoxia and hypoxia coupled with acidosis was also different in 

primary cells when compared to tumour-derived cells. 

It was demonstrated that expression of dominant-negative HIF-la in rat prostate 

tumour cells results in a reduction in host cell reactivation (HCR) of a UV-damaged 

reporter gene when compared to that in wild-type HIF-la cells under normoxic 

conditions suggesting that basal HIF-la expression may play an important role in NER. 

In addition we showed that hypoxia induced an up-regulation of NER in human primary 

normal fibroblasts that was delayed, but not absent in TCR-deficient CSB cells, 

suggesting a role for hypoxia in up-regulation of the GGR pathway of NER of a UV

damaged reporter gene. In contrast, HIF-la-overexpression under conditions of hypoxia 

resulted in a down-regulation of NER in normal fibroblasts, which was delayed, but not 

absent in CSB fibroblasts. These results suggest that HIF- 1 a and CSB are involved in a 

hypoxia-induced NER response. 

This work provides further evidence that both GGR and TCR are p53-dependent. 

In addition, this study provides evidence that hypoxia and hypoxia coupled to acidosis 

can up-regulate NER in both primary and tumour cells, and that HIF-la and the CSB 

protein play an important role in a hypoxia-induced NER response. 
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1.0 UV Damage, cancer and DNA repair 

1.1 Overview 

Understanding tumour progression in its complexity has been the unfailing task of 

many researchers. The cell is constantly faced with protecting its contents from 

exogenous insults and endogenous metabolic factors. Each day on average the cell must 

cope with more than 104 lesions caused by spontaneous decay, cellular metabolism and 

stalled DNA-replication forks (1). Additionally, humans are exposed to environmental 

mutagens such as tobacco smoke and UV light, adding further damage to the genome and 

threatening its stability. It is not surprising that there is a strong link between the cell's 

capacity to repair damage and developing cancer. Unrepaired damage can lead to 

mutagenesis and all tumour cells contain mutations that will render them unstable and 

cause them to grow uncontrollably. However, complex DNA repair systems are in place 

to counteract the damage imposed on the genome. 

1.2 UV radiation and damage 

The leading environmental factor responsible for serious DNA damage and increasing the 

risk of developing skin cancer is chronic exposure to sunlight. Squamous cell carcinomas 

(SCC), melanomas (CMM) and non-melanoma skin cancers (basal cell carcinoma; BCC) 

are some of the most frequent cancers induced primarily by exposure to the sun 

(reviewed in (2,3)) and their prevalence is on the rise (reviewed in (4)). The sunlight's 

electromagnetic radiation spectrum is composed of ultraviolet (UV) light, visible light 

and infrared (reviewed in (5)). UV radiation forms 45% of the total light spectrum and is 
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divided into three distinct sections: UVC (200-280 nm), UVB (280-320 nm) and UVA 

(320-400 nm) as illustrated in Figure l. l. The ozone layer absorbs UVC and most of the 

UVB light preventing _their reach to the earth's surface (6). However, the current 

depletion of the ozone layer increases the amount of UVB reaching the planet (7). A 

major effect of UVB exposure on the skin arises through direct damage to the nucleic 

acids. In contrast, damage from UV A exposure is predominantly indirect through the 

formation and action of reactive oxygen species on the DNA (8). 

Although UVC is completely absorbed by the ozone layer and therefore has no 

environmental relevance, there are several significant reasons for the frequent use by 

researchers of germicidal lamps, which emit light at the wavelength corresponding to the 

UVC spectrum (predominantly 254 nm) (reviewed in (9)). First, the maximum 

absorbance of DNA is at 260 nm and second, since UVC germicidal lamps emit at 254 

nm wavelength, it minimizes damage to proteins, which do not efficiently absorb light at 

that particular wavelength (9). UVC is also of higher intensity and therefore produces 

lesions more efficiently (I 0) and produces the same type of lesions that the other, longer, 

wavelengths of UV radiation produce (I I). UV radiation induces two types oflesions: the 

cyclobutane pyrimidine dimer (CPD) and the pyrimidine (6-4) pyrimidone dimer (6-

4PP), distinguished by the position and the number of bonds formed as shown in Figure 

1.2. CPDs form through two bonds and the helical distortion is milder (7-9°) than the 6:. 

4PPs. On the other hand, 6-4PPs result through the fonnation of one bond, which causes 

a 44° DNA bending (12). 
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1. 3 UV-induced cancer 

UV-induced DNA lesions, if not properly repaired, will lead to mutations in cells 

of the epidermal layer leading to cancer. Mutations in the tumour suppressor gene, p53, 

have been detected in human non-melanoma skin cancers such as BCC and SCC and 

have been reported by several investigators (13-16). Studies have shown that p53 

mutations were present in 90 % of the SCCs and 50 % of the BCCs examined (17,18) as 

well as in xeroderma pigmentosum (XP) patients (19,20). BCC and SCC develop 

primarily on areas that were exposed to the sun with increased risk to individuals that 

have sensitive skin, bum easily and therefore do not tan frequently (6,21,22). The most 

prevalent type of cancer in North America is BCC, but it rarely becomes metastatic or 

invasive, while SCC is not as common, it can metastasize (23,24). Cutaneous melanomas 

(CMM), on the other hand, are malignant and the incidence and mo1tality rates in the last 

decade have risen (25). A direct relationship between UV exposure and CMM incidence 

remains controversial, but has been suggested by several studies (26-28). 

1.4 The role of DNA repair in cancer prevention and treatment 

The extent of damage from normal cellular processes and environmentally

incurred sources would destroy cells if it wasn't for their ability to repair it. XP patients, 

along with the numerous studies showing that consistent unrepaired or misrepaired DNA 

damage leads to genomic instability, demonstrate the important contribution of cellular 

DNA repair pathways to preventing induction of cancer. Hence, cancer prevention 

depends on the equilibrium between the magnitude of DNA damage and the capacity of 
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error-free DNA repair pathways. If one side of the equilibrium is overwhelmed, the 

consequences can be cancer induction. 

The main therapeutic method used to treat cancer is by causing DNA damage in 

tumour cells by chemotherapy and radiotherapy. Cells derived from patients with defects 

in the homologous recombination repair pathway were shown to be less resistant to 

ionizing radiation than repair-proficient cells (29). Greater benefit can result from 

tailoring treatments by using DNA repair pathway deficiencies in tumour cells to our 

advantage. For instance, tumour cells with a certain deficient DNA repair pathway can be 

made vulnerable by targeting the alternate proficient DNA repair pathways which they 

rely on. In contrast, surrounding normal tissue cells would be less sensitive to DNA 

damaging agents because they would still possess a proficient DNA repair pathway that 

is deficient in tumour cells (reviewed in (30)). This would allow for a more specialized 

treatment plan in which tumour cells are the target and normal cells are spared. 

Therefore, not only does DNA repair play a crucial role in cancer prevention by 

maintaining genomic integrity, but in the event of cancer induction it can be a key 

determinant in developing more specialized cancer therapies. 

2.0 Cisplatin 

Cisplatin (cis-diamminedichloroplatinum (II)) is a chemical that can induce DNA 

damage. This particular cross-linking agent was the first platinum compound permitted 

for cancer treatments despite its toxicity to the kidneys and the gastrointestinal tract 

(31,32). Cisplatin binds to the DNA forming an adduct, resulting in either intrastrand or 
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interstrand cross-links, which in turn can cause a distortion and unwinding of the helix 

structure as shown in Figure l.3A (33). Cisplatin is relatively stable and is activated 

inside the cells due to the low chloride conditions of less than l 00 mM concentration 

(34). The exact mechanism of how cisplatin binds to DNA is believed to start with the 

attack of the electronegative N7 guanine atom on the platinum resulting in a chloride 

being released. Subsequently, platinum binds to guanine and in some rare cases to 

adenine, forming DNA adducts (35). Metastatic testicular cancer treated with cisplatin is 

one of the most successful therapies with greater than ninety percent of the patients being 

cured (36). Cisplatin sensitivity has been detected in testicular carcinoma cell lines when 

compared to other cell lines and interestingly these cell lines showed a deficient NER due 

to low expression levels of the DNA repair proteins ERCCI and xeroderma pigmentosum 

complementation group F (37). 

Although cisplatin therapy for the aforementioned cancers is efficient, the toxicity 

of the drug poses a real clinical problem for patients. This led to the use of another 

platinum-based chemical, carboplatin (cis-diammine-[ l, 1-cyclobutanedicarboxylato]) 

(reviewed in (38)). The only difference between carboplatin and cisplatin is the leaving 

group, which is cyclobutanedicarboxylate for carboplatin instead of chloride as shown in 

Figure l .3B (39). Carboplatin proved to lack nephrotoxicity and is an equally efficient 

antitumour drug. Randomized clinical trials have shown that the use of cisplatin and 

carboplatin displayed comparable survival rates for ovarian cancer patients ( 40). 

Another limitation to cisplatin became evident soon after its approved use m 

clinical trials, that of some tumours becoming resistant to cisplatin treatment. Therefore, 
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it is important to investigate the role of repair mechanisms in removing cisplatin-induced 

DNA adduction, in order to understand how tumour cells become resistant during the 

course of cisplatin therapy. Studies suggest that since the sensitivity of testicular cancer 

cells is due to a deficiency in DNA repair (37), cisplatin-resistant cancer cells may 

survive due to increased repair of lesions. Johnson et al. (1994) and colleagues showed 

that cisplatin resistant cell lines exhibited increased removal of cisplatin-induced DNA 

adducts when compared to the parental cell line ( 41 ). Since nucleotide excision repair 

(NER) is the main mechanism of repair of cisplatin-induced DNA damage it is not 

surprising that studies have found a correlation between cisplatin resistance and increased 

NER activity in human ovarian cancer cells (42) and several other cell lines (43). On the 

other hand, loss of MMR gene, hMLHJ in human colon tumour cell line renders cells 

more resistant to cisplatin-based treatment when compared to MMR-proficient cells (44), 

indicating that loss of repair function can also contribute to tumour resistance to 

chemotherapy. These studies underline the important role that DNA repair plays in 

cancer prevention and finding more specific cancer therapy methods. 

3.0 Nucleotide excision repair pathways 

3.1 DNA repair pathways 

There are four main DNA repair pathways that are important in maintaining 

genomic stability in the cell: base excision repair (BER), mismatch repair (MMR), 

double-strand break repair such as homologous recombination (HR) and nonhomologous 

end joining (NHEJ), and nucleotide excision repair (NER). BER is responsible for 
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repairing insults that result in oxidative damage to bases or causes DNA single and 

double-stranded breaks ( 45). MMR handles base-base mismatches, which disrupt the 

hydrogen bonding and hence distort the helical structure, but essentially are not DNA 

lesions. The most lethal DNA insults include double-strand DNA breaks (DSB) and two 

pathways, HR and NHEJ are used by the cell to repair these lesions. A cell using one 

pathway over another to repair a double strand break is dependent on what type of breaks 

or in what part of the cell cycle the break occurred (46,47). NER is known to be a 

pathway that can handle a broad variety of lesions by sensing the distortion they cause in 

the DNA helical structure. Once it recognizes the type of damage, it makes incisions on 

both sides of the damaged strand and it excises a short 25-30 nucleotide long patch 

containing the lesion. The gap will then be filled by DNA polymerases using the 

undamaged strand as a template and ligation occurs (45). Therefore, NER is composed of 

five steps that are common among all organisms. This kind of repair mechanism can 

therefore work efficiently with only one common set of proteins that can handle different 

types of lesions. The lesions repaired by NER are most commonly a result of UV 

radiation causing DNA dimers, or chemicals, which will covalently bind to DNA 

resulting in a bulky DNA adduct. Specifically, NER repairs CPDs and 6-4PPs, which are 

caused by UV radiation. 

3.2 Nucleotide excision repair 

Excision repair was discovered roughly 45 years ago when studies showed that 

bacteria such as Escherichia coli after UV exposure could remove small fragments of 
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DNA containing UV-induced damage (48,49). Even though studies on repair done in E. 

coli were instrumental in elucidating the mechanism and overall steps of NER, there is 

little homology between the two NER in prokaryotes and NER in eukaryotes, despite 

being a conserved repair mechanism (reviewed in ( 50,51) ). There are many eukaryotic 

NER proteins that do not correspond to a functional counterpart in prokaryotic repair and 

the mechanism of mammalian NER is far more complex than that of E.coli (reviewed in 

(50,52)). 

It was James Cleaver who recognized the connection between a deficiency m 

DNA repair and UV-sensitivity (53) that ultimately leads to tumourigenesis. James 

Cleaver used xeroderma pigmentosum cell lines to show that UV-sensitivity is related to 

deficiency in NER in these patients (53). These results supported the notion that DNA 

repair played a pivotal role in the maintenance of genomic stability and preventing 

neoplastic transformation. The significance of NER is demonstrated by the existence of 

patients with autosomal recessive syndromes characterized by different deficiencies in 

NER, which include xeroderma pigmentosum (XP), Cockayne syndrome (CS) and 

trichothiodystropy (TTD). These syndromes are the result of a deficient protein involved 

in NER and therefore the outcome is a variety of serious clinical consequences including 

photosensitivity, neurodevelopmental abnormalities, ocular anomalies, decreased fertility 

and skin cancer in XP patients (54-56). 

NER is divided into two pathways: global genome repair (GGR) and 

transcription-coupled repair (TCR). GGR eliminates lesions from the entire genome 

including from the_ non-coding region of the genome, the non-transcribed strand of active 
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genes and from silent genes. On the other hand, TCR is responsible for repairing damage 

with higher priority from the transcribed strand of active genes. The only difference 

between the two NER pathways is the way the lesion is recognized. The stalled RNA 

polymerase II acts as a signal in TCR for recognizing the presence of a damaged site 

(57), while GGR uses a complex composed of three subunits, XPC, HR23B and centrin 

2, which identifies the helical distortion and recruits the repair machinery (58). A 

representation of these two subpathways is shown in Figure 1.4. 

Early reports showed that RNA synthesis is temporarily blocked after UV

irradiation and that the recovery of RNA synthesis occurs faster in normal cells compared 

to that in CS and some XP cells (59). The slower recovery of RNA synthesis in CS cells 

was found to result from a deficiency in TCR of DNA lesions from the transcribed strand 

of active genes, rendering the cells sensitive to UV radiation (60). Increased efficiency of 

repair of the transcribed strand of active genes when compared to a sequence in a non

coding region downstream was first shown in Chinese hamster ovary cells (60). 

Subsequently, a preferential repair of the transcribed strand of active genes was also 

shown in human cells (61), in E.coli (62) and in Saccharomyces cerevisiae (63,64). 

3.3 Global genome repair 

The XPC-HR23B-centrin2 complex is the first component of the repair machinery 

arriving at the site of damage and necessary for recruiting subsequent repair proteins to 

the damaged site ( 65-67) (see Table 1.1 ). The 125 kDa XPC protein exhibits DNA 
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binding activity with a preference for damaged DNA (68). Uchida et al. (2002) 

demonstrated that the carboxyl terminal domain plays an important role in recruiting 

TFIIH to the lesion site (69). A more recent report shows that XPC binds opposite the 

lesion to the single-stranded DNA of the undamaged strand (70), suggesting a 

counterintuitive method of recognizing lesions. 

In whole cell extracts, XPC is mostly found bound to HR23B, a 58 kDa protein 

(71 ), which is one of the two human homologues of the Rad23 protein involved in NER 

in yeast. Both HR23A and HR23B have been found to bind to XPC (58,72), although 

HR23B is most commonly associated with XPC in a complex. The exact function of 

HR23B is not entirely known, although it was shown that in vitro HR23B can stimulate 

XPC activity (73). The two human homologues of the yeast Rad23 have an N-terminal 

ubiquitin-like and two ubiquitin-associated domains that are indispensible to NER (74), 

implicating them in degradation (75). The third protein found within the XPC-HR23B 

complex is centrin 2, a protein that was shown to help the XPC-HR23 complex stability 

(58) and improve NER activity (76). 

The XPC-HR23B complex is able to detect a variety of lesions, but in some 

instances, such as with CPDs, its recognition ability is reduced (77). CPDs cause a 

relatively mild distortion in the double helix compared to 6-4PPs (12), making it harder 

for the XPC-HR23B complex to recognize them. It is in enabling the XPC-HR23B 

complex to recognize the modest CPD damage that the UV-damaged DNA-binding 

complex (UV-DOB, also known as DOB) plays an important role. The heterodimeric 

UV-DOB complex is composed of a 127 kDa protein subunit (pl27/DDB1) and a 48 kDa 
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subunit (p48/DDB2) (78). Mutations in the DDB2 subunit of the UV-DOB complex 

result in a clinical phenotype observed in xeroderma pigmentosum group E patients (79). 

XPE patients show mild sensitivity to UV-radiation and are at high risk of getting skin 

cancers (80). Despite this, the XPE protein is not necessary for NER in vitro (81 ), but the 

clinical phenotype of XPE patients underlines its importance in vivo. It was shown that 

UV-DOB binds to CPDs, 6-4PPs and other lesions that lead to excision of CPDs and 

therefore it has been suggested that as a consequence, the XPC complex can then be 

recruited to the site of damage (82). This supports the hypothesis that UV-DOB complex 

promotes recruitment of the XPC-HR23B complex to the site of lesion and its ability to 

recognize lesions that otherwise would not have been easily identified by the XPC 

complex (83). 

The next step in the NER assembly machinery is the opening of the DNA around 

the lesion, which starts with transcription factor llH (TFIIH). TFIIH is composed of ten 

protein subunits including XPB, XPD, p62, p52, p34, p44, TTD-A, cyclin H, cdk7 and 

MA Tl (84-88) and it is known for its role in transcription initiation of RNA polymerase 

II (RNAPII) (89), NER (90) and cell cycle regulation (91). XPB and XPD display 

ATPase and helicase activities with XPB unwinding the DNA in the 3' to 5' direction 

and XPD performing the same function in the opposite direction (92-94). 

The three TFIIH subunits, cyclin H, cdk7 and MATI, fom1 a complex known as 

cyclin-activated kinase (CAK) and this in tum can phosphorylate the C-terminal domain 

of the large subunit of RNAPII facilitating its entrance in transcription elongation (95). 

The other five subunits (p62, p52, p44, p34 and TIO-A) form a ring-shaped structure 
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with XPB and XPD, to which the CAK complex attaches (96). It is thought that the five 

subunits stabilize the complex further and can activate and inhibit each other, but more 

specific functions have yet to be established (85,97). Overall, the TFIIH complex is 

indispensable to NER as it ultimately facilitates a 20 to 30 nucleotide-long opening 

surrounding the damaged site. For example, it has been shown that an opening of the 

helix around the lesion was absent when the TFIIH complex contained mutated XPB and 

XPD in cell extracts (98). 

Two other important proteins involved in both pathways of NER are XPA and 

replication protein A (RPA). XPA binds to TFIIH (99) and RPA (100), and it is a DNA

binding protein showing preference for damaged DNA (l 0 I). The exact role of XPA is 

still to be determined, but it has been shown to displace the XPC complex from the repair 

machinery (l 02) and may be involved in identification of the lesion-containing strand 

(68). RPA is a single-strand DNA-binding protein, which attaches to the undamaged 

DNA (l 03) in order to stabilize single-stranded DNA intermediates and eliminate 

secondary structures. XPA and RPA are crucial proteins for the assembly of the NER 

pre-incision complex, but their exact roles are not fully elucidated. After the arrival of 

XPA and RPA, the following step involves the endonucleases XPG and XPF, which are 

responsible for the incision of the damaged strand. XPG performs the cut at the 3' end of 

the lesion (104) and XPF-ERCCl is responsible for the incision on the 5' end (105). The 

XPF-ERCCl incision step is dependent on the presence of XPG (106) and it is the XPF 

protein of the XPF-ERCCl complex that conducts the endonuclease function (107). Once 
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the damaged fragment is removed, the DNA synthesis machinery starts the synthesis of 

the new fragment. 

3.4 Transcription-coupled repair 

TCR and GGR proceed through the same modes of action, by recruiting TFIIH 

and subsequently XPA and RPA. The XPC-HR23B complex is thought to be displaced at 

this point, and with the an-ival of XPA and RP A an opening around the lesion allows the 

incision proteins, XPG and XPF-ERCCl to enter (reviewed in (108)). As mentioned 

earlier, the difference between these two NER pathways is the mode of damage 

recognition. Since lesions on the transcribed strand block transcription ( l 09), it is the 

stalled RNA polymerase that acts as a signal in TCR (57) for the repair machinery to 

assemble instead of the XPC-HR23B complex of the GGR pathway. TCR is a more 

specialized pathway, exhibiting rapid and preferential removal of lesions from the 

transcribed strand of active genes. TCR not only has to recognize the stalled RNA 

polymerase at the lesion, but it also needs to recruit the repair proteins to facilitate repair 

of the damage and subsequently restart the transcription machinery. It is no surprise that 

mutations in the proteins involved in TCR lead to the Cockayne syndrome (CS), a 

condition in which patients suffer from photosensitivity, neurological dysfunction and 

growth retardation. 

The mutations causing CS are found in genes responsible for encoding the 

proteins CSA and CSB. Cells from CSA and CSB patients cannot repair lesions from the 

transcribed strand even though they are still able to remove DNA adducts from the entire 

14 



Ph.D. Thesis - Diana Dregoesc McMaster University-Department of Biology 

genome. The specific steps after a stalled RNA polymerase caused by a lesion and the 

involvement of CSA and CSB are not clearly elucidated. However, it is thought that CSB 

may recruit NER proteins (110), chromatin remodelers (111) and the CSA-E3-ubiquitin 

ligase complex to the stalled RNAPII (110,112,113). CSB is a 169 kDa protein with an 

A TPase domain composed of seven conserved helicase motifs ( 114) and is a member of 

the SWI/SNF family of ATP-dependent chromatin remodellers (115). CSB is similar to 

the SWI/SNF family members as it exhibits DNA-binding activity and A TPase activity, 

but not helicase functions ( 116). 

A mutation in the A TPase motif of CSB resulted in impaired RNA synthesis 

recovery and inhibition of repair, indicating the importance of the A TPase motif for 

nonnal function of CSB in vivo (117). Studies conducted by van den Boom and 

colleagues (2004) have demonstrated that CSB can interact with the transcription 

machinery, a function that was prolonged upon DNA damage, supporting the model that 

CSB travels with the RNAPII from initiation and binds to it at the necessary times (118). 

Another report has shown that CSB cannot promote elongation past a stalled RNAPII at a 

damaged site, but with the addition of one nucleotide, CSB can activate a stalled RNAPII 

for transcription elongation (119). Therefore, the role of CSB is critical in TCR and 

mutations in the CSB gene are the leading cause for the CS phenotype, but the exact role 

of CSB still needs to be discovered. In contrast, CSA, although it interacts with CSB in 

vitro (120), is dispensable in recruiting NER proteins to the stalled RNAPII. CSA was 

shown to interact with TFIIH (120) and XAB2 (XPA binding protein 2) (121), a protein 
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important in pre-mRNA splicing and transcription, and known to interact with XPA 

(122). 

4.0 Repair-deficient syndromes 

4.1 Overview 

Mutations in the genes encoding proteins of the NER pathways can result in three 

main autosomal recessive syndromes that have been identified as xeroderma 

pigmentosum (XP), Cockayne syndrome (CS), and trichothiodystrophy (TTD). The genes 

involved in encoding NER proteins have been identified and characterized through 

studies on both human and rodent cell lines and their protein products have been named 

with respect to their specific complementation group. For the XP syndrome seven 

complementation groups have been described and are classified as XPA to XPG, plus a 

variant form of the disease, XPV. The latter is a hereditary disease that results from a 

deficiency in the DNA polymerase eta and as a consequence XPV cells have to use more 

error-prone polymerases causing mutations to build up during DNA replication (123). 

There are two complementation groups that have been characterized to CS, known as 

CSA and CSB, and mutations in their genes affect TCR, but not GGR. Mutations in three 

genes, XPB, XPD and TTDA have been associated with TTD. Nine patients have been 

found to show pathology characteristic of both XP and CS with mutations in XPB 

(XPB/CS), XPD (XPD/CS) and XPG (XPG/CS) (124). The degree of clinical variation in 

all of the XP/CS patients is vast and suggests that different mutations in these genes can 
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cause specific phenotypes. Clinical pathology of combined XP/TTD has been described 

in two patients (125) underlying the diversity of phenotypes caused by XPD mutations. 

4.2 Xeroderma pigmentosum 

Xeroderma pigmentosum (XP) is a hereditary disease associated with extreme 

sensitivity to sunlight that causes skin atrophy, pigmentation abnormalities and 

approximately 1000-fold increased risk of skin cancer, including basal and squamous cell 

carcinomas and melanomas (reviewed in (126)). The frequency of XP is I in 250,000 

individuals from the Western population and 1 in 40,000 individuals from Japan and 

North Africa (45). The onset of the syndrome occurs around two years of age when 

-
extreme sunburn is observed (127) and cancer has been detected as early as 8 years old, 

reducing the lifespan significantly, by as much as 30 years (127). Interestingly, among 

the different NER-deficient syndromes, only the XP patients exhibit a higher incidence of 

skin cancer. It has also been observed that XP patients are at greater risk of developing 

internal cancers, especially of the lung or gastro-intestinal tract (128). These clinical 

outcomes reflect the importance of NER in handling insults from air pollutants and food 

carcinogens (reviewed in (129)). 

In addition, neurological anomalies are observed in 20% of XP patients, which 

can become prominent as early as childhood and are due to neuronal degeneration (130). 

The severity of the disease depends on the type of mutation and the impact that it has on 

NER. For example, patients with mutations in the XPA gene, which disrupts both NER 

pathways, display more severe neurological symptoms when compared to XPC patients, 
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which have a deficient GGR, but not TCR. In addition, milder NER defects, such as those 

seen in XPC and XPF patients, do not tend to cause any neurological dysfunction until 

late adulthood (52) or none at all in XPE individuals (79). Cases of severe neurological 

anomalies could be the result of neuronal death brought on by deficient DNA repair of 

lesions induced endogenously in the nerve cell (131). XPA, XPB, XPD and XPG 

individuals show severe clinical phenotypes due to the extent of NER affected since those 

proteins are involved in the common steps for both TCR and GGR. 

4. 3 Cockayne syndrome 

Cockayne syndrome (CS) is the second disorder characterized by UV sensitivity. 

CS is a rare neurodegenerative disorder, which was first observed and described in 1936 

by Edward Alfred Cockayne (132). Afflicted patients, aside from cutaneous 

photosensitivity also exhibit severe neurological abnormalities due to degeneration of 

white matter, progressive growth failure, microcephaly, systemic growth failure, retinal 

pigmentary degeneration, cataracts and tooth decay. The clinical manifestations observed 

in CS patients are resonant with traits of normal aging. Prenatal growth failure has been 

detected in CS and the first symptoms of CS can be visible as early as one year of age 

(55). The average life expectancy of CS patients is approximately 12.5 years due to the 

progressive multi-organ deterioration making the patients susceptible to respiratory 

infections causing death (55). In comparison to XP, CS patients do not have an increased 

risk of developing skin cancer. 
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CS results from mutations in either the CSA or CSB gene and therefore CS 

patients lack a proficient TCR. In contrast to XP patients, CS patients are not predisposed 

to cancer. In addition, the neurological and developmental abnormalities observed in CS 

patients cannot be entirely explained by TCR deficiency in NER. The discovery that in 

cell-free extracts a small proportion of RNAPII associates with CSB ( 133), suggesting a 

non-essential role for CSB in transcription, has led investigators to propose that the CS 

phenotype may be linked to moderate impairment in transcription. In addition, when 

css-1
- knockout mice, which display milder neurological dysfunctions (134) compared to 

human CS, are crossed with XPC or XP A knockout mice that do not exhibit any 

neurological anomalies (135,136), the resulting crossed mice display combined 

symptoms that include neurological problems. 

4. 4 Trichothiodystrophy 

Trichothiodystrophy (TTD) is the third hereditary disease characterized by brittle 

hair due to a deficiency in sulfur-rich proteins (137) and scaling of the skin (56). This 

genetic disorder can also cause decreased fertility, short stature, microcephaly, increased 

photosensitivity and intellectual impairment (138). Although all TTD patients show 

sparse, brittle hair, other clinical phenotypes range in severity and only approximately 

half of the patients display photosensitivity (138). The photosensitive TTD cases are due 

to a deficiency in NER caused by mutations in three genes coding for protein subunits in 

the TFIIH complex: XPB (139), XPD (140) and TTDA (84). The most common 

mutations in TTD patients are found in the XPD gene with the most mutations causing 
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disruptions in the C-terminal region of the protein (l 4 l ). Since interaction of another 

TFIIH subunit, p44 with XPD occurs at the C-terminal region in order to activate the 

XPD helicase activity, mutations in that region eliminate XPD stimulation (142). Despite 

the photosensitivity that occurs, no malignancies have been detected in TTD patients 

(56). 

4.5 Involvement of nucleotide excision repair proteins in base excision repair 

An interesting aspect of some NER repair proteins is their involvement in other 

DNA repair pathways such as BER. Some reports have suggested that the proteins RP A 

and XPG also have an important role in repair of oxidative damage through BER (143-

145). For example, fractionation experiments using human whole cell extracts revealed 

that repair of AP sites was greater in the presence of both RP A and the proliferating cell 

nuclear antigen (PCNA), a critical component for BER of AP sites, than when the 

proteins were added separately (I 43). These data suggested a role for RPA in PCNA

dependent BER of AP sites. Klungland and colleagues ( 1999) reported that XPG was 

able to stimulate activity of a BER protein, hNthl, and may enhance the ability of hNthl 

to bind to damaged DNA (144). Moreover, other studies have also implicated XPG in the 

BER pathway (146,147). Another link between NER proteins and BER was demonstrated 

through the discovery of an interaction between the BER protein, responsible for excision 

of DNA lesions such as N-methylpurines, MPG (also known as 3-Methyladenine-DNA 

Glycosylase), and hHR23 proteins (148). 
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The hHR23 protein binds to XPC to form the XPC-hHR23B complex essential for 

proficient GGR (58,73). In addition, interaction of the XPC-hHR23B complex with 

thymine DNA glycosylase important for inducing repair of guanine-thymine mismatches 

through BER has been reported (149). Several researchers have suggested an 

involvement of CSB in BER (145,150-152) as repair of 8-oxoguanine was reduced in 

CSB mutant cells (145,152). Furthermore, it was demonstrated that CSB can associate 

with BER proteins including poly (ADP-ribose) polymerase l (PARP-1) (153) and 

apurinic/apyrimidinic (AP) endonuclease (APEl) (154). 

The multi-functional aspect of these proteins can provide an explanation for the 

differences in clinical phenotypes observed in NER disorders. For instance, patients with 

defects in TCR proteins such as CSA and CSB and patients with XPG mutations manifest 

numerous and complex clinical symptoms (55,146). Deficiency in BER results in an 

increase in oxidative damage, which has been suggested to contribute to premature aging 

(155). Since CS patients exhibit premature aging, and oxidative damage was detected in 

brain cells of individuals with NER-deficient disorders (156), then this could support an 

involvement of CSB in BER. The emergence of XP/TTD and XP/CS patients that show 

combined clinical phenotypes (reviewed in (I 08)) underlines the complexity of NER 

protein functions and illustrates the importance of characterizing the specific roles of 

NER proteins as they are involved in different DNA repair pathways. 
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5.0 The p53 tumour suppressor protein 

5.1 Overview 

McMaster University - Department of Biology 

Tumour suppressor proteins play a significant role in maintaining normal cellular 

growth and differentiation. Mutations in tumour suppressor genes can prevent the protein 

product from regulating cellular functions and can therefore result in tumour growth. One 

of the tumour suppressor proteins is p53, a protein that is altered or inactivated in over 

50% of cancers, including non-melanoma and melanoma skin cancers (reviewed in (2)). 

The p53 tumour suppressor protein plays a key role in maintaining genomic stability 

through cell cycle arrest, apoptosis and its involvement in DNA repair pathways such as 

NER. 

The approximate half-life of p53 is between 20 and 30 minutes, but once 

stimulated by stress, its expression can increase significantly (l 57). The 53 kDa protein is 

activated by phosphorylation of its residues consequently preventing ubiquitylation by 

HDM2, the human counterpart of the mouse double-minute 2 (MDM2). HDM2, an E3 

ubiquitin ligase, negatively regulates p53 by binding to it and targeting it for degradation 

(l 58). Reports have demonstrated that UV radiation phosphorylates p53 at several 

residues such as Serl5, Ser20, Ser33, Ser37, Ser46 and Ser392 (159-162). 

During normal cell functions p53 is found at low levels, but accumulates in the 

cell in response to stress such as UV radiation (163), and as a transcription factor, 

regulates the expression of many different genes (reviewed in (2)). Expression of p53 

also increases in response to ionizing radiation (164), heat shock (165) and hypoxia (166-

170). A link between p53 and NER was identified when studies reported that p53 can 
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bind to different subunits of the TFIIH complex, including XPB and XPD, as well as the 

CSB protein involved in TCR (171-173). 

5.2 The role ofp53 in global genome repair 

Support for the involvement of p53 in repair of UV damage by NER came from 

studies showing that cells lacking functional p53 displayed less repair of UV-induced 

DNA damage (174-176). Smith et al. (1995) reported reduced repair of UV-induced 

DNA damage in human colon carcinoma RKO cells, which have inactivated p53 function 

due to the human papillomavirus E6 or a dominant-negative p53 transgene (174). The 

same year, Ford and Hanawalt (1995) showed that cells homozygous for mutant p53 

displayed a decrease in repair of UV-induced CPDs from the overall global DNA when 

compared to the heterozygous for p53 mutation Li-Fraumeni skin fibroblasts or normal 

cells, but TCR of CPDs was not affected (175). Experiments using a p53 homozygous 

mutant cell line transfected with a tetracycline regulated wild type p53 cDNA 

demonstrated the specificity of the effect of p53 on GGR (177). It was shown that 

regulated wild type p53 expression can restore normal repair of CPDs and 6-4 PPs of the 

global DNA, but did not affect TCR of CPDs (177). Reduced GGR was also reported in 

p53 mutant transgenic mice (178) and p53 null mice (179). These results support a role 

for p53 in GGR and further studies show that p53 modulates regulation of GGR through 

transactivation of the p48-XPE (83) and XPC (180) genes. A p53 DNA binding region 

was discovered in the promoter segment of the DDB2 gene coding for XPE, which 

further strengthened the model of the p53 role in GGR (181). Furthermore, it has been 
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reported that UV radiation stimulated XPC mRNA and protein expression levels in p53 

wild type cells, but not in p53-deficient cells (180). 

5.3 The role of p53 in transcription-coupled repair 

Although it is now well accepted that GGR is p53-dependent, the role of p53 in 

TCR has been rather controversial. However, compelling evidence is accumulating 

suggesting that p53 can play a role in regulating the repair of UV-induced DNA damage 

from the transcribed strand of active genes, through an effect on TCR. DNA damage in 

actively transcribed genes results in inhibition of RNA synthesis and so to study how this 

can affect the levels of p53 expression, Yamaizumi and Sugano (l 994) used a-amanitin, 

an inhibitor of transcription in normal and XP cells (182). They found that a-amanitin 

treatment resulted in increased p53 expression in both normal and XP cells suggesting 

that nuclear p53 accumulation can result from UV-induced DNA damage in active genes 

(182). Further evidence for a role of p53 in TCR was demonstrated by Wang et al. 

(1995), who reported that p53 can bind to CSB, the protein important for proficient repair 

of the transcribed strand of active genes ( 172). 

Previously, our laboratory demonstrated that adenovirus DNA synthesis in UV

irradiated human GGR-deficient XPC fibroblasts was similar to levels observed in human 

normal fibroblasts, but not similar to levels found in XPA cells, CSB cells, SV 40-

transformed fibroblasts, Li-Fraumeni cells (LFS) heterozygous or homozygous for 

mutant p53 (183). These results suggested that TCR may be involved in the cellular 

capacity to sustain DNA synthesis after UV-irradiation and that it is p53-dependent. In 
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addition, our laboratory has shown that heat shock-enhanced reactivation (HSER) and 

UV-enhanced reactivation (UVER) stimulated host cell reactivation (HCR) of UV

damaged reporter gene in normal fibroblasts but not in Li-Fraumeni cells lacking 

functional p53 (184). Since it has previously been demonstrated that HSER and UVER 

rely on TCR (185,186), the results suggest that p53 mutant cells lack the capacity to 

induce TCR through UV or HS. A similar response was reported in murine fibroblasts 

treated with UVB radiation ( 187). 

Further studies employing a sensitive ligation-mediated PCR assay in order to 

quantify the repair of DVB-induced DNA damage, showed that p53-deficient LFS cells, 

human lung fibroblasts with inactivated p53 by expressing the human papillomavirus 

(HPV) showed less removal of DVB-induced CPDs from both the transcribed and non

transcribed p53 loci when compared to normal cells (l 88). However, another study 

showed that the role of p53 in TCR might be wavelength dependent as ligation-mediated 

PCR showed a reduced removal of UVC-induced CPDs in the non-transcribed strand of 

the c-jun and hprt loci in p53-deficient cells, but not in the transcribed strand (189). 

Therefore, further studies will help in clarifying the role of p53 in TCR. 

6.0 The tumour microenvironment 

6.1 Hypoxia 

The heterogeneous microenvironment of the tumour affects the tumour's 

invasiveness, metastasis potential, radioresistance and risk of recurrence. The greatly 

dynamic tumour microenvironment consists of cell populations with differences in 
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cellular metabolism and genomic instability that are exposed to differing levels of pH, 

oxygen and nutrient amount. Low oxygen conditions have been shown to have a 

tremendous effect on the tumour resistance to radiotherapy and chemotherapy resulting in 

more aggressive tumours ( 190-192). The oxygen levels of mammalian tissues vary from 

2% to 9%, while hypoxia is considered as less than 2% and anoxia at less than 0.02% 

(193). The extent of hypoxia or anoxia experienced by tumour cells depends on the 

distance from the blood supply and the rates of cellular oxygen consumption in the tissue. 

In addition to tumour progression, hypoxia is associated with several other physiological 

conditions including stroke, inflammation and tissue ischemia. 

Ample studies have demonstrated that hypoxic cells are part of many human 

tumours ( 194-197) and can drastically modify the outcome of radiation treatment 

(190, 198-200) and response to chemotherapeutic agents (201,202). Hypoxia has been a 

determining factor in several different human tumours such as head and neck (203), 

cervix as well as tumours of the soft tissue (204). For example, tumour oxygenation 

pretreatment in patients with squamous cell carcinoma of head and neck was highly 

correlated with a positive radiation response (203). These studies delineate the 

significance and relevance of studying the impact of the hypoxic tumour 

microenvironment and its molecular mechanisms that lead to tumour resistance of 

conventional treatment methods. 

With the understanding of the effect of hypoxic conditions on the growth of 

tumours came the discovery that hypoxia correlates with, and contributes to genetic 

instability and metastasis (205-207). In addition, hypoxia has been associated with DNA 
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damage (208,209), increased mutagenesis (207,210,211), altered DNA repair pathway 

functions (211-213), angiogenesis (214), DNA replication (205,206) and decreased 

protein synthesis (215). Although severe and extended hypoxia can result in cell death, 

transient hypoxia is not deleterious to the cell and in fact cells have evolved adaptive 

responses to a short supply of oxygen that is crucial for cell survival. Increased 

glycolysis, angiogenesis and erythropoiesis are some of these essential adaptive 

metabolic changes that occur in response to hypoxia (reviewed in (216)). The 

physiological reactions also vary depending on whether the cell is exposed to acute or 

chronic hypoxia. For instance, during acute hypoxia cells switch from aerobic to 

anaerobic respiration in order to minimize oxidative stress, while erythropoiesis and 

angiogenesis are important during chronic hypoxia, which promote improved 

transportation of oxygen to tissues (reviewed in (216)). Unfortunately, these adaptive 

responses are at the root of tumour progression and determine patient prognosis. 

Since hypoxia is perceived as a stress by the cell and therefore is believed to 

cause DNA damage and impair DNA repair pathways, it is evident that studies focusing 

on understanding how hypoxia affects DNA repair pathways may prove essential for 

developing more specific treatment methods. There have been several studies suggesting 

that hypoxia decreases both NER and MMR through regulation of specific DNA repair 

genes (211,212). Hypoxia induces a reduction in expression of MLHJ (212) and MSH2 

genes (217), which both encode proteins involved in MMR. It was also found that low 

oxygen levels can down-regulate expression of some DNA double-strand break repair 

genes, such as RAD51, in both normal and tumour cells (213,218) and BRCAJ in tumour 
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cells (219). Hypoxia resulted in decreased Ku70/80 expression in cervical tumours, a 

protein important in the NHEJ repair pathway ( 191 ). Decreased repair of UV-induced 

DNA damage in plasmids was reported in cells exposed to hypoxia and low pH 

conditions for 24 hours when compared to control cells, suggesting an impaired NER due 

to hypoxia and acidosis treatment (211 ). 

6.2 Acidosis 

The microenvironment of the tumour is not solely characterized by hypoxia, but is 

also accompanied by a decrease in pH (220) due to the switch from aerobic to anaerobic 

respiration. This change from respiration through glucose consumption to increased 

glycolysis results in proton production from lactic acid accumulation and ATP hydrolysis 

(221 ). During one cycle of anaerobic respiration and ATP hydrolysis, 2 protons are 

released leading to a lowering of physiological pH (222). However, compared to hypoxia, 

much less attention has been devoted to the effects of acidosis on genetic instability and 

neoplasia development. Acidosis plays an important role in maneuvering tumour 

response to therapy. An acidic microenvironment can affect protein and enzyme structure 

and function, as well as synthesis of macromolecules, and transport of drugs, which may 

result in mutagenesis (reviewed in (223)). It has been reported that acidosis can influence 

several DNA polymerases by changing their fidelity during DNA synthesis (224,225). In 

terms of relevance to cancer, it was demonstrated that acidosis augments the metastatic 

capacity of tumour cells (226-228). The low pH of the microenvironment has also been 

linked to radio- and chemoresistance, although the effect is not as dramatic as with 
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hypoxia (222). Therefore, acidosis plays an important role in maneuvering tumour 

response to therapy. 

6.3 Role of p53 in hypoxia and acidosis 

Hypoxic and acidic stress regulates expression of certain genes and causes 

accumulation of specific enzymes and growth factors (reviewed in (216)). Some of these 

genes encode protein products such as the tumour suppressor protein p53, hypoxia 

inducible factor I alpha (HIF-la) and vascular endothelial growth factor (VEGF). It was 

demonstrated that p53 expression increases in response to hypoxic treatment ( 166-170) as 

well as to hypoxia accompanied by acidosis (229), resulting in enhancement of its DNA 

-
binding and transactivation abilities. The expression of MDM2, the p53 regulator, 

decreases under hypoxic stress, accounting for the p53 increase (166). Interestingly, 

hypoxia does not induce the same genes that are normally activated by p53 as a result of 

DNA damage (170,230), suggesting the involvement of a different p53-dependent 

mechanism under oxygen deprivation conditions. This hypothesis is supported by results 

whereby caffeine has been shown to abolish p53 stabilization caused by DNA-damaging 

agents, but could not prevent p53 accumulation induced by hypoxic stress (231 ). 

However, other studies have suggested that hypoxia does not change p53 

expression until oxygen concentrations reach anoxic levels (169, 170) and that hypoxia 

might have a transrepression effect on p53 target genes such as p2 l (170,230). Hypoxia 

for four hours (1% oxygen) resulted in increased transcription of HIF-la in several 

different cell lines, but did not simultaneously up-regulate p53 (232). Similar results were 
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obtained with human HepG2 and HeLa cells exposed to hypoxic conditions for five hours 

(233). In addition, hypoxia-induced p53-dependent apoptosis was not significant until 

oxygen concentrations reached at or below 0.02% (234). Therefore, it is thought that 

hypoxia/anoxia, although it might induce p53 accumulation, it may not have 

transactivation capacity, but may still be able to activate apoptotic pathways (l 70). 

It has also been suggested that hypoxia coupled to acidosis is able to induce p53 

expression. Anoxic conditions accompanied by low pH resulted in p53 accumulation in a 

variety of tested tumour cell lines (235). Similar results were reported with transformed 

mouse embryo fibroblasts (229). The cyclin-dependent kinase inhibitor, p2 l/W AF l was 

induced by acidic conditions in human glioblastoma cells in a p53-dependent manner 

(236). These results make it apparent that the involvement of p53 in the cellular response 

to hypoxic as well as acidic stress is complex. 

Several factors may be involved in determining whether p53 accumulation in 

response to hypoxic stress occurs including the degree of oxygen deprivation and whether 

it is accompanied by acidosis, as well as the cell type. It is possible that low oxygen 

conditions may exert an indirect effect on p53 expression, which may explain why 

studies did not consistently observe p53 stabilization. Several reports have determined 

that hypoxia can induce cellular DNA damage including DNA strand breaks and 

oxidative damage such as 8-oxoguanine (209,237,238). It is therefore possible that the 

degree of damage caused by hypoxia and the repair capacity of the respective cell line 

used in studies, may determine whether p53 accumulation is detected. The significant 

role of p53 in DNA repair is well established (83,175,l77,184,l89,239,240). Therefore 
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studying the effects of hypoxia as well as hypoxia in conjunction with acidosis on DNA 

repair and p53 expression may help elucidate the mechanism of p53 dependent regulation 

of DNA repair following hypoxia and hypoxia in conjunction with acidosis. 

7.0 Hypoxia-inducible factor 1 

7.1 Overview 

Low oxygen levels activate hypoxia-inducible factor l (HIF-1 ), a prominent 

transcription factor. HIF-1 is important for cells in order to adapt quickly to changes in 

oxygen levels with minimum tissue damage. It is responsible for regulating expression of 

various target genes, which encode proteins involved in functions vital for responding to 

low oxygen conditions such as proteins for angiogenesis, erythropoiesis, glucose 

transport, metabolism, and proliferation. Virtually undetected in normoxic conditions due 

to its highly regulated mechanism, HIF- l expression increases exponentially, reaching its 

half maximal point between 1.5% and 2% oxygen and the maximal point at 0.5% oxygen 

(241). 

7. 2 HIF-1 regulation 

Through biochemical studies it has been discovered that HIF-l is a heterodimer 

consisting of HIF-la (120 kDa) and HIF-1~ protein subunits (242). Association of both 

of these subunits with the major groove of the DNA helix has been reported (243). HIF-

1 a contains an oxygen-dependent degradation domain (ODD) and two transactivation 

domains (TAD) that are involved in regulating HIF-1 a target genes (242). In contrast to 

31 



Ph.D. Thesis - Diana Dregoesc McMaster University- Department of Biology 

HIF-lu, which was identified as a novel protein, HIF-lp was earlier described as a Per

Aryl Hydrocarbon Receptor Nuclear Translocator (ARNT) protein that is constitutively 

expressed irrespective of oxygen level fluctuations (reviewed in (193)). 

HIF-lu regulation is dependent upon three hydroxylases that modify two proline 

and one asparaginyl residues (244,245). Under normoxic conditions, hydroxylation 

carried out by the proline hydroxylases in the ODD domain generates a binding site for 

the von Hippel-Lindau tumour suppressor (VHL) protein, a substrate recognition 

component for an E3 ubiquitin ligase complex targeting HIF-la for degradation (see 

Figure l.5) (244). Hydroxylation of the asparaginyl residue prevents interaction of the co

activator p300/CBP with the HIF-la transactivation domain (245). When oxygen levels 

are low, the hydroxy lases are inactivated and as a consequence HIF-1 a and HIF-1 p 

subunits are able to bind to each other and interact with the p300/CBP co-activator 

(244,245). Then, HIF- la binds to the hypoxia-response element (HRE) on target genes to 

facilitate transcription (see Figure 1.5) (reviewed in (246)). 

7.3 The role of HIF-Ja. in cancer 

Increased HIF- la expression under low oxygen conditions is an adaptive response 

essential for preventing tissue damage during ischemia and tissue recovery, as it induces 

a shift from aerobic to anaerobic energy metabolism and activates angiogenesis at sites of 

vascular impairment (247). However, tumour cells have various mechanisms through 

which they can benefit from HIP-la-dependent adaptive responses. As a result, several 

studies have reported enhanced survival of tumour cells with high expression of HIF-1 a. 
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Human malignant tumours exhibit overexpression of HIF-la (248), which is correlated 

with poor survival in patients with cancers of the cervix (249), breast (250), ovaries (251) 

and endometrium (252). Therefore, HIF-1 a can be used as a treatment target for these 

types of tumours through a variety of ways that include promoting its degradation, 

preventing its stabilization or inhibiting its targets such as VEGF, a growth factor 

responsible for promoting angiogenesis (reviewed in (253)). 

7.4 The link between HIF-la, CSB and p53 

Although HIF-la research has revealed the involvement of HIF-la in many 

different molecular pathways and the numerous different genes that it affects, only 

recently has a link between HIF-1 a and the nucleotide excision repair protein, CSB been 

suggested (254). Filippi et al (2008) reported two putative hypoxia response element 

sequences in the promoter region of CSB for HIF-la binding and also found that CSB 

mutant cells showed deficient up-regulation of the HIF-la target gene, VEGF compared 

to normal human fibroblasts under hypoxic conditions (254). Furthermore, 

immunoprecipitation experiments for p53 in MCF7 cells revealed the presence of HIF-la 

from hypoxic treated cells (255). Subsequent studies suggested an indirect interaction 

between HIF-la and p53 through a possible down-regulation of MDM2 (256), while 

others reported a direct association of the two transcription factors (257,258). These later 

studies found two p53-binding sites in the ODD domain of HIF-1 a, strongly supporting a 

direct interaction between HIF-la and p53. 
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Several reports have presented data that supports the current proposed model of a 

competitive relationship between HIF-l and p53 (254,259,260). The protein p300 is a co

activator of both HIF-1 and p53, and it is thought that the two transcription factors 

compete for binding to this co-activator for transcriptional activity (260,261 ). The 

binding of p300 to p53 prevents Mdm2-depedent p53 degradation and therefore is crucial 

for p53 stabilization (262). It has also been shown that p300 is involved in regulation of 

HIF- l transcriptional activity (263,264). 

Another protein that has been recently implicated in this antagonistic interaction 

is the NER protein CSB (254). Previously it has been reported that CSB binds to p53 

(172) and recent data suggests that p300 and CSB may be competing for p53 binding 

(254). It has been suggested that p53 shows preferential binding to CSB (254) and for this 

reason, this interaction disrupts p300-mediated p53 activation and therefore prevents p53-

dependent apoptosis directing the cell towards survival (reviewed in (265)). In the case of 

CSB mutated cells, p300 binds with p53 leading to its activation and inhibiting HIF-1-

dependent responses. This model is summarized in Figure 1.6. These reports suggest a 

possible link between p53, HIF-la and CSB that is important for proficient NER. Since 

both CSB and p53 play critical roles in NER, it is not unlikely that HIF-la may be 

involved in DNA repair of UV damage. 
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8.0 Host cell reactivation assay 

8.1 Overview 

McMaster University - Department of Biology 

The host cell reactivation (HCR) assay is a technique used to assess the capacity 

of cellular NER to repair damage in the DNA of the introduced reporter gene. The HCR 

assay employs a shuttle vector carrying a reporter gene that is exposed to a DNA

damaging agent, which is then introduced into the cells of interest (266). This allows for 

measurement of the relative expression of the reporter gene following its introduction 

into the host cell. Expression of the damaged reporter gene is thought to arise from the 

host cells' reactivation of the reporter gene resulting from the action of cellular DNA 

repair mechanisms on the exogenously introduced DNA (reviewed in (266,267)). 

In addition to the relative swiftness of the assay, and reproducibility of results 

(268), there are several other advantages in using this technique. First, the cellular NER 

capacity can be determined by measuring the extent of repair of the introduced damaged 

reporter gene. This method facilitates the assessment of cellular constitutive and 

inducible DNA repair simultaneously, allowing comparison between the two. Assessment 

of DNA repair in untreated cells is known as measuring constitutive (non-inducible) 

cellular DNA repair. Most often DNA repair levels after induced DNA damage are 

assessed by treating cells with a DNA damaging agent and in tum imposing stress on 

cells. The type of DNA repair measured by such experimental techniques is known as 

inducible repair. Therefore, this assay allows the experimenter to compare constitutive 

DNA repair to inducible DNA repair, which is in contrast to most other experimental 

techniques used to evaluate NER. Other techniques involve damaging the cells in some 
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form, and thus compromising constitutive DNA repair and, in reality, assessing inducible 

NER without assessing constitutive NER (reviewed in (269)). Since the shuttle vector is 

being damaged with an agent and not the cells themselves, and the assay relies on the 

cellular DNA repair pathway for repairing the damage, the results of this technique are 

designed to reflect in vivo repair (270). Another advantage of the HCR assay is that a 

fixed time is given to the cells for repair to occur comparable to in vivo cellular NER. 

8.2 Adenoviruses as shuttle vectors 

Different shuttle vectors can be used for an HCR assay such as plasmids (268) or 

viruses (267 ,269,271 ). Adenoviruses (Ad) are very efficient vectors for introducing 

foreign DNA into mammalian cells (272) and their usefulness in a clinical setting such as 

their application in gene therapy for cancer has been widely recognized (reviewed in 

(273)). Ad is a non-enveloped virus containing its double-stranded 35kb DNA in an 

icosahedral protein capsid (274). Their usefulness comes from their ability to introduce 

their DNA into cells, the ease that their genome can be manipulated and their ability to 

infect many different types of cells (275). 

The expression of the transgene in cells infected with Ad depends on the promoter 

driving its expression with the cytomegalovirus (CMV) immediate early (IE) promoter 

being the most frequently employed due to its great expression capacity (271). The 

adenovirus used in the HCR assays has the early- I (E 1) region of the genome deleted, 

which is otherwise necessary for transcriptional activation of its genome (276) and thus 

cannot replicate in most mammalian cells. It is in this region that the gene of interest can 
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be inserted (272). The HCR assay used in these studies employs a non-replicating form of 

adenovirus expressing the Escherichia coli reporter gene known as the lacZ P

galactosidase W-gal) reporter gene (reviewed in (276)) under the control of the human 

CMV promoter (HCMV). In contrast to some transfection techniques with plasmids, it 

has been demonstrated that Ad infection does not induce a stress response in the cell 

(277). 

9.0 Project introduction 

This thesis describes the results of experiments designed to investigate the role of 

p53 and hypoxia in NER. The role of p53 in the nucleotide excision repair (NER) 

subpathway known as global genome repair (GGR) is well established and hardly 

debated, whereas the involvement of p53 in transcription-coupled repair (TCR) has been 

controversial. In Chapter 3 of this thesis we show that p53 overexpression results in 

enhanced HCR of the UV-damaged reporter gene in normal, TCR-deficient CSB and 

GGR-deficient XPC human fibroblasts. We show also that UV pretreatment of cells 

infected with the p53 overexpressing adenovirus resulted in an increased HCR of the P

gal activity in normal, CSB and XPC human fibroblasts. Through this work we are able 

to demonstrate that p53 plays an important role not only in GGR but also in TCR and that 

this subpathway can operate through a p53-dependent mechanism. 

An effect of hypoxia on DNA repair has been suggested by several studies (211-

213). However the mechanism of hypoxia induced alterations in NER and the role of p53 

in such alterations are far from clear. The hypoxic and acidic microenvironment of the 
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tumour has been shown to diminish NER of mouse transformed and human tumours cells 

(211 ). Chapter 4 describes the effect of hypoxia and hypoxia accompanied by acidosis on 

HCR of UV-damaged reporter gene of human normal primary and tumour cell lines, as 

well as on the expression of p53 and cell survival after UV treatment. Data is presented 

showing that hypoxia and low pH conditions resulted m an early and transient 

enhancement in HCR of a UV-damaged reporter gene m human primary normal 

fibroblasts, which correlates with increased cell viability and is p53-dependent. In 

contrast, tumour cells displayed delayed enhanced HCR of p-gal expression, which did 

not correlate with increased cell viability and was not p53-dependent. Hypoxia induced a 

different effect on cellular UVC sensitivity than did hypoxia accompanied by acidosis. 

Our studies of the effects of hypoxia on NER were also extended in Chapter 5 of 

this thesis. We investigated the role of H IF- I a in repair of a UV-damaged reporter gene 

under both normoxic and hypoxic conditions. We used normal and CSB-deficient human 

primary fibroblasts, which were infected with the Ad overexpressing wild-type HIF-la 

and two rat prostate cancer cell lines, one cell line being wild-type for HIF-la and the 

second cell line being dominant-negative (ON) for HIF-la, to investigate the role of HIF

la on HCR of p-gal expression. Murine tumour cells dominant-negative for HIF-la 

showed a decrease in HCR of UV-damaged reporter gene when compared to wild-type 

cells under normoxic conditions, but this differential repair did not translate into a 

differential response following UVC treatment among the two cell lines under normoxic 

conditions. We demonstrate that hypoxia alone resulted in an enhaced HCR of UV

damaged reporter gene in normal and is delayed in CSB-deficient fibroblasts. In contrast, 
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overexpression of HIF-1 a resulted in an early decrease in HCR of UV-damaged reporter 

gene in normal fibroblasts and this decrease was delayed in CSB-deficient fibroblasts that 

had been exposed to hypoxic conditions. These results suggest that HIF-1 and CSB play a 

role in the regulation ofNER under hypoxic conditions. 
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Figure 1.1. Ultraviolet radiation spectrum. The UV spectrum and the resulting DNA 
modifications that arise through either direct DNA excitation or formation of reactive 
oxygen species. (Adapted from Kielbassaetal., Carcinogenesis. 1997; 18: 811-816.) 
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Figure 1.2. UV-induced lesions. Chemical structures that result from UV irradiation: 
cyclobutane pyrimidine dimer (CPD) and pyrimidine (6-4) pyrimidone (6-4PP). (Adapted 
from Batista et al., Mutat. Res. 2009; 681: 197-208.) 
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Figure 1.3. Cisplatin and Carboplatin. Diagram of cisplatin and carboplatin, two 
common chemotherapeutic agents used in treating cancer. A.Cisplatin and the adducts it 
produces. B. Carboplatin structure. (Adapted from Kelland, Nat. Rev. Cancer. 2007; 7(8): 
573-584.) 
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Figure 1.4. Nucleotide excition repair subpathways. Schematic of the two subpathways 
of nucleotide excision repair (NER): global genome repair (GGR) and transcription
coupled repair (TCR). (Adapted from Nouspikel, DNA Repair. 2008; 7(7): 1155-1167.) 
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Table 1.1. Functions of NER genes. The nucleotide exc1s1on repair genes and the 
functions of their protein products in global genome repair and transcription-coupled 
repair. (Adapted from Hanawalt and Spivak, Nat. Rev. Mol. Cell Biol. 2008; 9: 958-970.) 
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Figure 1.5. Regulation of HJF-1 by oxygen levels. Under normoxic conditions the prolyl 
enzymes hydroxylate residues allowing the tumour suppressor protein von Hippel-Lindau 
(VHL) to bind to HIF-la, which acts as a substrate site for the E3 ubiquitin ligase 
targeting it for degradation. Under hypoxic conditions the hydroxylases are inactived and 
HIF-1 a is able to heterodirnerize with HIF-1 ~ allowing the complex to bind to the HRE 
on target genes. (Adapted from Harris, Nat. Rev. Cancer. 2002; 1(2):38-47.) 
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Figure 1.6. Hypoxia-induced HIF-1 and p53 effects and their expression regulation due 
to p300 and CSB competition. Stabilization of p53 can induce transcription of genes 
involved in cell cycle arrest or apoptosis. HIF-1 accumulation may result in cell death 
hindrance by inducing transcription of genes such as VEGF, by binding to responsive 
elements (RE) on the target genes and thus promoting adaptation to hypoxic stress. Some 
researchers have found evidence that suggests p53 may compete with HIF-1 for p300 
binding. Furthermore, CSB by interacting with p53 may promote release of p300 from 
p53 and commit the cell towards cell survival pathways. Lack of CSB would cause p53 
binding to p300 and subsequent p53 activation. (Adapted from Frontini and Proietti-De
Santis, Cell Cycle. 2009; 8:693-696.) 
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CHAPTER2 

Materials and Methods 
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1.0 Cell strains and cell lines 

Primary human fibroblast cell strains and SY 40-transformed human fibroblasts 

cell lines were obtained from the National Institute of General Medical Sciences 

(NIGMS) Human Genetic Cell Repository (Coriell Institute for Medical Research, 

Camden, NJ). The various human cell strains and cell lines obtained from NIGMS are 

shown in Table l. The colon carcinoma HCTI 16p53+/+ and HCTl 16p53_,_ cells were 

obtained from Dr. B. Vogelstein, John Hopkins University School of Medicine, 

Baltimore, Maryland. The 3340WT cells are a mouse fibroblast cell line carrying in its 

genome 15 copies of the A.supFGl shuttle vector DNA (278) and Rcneo cells are a RKO 

colorectal carcinoma cell line that has been transfected with the pCMVneo plasmid (279). 

The 3340WT and Rcneo cells were obtained from Dr. P.M. Glazer, Yale University 

School of Medicine, New Haven, Conneticut. MATLyLu is a rat prostate cancer cell line 

that is wild-type for HIF-1 a and is derived from Dunning R3327 rat prostatic tumour 

subline (280). MDN2 is a stable clone obtained by transfection of MATLyLu cells with 

the pCEP4/dominant-negative HIF-la (DNHIF-la) plasmid, as described previously 

(192). MATLyLu (MLL) and MDN2 cells were obtained from Dr. Gurmit Singh, 

Juravinski Cancer Centre, McMaster University, Hamilton, Ontario. 
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Table 2.1. Primary and SV40-transformed fibroblast cells obtained from NIGMS. 

NIGJlfS Designation Individual Repair Phenotype 

GM9503s Normal 

GM969 Normal 

IMR90 190-19 Normal 

GM739 CS IAN CSB 

GM5509 XP12BE XPA 

GM677 XP2BE XPC 

GM637 (SV40) Normal 

CSBSV40 CS IAN CSB 

XPCSV40 XP4PA XPC 

XPASV40 XP200S XPA 

GM4420DXPA (SV40) XPI2BE XPA 

GM04312XPA (SV40) XP20S XPA 
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2.0 Media 

The human fibroblasts and the colon carcinoma HCTI l 6p53+/+ and HCTI 16p53·1-

cells were cultured in Eagle's u-MEM supplemented with 10 % fetal bovine serum and 

antimycotic/antibiotic ( l 00 µg/ml penicillin, l OOµg/ml streptomycin and 250 ng/ml 

amphotericin B, Gibco BRL). The mouse 3340WT and human Rcneo cell lines were 

grown in DMEM supplemented with l 0% fetal bovine serum and antimycotic/antibiotic. 

(l 00 µg/ml penicillin, I 00 µg/ml streptomycin and 250 ng/ml amphotericin B, Gibco 

BRL). The rat prostate cancer cell lines, MATLyLu and MDN2 were grown in RPMI 

1640 media (Lonza) supplemented with 10 % fetal bovine serum, 10 mM HEPES 

(Gibco) and antimycotic/antibiotic (100 µg/ml penicillin, 100 iiglml streptomycin and 

250 ng/ml amphotericin B, Gibco BRL) or 0.2 mg/ml hygromycin (Roche) for 

MATLyLu and MDN2, respectively. 

3.0 Cell culture 

All cell cultures were grown as monolayers in growth medium in a humidified 

incubator kept at 5% C02 and 37 °C. Cells were passaged by rinsing the cells with 

phosphate buffered saline (PBS:l40 mM NaCl, 2.5 mM KCl, 10 mM Na2HP04 and 1.75 

mM KH2P04) followed by treatment with 0.1 % or 0.25 % trypsin (Gibco BRL). Cells 

were then suspended in growth media and an appropriate number of cells aliquoted into a 

fresh 75 cm2 flask (Corning Incorporated, Coming, NY, catalogue #430641). 
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4.0 Recombinant adenovirus constructs 

The AdCAl 7lacZ (272) recombinant adenovirus contains the lacZ gene under the 

control of the human cytomegalovirus immediate early (HCMV-IE) promoter (-299 to 

+72 relative to the transcription start site) inserted into the deleted El region of the 

adenovirus genome in the left-to-right orientation. Deletion of the El region of the 

genome renders the adenovirus unable to replicate in most mammalian cells. The 

recombinant adenovirus AdCAl8luc (276) and Ad5p53wt (281) express the luciferase 

reporter gene and the wild-type p53 gene, respectively. The luciferase and p53 genes are 

under the control of the HCMV-IE promoter inserted into the E 1 deleted region in the 

left-to-right orientation of the adenovirus genome. The recombinant adenoviruses were 

obtained from Dr. F.L. Graham, McMaster University, Hamilton, Ontario. The viruses 

were propagated, collected and titred as described previously (282). The recombinant 

adenovirus AdHIF-la contains the wild-type HIF-la gene under the control of the 

HCMV-IE promoter into the El deleted region in the right-to-left orientation and was 

obtained from Applied Biological Materials Inc. (Richmond, BC, Canada; catalogue #: 

000019A). The virus was propagated, collected and titred by Dr. F.L. Graham's 

laboratory, as previously described (282) and the stock virus preps contained 2.18 x 1011 

plaque-forming units (pfu)/ml. 

5.0 UV-irradiation of virus 

The virus was suspended in l .8 ml of cold PBS and was irradiated in 35 mm 

dishes (Falcon, Lincoln Park, NJ, catalogue #3001) on ice with continuous stirring using 
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General Electric germicidal lamp (model G8T5) emitting predominantly at a wavelength 

of 254 nm with an incident fluence rate of 2 J/m2/s as determined using a J-255 

shortwave UV meter (Ultraviolet Products, San Gabriel, CA). Aliquots of 200 µI were 

removed following each exposure to the virus and diluted appropriately with 

unsupplemented media. In the case of simultaneous infection of AdCA l 7 lacZ with either 

AdCA 18/uc or AdHIF-1 a, l 00 µl aliquots of AdCA I 7 lacZ were removed following each 

exposure to the virus and diluted appropriately with unsupplemented media, which also 

contained the appropriate multiplicity of infection (MOI) of AdCA 18/uc or AdHIF-la. 

6.0 Cisplatin 

The cisplatin used in this work was purchased as a solution of 1 mg/ml (Mayne 

Pharma Inc., Montreal, QC, Canada). For each experiment a fresh 2 mM stock solution of 

cisplatin in low chloride phosphate buffered saline (PBS) (4 mM NaCl, 2.7 mM KC!, 8 

mM Na2HP04, 1.5 mM KH2P04) was prepared. 

7.0 Cisplatin treatment of virus 

Cisplatin reactivity is dependent on low chloride ion concentration and thus, the 

virus was treated with cisplatin in a suspension with 50 mM concentration of chloride 

ion. This suspension was prepared by using a ratio of low-chloride PBS (7 mM Cr) and 

serum-free u-MEM (140 mM Cl} Virus was suspended in 1.8 ml of cold 50mM er PBS 

and u-MEM solution and aliquots of 200 µI virus were removed and added to 20 µI of 

appropriately diluted cisplatin. Virus was treated with cisplatin for 12 hours at 37 °C and 

incubation was stopped with an appropriate amount of serum-free u-MEM to give a 
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suitable concentration of virus for infection. Then cells' media was aspirated from wells 

and were infected with 40 µI volume of virus at an MOI of 20-40 pfu/cell. Cells were 

incubated at 37 °C for 90 minutes, after which cells were overlaid with 160 µ1 of warm 

supplemented a-MEM and incubated at 37 °C in either a normoxic or hypoxic incubator 

for various lengths of time to allow for reporter gene expression. For these experiments 

cells were incubated in the hypoxic incubator for either 24 hours before infection only, 24 

hours before and 40 hours after virus infection or 40 hours after infection only. 

8.0 UV-irradiation of cells 

Cells were seeded in 96 well plates (Falcon, Lincoln Park, NJ, catalogue #3072) 

at 1.5 -2 x 104 cell density. Cells monolayers were pre-infected with either AdCA 18 or 

Adp53wt 24 hours after seeding, then media was aspirated from the wells and the 

mono layer was overlaid with 40 µI of warm PBS and UV-irradiated (or mock-irradiated) 

using a General Electric germicidal lamp (model G8T5) which emits predominantly at a 

wavelength of 254 nm with an incident tluence rate of I J/m2/s. For UVC pretreatment 

experiments without pre-infection have been described previously (private 

communications from Adrian Rybak). Briefly, after 24 hours of incubation, the media 

was aspirated from each well, and 40 µI of warmed PBS was overlayed on the cells. Cells 

were UV-irradiated (or mock irradiated) at a tluence of 20 J/m2 using a General Electric 

germicidal bulb (emitting predominantly at 254 nm) at a tluence rate of I W/m2
. UVC 

exposure of 20 J/m2 was corrected for irradiation in 96-well plates (12 J/m2
) as previously 

reported (183). 
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9.0 Hypoxia 

Hypoxic culture conditions were established by using an automatic 02/C02 

incubator (Thermo Electron Corporation, Marietta, Ohio) equipped with oxygen and 

carbon dioxide sensors, and connected to N2 and C02 gas cylinders. The 02 tension was 

set at l % and was maintained at this level throughout the entire length of the experiment. 

The 0 2 (I%) and C02 (5%) readings were confirmed by use of a fyrite gas analyzer 

(Bachrach, Pittsburg, PA). 

10.0 Low pH 

Regular DMEM or a-MEM was supplemented with 25 mM HEPES and 25 mM 

4-morpholinepropanesulfonic acid (Sigma, ST. Louis, MO) to acidify the medium. The 

medium was adjusted to pH 6.5 with l N HCI. The pH of the acidic media after hypoxic 

treatment was measured to be between pH 6.5 and 7, the pH of the media after hypoxic 

treatment was approximately 7.5, and the normoxic media was measured to be between 

pH 7.5 and 8. 

11.0 Host cell reactivation assay 

Fibroblasts were seeded in 96-well plates (Falcon, Lincoln Park, NJ, catalogue 

#3072) at a density of 1.5 - 2.0xl 04 cells per well in supplemented u-MEM and incubated 

in a 5% C02 humidified incubator at 37 °C for 12-24 hours to allow for cells to adhere to 

the wells prior to infection. In order to examine the effects of enhanced p53 expression on 

HCR of the UV-damaged reporter gene the media was aspirated from the wells following 
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12-24 hours incubation and the confluent cell monolayer was infected with the viral 

vectors Ad5p53wt or AdCAl Slue in a 40 µl volume at an MOI of 150 pfu/cell in cold 

phosphate buffered saline (PBS: 150 mM NaCl, 2.5 mM KCI, 10 mM Na2HP04, 1.75 

mM KH2P04 (pH 7.4)). Cells were overlaid with 160 µl of warm supplemented a-MEM 

following a 90 minute incubation period at 37 °C in the incubator. Further incubation 

followed for approximately 24 hours after the first viral infection. The media was then 

aspirated from the wells and for some experiments the mono layer was overlaid with 40 µl 

of warm PBS and UV-irradiated (or mock-irradiated) using a General Electric germicidal 

lamp (model G8T5), which emits predominantly at a wavelength of 254 nm with an 

incident fluence rate of l J/m2/s. UV exposures used for UV-irradiation in 96-well plates 

were determined as previously reported (183). After treatment (or mock-treatment) with 

UV, cells were infected with either non-irradiated or UV-irradiated AdCA17lacZ in a 40 

µl volume at an MOI of 40-160 pfu/cell. Cells were incubated at 37 °C for 90 minutes, 

after which time cells were overlaid with 160-200 µI of warm supplemented a-MEM and 

incubated at 3 7 °C in a normoxic incubator and for studying the effect of hypoxia, cells 

were placed in the hypoxic incubator for various lengths of time to allow for reporter 

gene expression. 

12.0 Quantitation of IJ-gal activity 

Fibroblasts were harvested at various time points following infection with 

AdCA 17 lacZ. The infected cell mono layer was incubated with 60 µI per well of 1 mM 

chlorophenol red ~-o-galactopyranoside (CPRG; Boehringer-Mannheim, Indianapolis, 
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IN) in 0.01% Triton X-100, l mM MgCb, and 100 mM phosphate buffer at pH 8.3. Light 

absorbance at 570 nm (As70) was determined several times following the addition of the 

~-gal substrate using a 96-well plate reader (Labsystems Multiscan MCC/340 and/or Bio

Tek Instruments EL340 Bio Kinetics Reader). 

13.0 MTT reduction assay for cell viability following UV exposure 

Cells were seeded in 96-well plates (Falcon, Lincoln Park, NJ, catalogue #3072) 

at a density of 2.0 - 2.5 x l 03 cells/well for primary cells and l .25 x l 03 cells/well for 

tumour cells. Cells were seeded 6-12 hours prior to being treated using a General Electric 

germicidal lamp (model G8T5) at a wavelength of predominantly 254 nm with an 

incident fluence rate of I J/m2/s (J-255 shortwave UV meter, Ultraviolet Products, San 

Gabriel, CA) in PBS. After UVC treatment, cells were overlayed with warm a.-MEM 

supplemented media or with low pH 6.5 warm a.-MEM supplemented media and 

incubated in either a normoxic or hypoxic incubator for 24, 30 or 40 hours. After the 

allotted time interval, the low pH media was removed from each well and replaced with 

fresh media. All plates were subsequently incubated in a normoxic incubator. Cell 

viability was quantified 4-6 days after UVC treatment using the MTT (3-(4,5-

dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide; Sigma catalog no. M2128) assay 

as previously described (283). The absorbance of each well was measured at 570 nm light 

using a 96-well plate reader (Labsystems Multiscan MCC/340 and/or Bio-Tek 

Instruments EL340 Bio Kinetics Reader) and the percentage viability was calculated. 
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14.0 Western blotting 

For experiments testing whether Ad5p53wt infection induces p53 overexpression, 

confluent monolayers of cells in 6-well plates (Falcon, Lincoln Park, NJ, catalogue 

#3046) were infected with Ad5p53wt or AdCAl8/uc at an MOI of 150 plaque-forming 

units (pfu)/cell or mock-infected. Cells were then collected following 48 hours incubation 

using a cell scraper and suspended in Iysis buffer [50 mM Tris, 150 mM NaCl, 1 % NP40, 

10% protease inhibitor cocktail (Roche Diagnostics, Mannheim, Germany), pH 8.0] and 

kept on ice for 60 minutes. For hypoxic experiments, confluent monolayers of cells in 6-

well plates were collected after different time exposures to hypoxia or hypoxia and low 

pH conditions. The lysates were cleared by centrifugation at 13,000 g for 1-2 minutes and 

the protein concentration was determined by the Bradford microassay procedure. 

Samples were resolved over a 10 % sodium dodecyl sulfate polyacrylamide gel 

electrophoresis (SOS-PAGE), for 1 hour at 100 V (8% SOS-PAGE when probing for 

CSB) and transferred to a nitrocellulose membrane (Amersham Pharmacia Biotech) (100 

V for 1 hour. Blots were blocked with 20 % skim milk in IX TBST (Tris-buffered saline 

with Tween 20) for a minimum of 1 hour. The primary antibodies used were: anti-p53 

(Santa Cruz Biotechnology Inc., Santa Cruz, CA), anti-XPC (C-terminal; Sigma-Aldrich 

Inc., Saint Louis, MO), anti-HIF-la (BO Biosciences, San Jose, CA), and anti-beta-actin 

(Sigma-Aldrich Inc., Saint Louis, MO). Membranes were probed with the primary 

antibody for I hour at room temperature or overnight at 4 °C. Subsequently, the blots 

were stripped using a specific buffer (I 00 mM 2-mercaptoethanol, 62.5 mM Tris-HCI, 

2% SOS, Ph 6. 7) for 30 minutes at 65°C and re-probed with monoclonal anti-j3-actin 
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(Sigma-Aldrich Inc.). The data were analysed using a Kodak Digital Science Image 

Station 440 CFand protein levels were determined relative to actin levels. Specific 

antibody-labeled proteins were detected using enhanced chemiluminescence detection 

according to manufacturer's instructions (Western Lighting, Perkin-Elmer Life Sciences). 

15.0 Total RNA isolation and RT-PCR 

Confluent monolayers of MA TLyLu and MDN2 rat prostate tumour cells in 60 x 

15 mm Petri dishes were treated with either normoxic or hypoxic conditions for 5 hours. 

RNA was isolated using the RNeasy Plus mini kit (QIAGEN, Valencia CA) following the 

manual's protocol and then RNA was quantified in an Eppendorf Biophotometer. I µg of 

RNA was treated with DNase I (Invitrogen) to remove genomic DNA contamination. 

cDNA synthesis was performed by using random primers (I 00 ng) and the Superscript II 

First-Strand Synthesis (Invitrogen) using I µg of total DNase-treated RNA. A control that 

was not reverse transcribed was used to confirm a lack of DNA contamination. 

PCR was performed using a Stratagene MX3000P machine (La Jolla, CA) and 

using the following VEGF and lamin primers: VEGF 5'-ACC AGC GCA GCT ATT 

GCC GT-3' (forward) and 5'-CAC CGC CTT GGC TTG TCA CA-3' (reverse); Jamin 

5'-GCA TGT ACA TAG AAG GAG CTA-3' (forward) and 5'-CAT GCA TAT TCC 

TGG TAC TCA T-3'(reverse). Primers were designed using GeneFisher and were 

synthesized by MOBIX (McMaster University, ON). A typical 50 ul reaction in a 0.2 ml 

thin-walled PCR tube contained 2 µl of DNA and 48 µI of PCR master mix (5 µl 10 x 

PCR buffer (Invitrogen), I µl of each of the appropriately diluted primer volume, 10 mM 
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dNTP mix (Invitrogen), 50 mM MgCh, 0.4 µI Taq DNA polymerase (Invitrogen) and 

water (to a volume of 50 µI per reaction including cDNA template). The thermal cycler 

program used for VEGF consisted of a 2 minute initial polymerase activation and 

denaturation step at 94°C, 30 seconds at 94°C, 45 seconds annealing step at 55°C, 45 

seconds at 72°C, and then 35 reaction cycles of 30 seconds at 94°C, followed by a 10 

minute elongation step at 72°C. R T-PCR products were separated on by electropgoresis 

on a 2% agarose gel and the ethidium bromide-stained DNA bands were visualized using 

an ultraviolet lightbox (Alpha Innotech Corporation, San Leandro CA) 

16.0 Clonogenic survival assay 

Cells were seeded in 6-well plates (Falcon, Lincoln Park, NJ, catalogue #3046) at 

a density of 400 cells/well in l ml supplemented RPMI 1640 media. Following a 6-12 

hour incubation period at 37 °C in a 5% C02 incubator, the media was aspirated from the 

wells and I ml of warm PBS was added to the cells prior to UVC irradiation. Cells were 

either irradiated or mock irradiated with UVC of increasing fluences at a fluence rate of 1 

J/m2/s. Following UVC-irradiation, the PBS was aspirated and l ml of RPMI 1640 

media, which was supplemented with IO % fetal bovine serum and 10 mM HEPES 

(Gibco), but lacked antibiotics, was added to each well and the cells were incubated for 

12 hours in either a normoxic or hypoxic incubator. After the specified treatment, media 

was aspirated and the cells were overlayed with 1 ml fresh media that did not contain 

antibiotics. The plates were further incubated for 4 to 5 days from the time the cells were 
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UVC-irradiated in a humidified 37 °C and 5% C02 incubator in order to provide 

sufficient time for surviving cells to form colonies. 

At the end of the incubation period, media was aspirated from each well and the 

cells were overlayed with approximately I ml of crystal violet solution (63% absolute 

ethanol, 27% H20, 10% methanol, 5g/I crystal violet) to stain the colonies for a period of 

30 minutes. Cells were de-stained by submerging the plates in water to remove the crystal 

violet solution and let to dry. Colonies that contained more than 32 cells were counted 

using a VWR hand tally counter and a clonogenic survival curve was plotted by 

expressing clonogenic survival as a ratio of the number of colonies in the treated cells 

compared to the control-treated cells. 
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CHAPTER3 

Increased expression of p53 enhances transcription-coupled repair and global 
genomre repair of a UVC-damaged reporter gene in human cells 

Diana Dregoesc, Adrian P. Rybak, Andrew J. Rainbow 
DNA Repair 6(5): 588-601 
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Preface 

Previous work from our lab has shown that UV-irradiated primary normal and 

XPC-deficient fibroblasts exhibit a similar capacity to support Ad synthesis, but not XPA 

and CSB cells (183). A diminished capacity to sustain Ad synthesis after UV irradiation 

was also detected in SV40-transformed human fibroblasts, heterozygous p53 mutant Li

Fraumeni syndrome (LFS) fibroblasts, and immortalized mutant p53 LFS cells 

suggesting a p53-dependent TCR role in Ad synthesis after UV damage. Although the 

role of p53 in global genome repair (GGR) is well established (83, 174, 175,284), the 

involvement of p53 in transcription-coupled repair (TCR) is less characterized. To 

determine if p53 plays an important role in TCR we employed the HCR assay using a 

recombinant non-replicating adenovirus expressing lacZ under the control of the human 

cytomegalovirus immediate early promoter. It is reported here that overexpression of p53 

in primary fibroblasts resulted in enhanced HCR of the UV-damaged reporter gene in 

normal, CSB and XPC fibroblasts at 12 hours post-infection suggesting that p53 ts 

important in both TCR and GGR of a UVC-damaged reporter gene in human cells. 

This chapter consists of of the following article reprinted in its published format: 

Diana Dregoesc, Adrian P. Rybak and Andrew J. Rainbow. Increased expression of p53 

enhances transcription-coupled repair and global genome repair of a UVC-damaged 

reporter gene in human cells. (2007). DNA Repair 6(5):588-60 I. This article is 

reprinted with permission from Elsevier Science, Amsterdam, The Netherlands. I 

performed all of the experiments that generated the p53 overexpression data with and 

without UVC pre-treatment, as well as the p53 expression western blots. I also assembled 
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the results, generated the figures, wrote the first draft of the manuscript. Adrian P. Rybak 

conducted the HCRs of the UV-damaged reporter gene in UVC-pre-treated primary 

human fibroblasts. Dr. Andrew J. Rainbow made revisions to the manuscript and 

provided significant intellectual direction and assistance. 
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1. Introduction 

ABSTRACT 

Ultraviolet (UV) light-induced DNA damage is repaired by nucleotide excision repair, which 
is divided into two sub-pathways: global genome repair (GGR) and transcription-coupled 
repair {TCR). While it is well established that the GGR pathway is dependent on the pS3 
tumour suppre-Bsor protein in human cells, both pS3-dependent and pS3-independent path
ways have been reported for TCR In the present work. we investigated the role of p53 in 
both GGR and TCR of a WC-damaged reporter gene in human fibroblasts. We employed 
a non-replicating recombinant human adenovirus, AdCA17IacZ. that can efficiently infect 
human fibroblasts and express the r;-ga!actosidase !~-gal) reporter ~ne under the con· 
u·ol of the human cytomega!O'iirus promoter. Vle examined host cell reactivation (HCR) 
of fl-gal expression for the WC-treated reporter construct in nom1al fibroblasts and in 
xeroderma pigmentosum l)(P) and Cock'1'JI1E syndrome (CS) fibroblasts deficient in GGR, 
TCR. or both. HCR was examined in fibroblasts that had been pre-infected with Ad5pS3wt, 
which e:qKesses 1.1.ild-type p53, or a control adenovirus, AdCA18luc, which expresses the 
1t1dferase gene. ·we show that increased expression of p53 results in enhanced HCR of the 
WC-damaged reporter gene in both untreated and UVC-treated cells for normal. CS-B (TCR· 
deficient). andXP-C(GGR-delident), butnotXP-A(TCR- and GGR-deficientj fibroblasts. These 
results indicate an im.-olwment of p53 in both TCR and GGR of the UV-damaged reporter 
gene in human cells. 

© 2006 Elsevier BY All rights reserved. 

The primary ON.II. lesions induced by far UV light (UVq are 
the cydobutane pyrimidine dimer {CPD) and the 6-4 photo· 

product (6-4 PP), both of which are repaired by the nucleotide 
excision repair (NER) pathik'RY in human cells (reviewed in 
Ref. (1)). NER has two sub-pathways: (1) transcription-roupl~ 
repair (TCR} whieh is dedicated to the removal of damage from 
the transcnbed strand of active genes by a process coupled to 
RN!\. polymerase Il, and (2) global genome repair (GGR) which 

removes DNA damage from the entire genome. including the 
non-transcribed strand and the transcribed strand of active 

genes (reviewed in Ref.121). 
The genetic disord€rs Cockayne syndrome (CS) and xero· 

detma pigmentosum (XP) are characterized by acute sunlight 
sensitivity and XP patients are also predisposed to developing 
skin cancer. Cells from patients with XP and cs exhibit various 
defidendes in the repair of UV-induced DNl\ damage. XP has 

seven NER-defident complementation groups (XP-A to XP-G), 
which are all deficient in both GGR and TCR, except for the 

• Corresponding author. Tel.: +1 905 S25 9140x:23S44; falC: + 1 905 522 6066. 
E-mru1 address: rainbowomcrnaster.ca {AJ. Rainbow). 

1568-78641$-see front matter@ 2006 Elsevier B. V All rights reserved. 
doi:l0.1016,ljdnarep.2006.11.008 
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XP-C complementation group, which is deficient in GGR but 
proficient in TCR fl,3,4). In contrast, cs has two complemen
tation groups. CS-A and CS-B that are both deficient in TCR 
but proficient in GGR (5] 

The p53 tumor suppressor gene plays a central rol.e in 
the cellular response mechanisms to various stresses such as 
UV-irradiation, chemical DN.'1-damaging agents, and hypoxia 
(reviewed in Re.fs. (6--8)). Mutations in p53 have been shown 
to increase the risk of cancer {9, 10]. When a cell is confronted 
with a stress. p53 accumulates in the cell in order to protect it 
against potential DNA damage. In response to DNA-damaging 
agents, pS3 arrests the cell cyde which provides time for 
DNA repair prior to cell division {llf. In addition there is evi
dence that p53 and p53-regulated gene products contribute 
directly to NER of UV-induced DNA damage in mammalian 
cells [12-14]. 

The mechanism by \Vhich p53 up-regulates GGR is. in part 
at least, through the up-regulation of several genes involved in 
GGR. These genes include the GADD45 gene {14, 15), the DDB2 
gene, whkh is mutated in XP-E cells [16-19), and the XPC gene 
118,20-22!. UV-induced, p53-dependent up-regulation of the 
GADD45, XPE and XPC proteins requires the remOITal of UV

induced lesions from the trans<:ribed strand of these genes 
and is therefore also dependent on TCR {23). In contrast, both 
p53-dependent and p53-independent pathways have been 
reported for TCR in human cellular DN1' .. Some reports indi
cate a substantial involvement of p53 in TCR of UV-induced 
CPDs [24-271 whereas others indicate little or no involvement 
of p53 in TCR {12,28-31]. 

We have used a non-replicating recombinant adenovirus 
that can effidently infect human fibroblasts and express the 
13-galactosidase (fl-gal) reporter gene. to examiue both con
stitutive and inducible repair of UV·damaged DNA in human 
cells [32,33]. We have reported previously that host cell reac
tivation (HCR) of reporter gene activity for UV-damaged DNA 
is significantly reduced in all NER-deficient XP (groups A to 
G) and CS (groups A and B) cell strains tested, relative to 
that in nom1al diploid human fibroblasts (34,35]. Using a 
quantitative polymerase chain reaction {PCR) technique we 
have sho,,m a significant removal of photolesions from the 
recombinant adenovirus based reporter gene after infection 
of nom1al human fibroblasts, and a significantly diminished 
lesion removal following infection ofXP-C,XP-A and CS-B cells 
f36). Taken together, these results indkate that the removal 
of photolesions from the UV-damaged reporter gene involves 
both TCR and GGR and leads to J'l-gal e."Pressi<ln of the UV
damaged reporter gene. In addition we have reported that 
pre·rreatment of normal human fibroblasts \Vith UV ftuences 
prior to infection with UV·hTadiated AdSHO..tVspl!acZ results 
in enhanced HCR of the UV-damaged reporter gene (34,35}. 
Using a quantitative PCR technique we have reported that 
prior LIV-irradiation of nonnal human fibroblasts results in an 
enhanced rate of remo-...-al of photoles.ions from the recombi
nant adenovirus encoded reporter gene 136]. We have therefore 
suggested that the enhanced HCR for expression of the lN
damaged reporter gene rnflects the presence of one or more 
inducible DNA repair pathways in human cells. Since both 
TCR and GGR conuibute to the removal of photolesions in the 
UV-damaged reporter gene in untreated normal human fibrob
lasts, the enhanced HCR in pre-UV-irradiated cells could result 
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from an up-regulation of TCR and/or GGR in the transcribed 
strand of the reporter gene. In addition, the UV-enhauced 
HCR response v..ras absE-nt in Li-Fraumeni syndrome (LFS) cells 
expressing mutant p53 [37] suggesting that pre-UV-treatment 
of cells leads to a p53-dependent up-regulation of the NER 
pathway The enhanced HCR was detected in normal, XP-C 
and CS-B cells, although the up-regulation was delayed in CS
B cells {35]. The delay in enhanced HCR observed in CS-B cells 
is consistent with a p53- and TCR-dependent up-regulation of 
GGR reported for cellular DN1\. The mechanism for the UV

enhanced HCR in XP-C ce !ls is less clear and could result from 
p53-dependent and/or p53-independeut upregulation ofTCR. 
Therefore. we e.icamined the involvement of p53 in TCR and 
GGR of the recombinant adenovirus encoded reporter gene in 
human cells, 

In the prnsent work we have e.'Camh1ed the effect of 
increased expresslo11 of p53 on HCR of a INC-damaged 
reporter gene in normal, XP-C .. XP-A and CS-B human fibrob
lasts. Increased p53 expression was obtained by infecting 
cells with Ad5p53wt. a replication-deficient recombinant ade· 
novirus encoding the -wild-type p53 gene, prior to the HCR 
assay We show that increased expression of pS3 results in 
enhanced HCR of the UVC-damaged reporter gene in both 
untreated and WC-treated normal, XP-C CS-B but not XP-A 
fibroblasts, indicating an im"olYement of p53 in both TCR and 
GGR of the UV-damaged reporter gene in human cells. 

2. Materials and methods 

2.1. Cells o.nd cell cu I tu re 

The repair-proficient primar; human cell line, GM09503 and 
the repair-deficient primary human cell lines, CSlAN (GM 
00739; CS-B). XP2BE (GM00677; XP-C) and XP12BE (GM05509; 
XP·A) V..'ere obtained from NIGMS Human Genetic Cell Repos
itory (Coriell Institute for Medical Research, Camden, NJ). All 
cell cultures ..,-ere grown in a humidified incubator kept at 5% 
C02 and 37°C, and cultured in Eagle's a-MEM supplemented 
with 10% fetal bovine serum and antirnycotic/antibiotic 
(100µ,g/ml peuidllin, 100µ,g/ml streptomycin and 250ngltnl 
amphoteridn B. Gibco BRL). 

2.2. Virus 

The recombinant adenovirus AdCA17locZ (38) contains the 
lo.cZ gene under the control of the human cytomegalovirus 
immediate early (HCMV·IE) promoter (-299 to +72 relative to 
transcription start site) inserted into the deleted El region 
of the adenovirus genome in the left to right orientation. 
Deletion of the El region of the genome renders tl1e ade
novirus unable to replicate in most mammalian cells. The 
recombinant adenoYiruses AdCA181u<' (39J and Ad5p53wt (40] 
e>.1'ress the luciferase reponer gene and the wild-type p53 
gene, respectively. The luciferase and p53 genes are under 
the control of the HCMV-IE promoter inserted into the El 
deleted region in the left-to-right orientatkm of the adenovirus 
genome. TI1e adenovirus recombinants were obtained from DL 
F.L. Graham, McMaster University, Hamilton, Ontario, Canada. 
The viruses were propagated, collected and titred as described 
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previously [41). Infection of cells with El deleted recombinant 
adenovirus vectors expressing the wild-type p53 gene under 
the control of the human cytomegalovirus promoter have been 
reported previously to result in upregulation of p53 responsive 
genes such as p21 l42,43j. 

2.3. UV-irradiation of virus 

UV·irradiation of virus has been descnbed previously [44J. 
\rirus was suspended in l.Bml of cold PBS and was irradi
ated in 3Smm dishes on ke with continuous stirring using 
General ElEctric germicidal lamp (modEl G8T5) at a wave
length of 254nm predominantly with an incident fluence rate 
of 2J/m2is (1-255 shortwave UV meter, Ultra,·iolet Products, 
San GabriE>I, CA). Aliquots of 2001'1 were removed for Each 
exposure to the virus and diluted appropriately with unsup
plemE>nted media. Under these conditions the induction of 
CPDs in the transcribed strand of the adenovirus encoded 
lacZ g€ne was approximately 3.3 x 10-" CPD/nucleotide/J/m2 

as reported previously [36]. 

2.4. Ho;t cell reactivation of the reporter gene 

Fibroblasts were seeded in %well plates (Falcon, Lincoln Park, 

NJ) at a density of 2.0 x 104 cells per well in supplemented 
o.-MEM and incubated for 12-24h ina 5% C02 humidified incu
bator at 37°C The method used to examine the effects of 
pre-UV-exposure on HCR of the UV-damaged reporter gene has 
been descnbed previously [34). 

In order to examine tl1e effects of enhanced p53 expression 
on HCR of the UV-damaged reporter gene the media was aspi
rated from tl1e wells and the conftuent cell monclayer was 
infected with the viral vectors .i'.d5p53wt or AdCP.18iuc in a 
40 µ!volume at a multiplicity of infection (MO!} of 150 plaque 
forming units (pfu) per cell in cold phosphate buffered saline 
(PBS: 150mM NaCl, 2.SmM KC!, lOmM Na2HP04• 1.75mM 
KH2P04 (pH 7.4)). Cells were overlaid with 160µ1 of' warm 
supplemented oi-11.ITM following a 90min incubation period 
at 37 °C m the incubator. Furtlier incubation followed for 
approximately 24 h alter the first viral infection. The media 
was tl1en aspirated from the wells and the monolayer was 
overlaid with 40 µ! of wam1 phosphate buffered saline and 
UV-irradiated (or mock-irradiated) using a General Electric ger
micidal lamp (model G8T5} which emits predominantly at a 
wavelength of 254mn with an incident flue nee rate of 1J/m2/s. 
UV exposures used for UV-irradiation in 9tH,.'ell plates were 
determined as previously reported {45!. After treatment (or 
mock-treatment) with UV. cells well! infected with either unir
radiated or UV-irradiated AdCA17lacZ in a 40 µ.! volume at an 
MO! of 40-160pfu/cell. Cells were incubated at37 'C for90 min, 
after which time cells were overlaid with 160 µ! of warm sup
plemented o«MEM and incubated at 37 •c for 12, 24 or 40 h to 
allow fur reporter ~ne expression, 

2.5. Quantitation of p-gal activity 

Fibroblasts 'IN-ere harvested at 12, 24 or 40 h following the 
infection with AdCt\17lacZ. The infected cell monolayer 
was incubated with 60 µl per well of 1 mM ch!orophenol 
red f!-o-galactopyranoside (CPRG; Boehringer-Mannheim, 

Indianapolis, IN) in 0.01% Triton X-100, lmM MgCh. and 
lOOmM phosphate buffer at pH 8.3. Light absorbance at 
570nm (As7<:•) was determined sevHal times following the 
addition of J!-gal substrate using a 96-well plate reader 
(Labsystems Multiscan MCCi340 and/or Bio-Tek Instruments 
EL.340 Bio Kinetics Reader). Background readings of f!·gal 
activity for uninfected cells were determined in all experi
ments and only readings for ildCA17lacZ infected cells that 
were tMC€ background were included in the f!·gal survival 
curves. ln a few experiments when f3-ga! activity was scored 
at 12h after infection, survival ofJ!,-gal activity following UV to 
AdCt\17lucZ of less than 37% could not be detemuned directly 
from the survival curve even at the highest UV fluenc€s 
given to the virus. This was due to the reduced amount of 
~-gal synthesized by l2 h compared to 24 and 40 h at t11e 
MO! of AdCA171acZ employed. In these instances the ~-gal 
survival curve was fitted to the linear quadrauc function 
ln(survivingfraction) =-(uX +~xi+ i·'l and the D37 value of the 
curve obtained by extrapolation as reported previously [34]. 

2.6. Western blotting 

Confluent monolayers of cells in 6-... ,en plates were infected 
with Ad5p53wt or .A.dCAlSluc at an MO! of 150 plaque
forming units (pfu)/cellor mock-infected. Forty-eight hours 
later infected and mock-infected cells were scraped and sus
pended in lysis buffer (SOmMTlis, 150 mM NaCl. 1% NP40, 10% 

protease inhibitor cocktail (Roche Diagnostics, MannhEim, 
Germany). pH 8.0J and kept on ice for Wmin. The lysate 
was cleared by centrifugation at 13,000 '" g for 2min and 
the protein concentration was determined by the Bradford 
mkroassay procedure. samples were resolved over a 10% 

sodium dodecyl sulfate polyacrylamide gel electrophoresis 
for lh at lOOV and transferred to nitrocellulose membrane 
(Amersham Pham1ada Biotech) (lOOV for lh). Blots were 
blocked with 20% skim milk in 1 < TBST {Tris-buffered saline 
with 1\Ve€n 20) (Or a minimum of 1 h. l·A€'mbranes were incu· 
bated with horseradish peroxidase (HRP).-conjugated mouse 
monoclonal anti·p53 (Santa Cruz Biotechnology Inc., Santa 
Cruz, CA) for lh at room temperature. Specific antibody 
labeled p53 protein was detected using enhanced chemolumi
nence (ECL) detection according to manufacture's instructions 
(Western Lighting. Perkin-Elmer Life Sciences). subsequently, 
the blots were stripped using a specific buffer {100 mM 2· 

mercaptoethanol, 62.SmM Tris-RC!, 2% SOS, pH 6.7) for 1h at 
65 "C an<l re-probed with anti-beta-actln monoclonal antibOOy 
(Sigma-Aldrich Inc.). The data were analysed using a Kodak 
Digital Science Image Station 440 Cf and p53 protein levels 
were determined relative to actin levels. 

3. Results 

3.1. Pre-treatment of cells with low UVC jiuence 
enhances HCR of {J· galactosidase expression for 
UVC·irradiated AdCAlllacZ in normal, XP·C and CS-!l, 
but not XP-A fibroblasts 

AdCA17lacZ and .i'.dSHCMVsp llacZ adeno-,riruses both express 
the lacZ reporter gene under the control of the human 
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Fig. 1- Effects on pre-UV-treatmen~ of cells on HCR of UV-damageif AdCAl 71acZ in normal and XP-C primary human 
fibroblasts. Results of typical experiments are shown for normal(•. OJ and XP-C (•,Cl) fibroblasts. Closed symbols 
represent pre-UV-treated cells, open symbols represent non-treated cells. The time between infe;:tion and scoring for l~-gal 
activity is given in the figure. Each J>Qint is the average of 3 replicates; error bars represent one standard error. 
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Fig. 2 - Effects on pre·UV-trnatment of cells on HCR. of UV-damaged AdCA17lacZ in CS-B and XP-A primary human 
fibroblasts. Results are shown for CS·B (A, .6.) and XP·A (+, i)). Closed symbols represent pre·IJV·treated cells, open symbols 
represent non-treated cells. The time between Infection and scori11g for j~·gal activity is: given in the figure. Each point is the 
average of three replicates; error bars represent one standard error. 
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cytomegalovirus (HCMV) inserted in th,; deleced El region of 
the viral genome. The orientation of the lacZ reporter gene 
in AdHCMVspllarZ is right-to-left, whereas the orientation 
in AdCA17lacZ is left-co-right. It has been reported that ade
novirus encoded reporter gene cassettes in the left-to-right 
orientation express 7-fold higher levels of fl-gal than those 
with inserts in the right-to-left orientation (39) We have 
reported previously that pre-UV-treatment of normal. XP-C 
and CS-B cells resulted in enhanced HCR for fl-gal expression 
of a UV-damaged reporter gene encoded in Ad5HCMVspllacZ, 
although the enhanced HCR was delayed in cs-B cells [35]. In 
the present work .. we ha·•e used the recombinant adenovirns 
AdCA171ocZ to examine HCR of a UVC-damaged reporter gene 
Since the orientation of the lacZ gene within the viral genome 
might intluence HCR, it 1!ffiS considered important to first 
examine the effects of pretreatment of cells with low UV 
tluences on HCR for fl-gal expression for the UV-damaged 
reporter gene using the AdCA17lacZ virus. Nonna!. CS and Y.P 

fibroblasts were pre-treated with a low UV tluence (12J/rn2 j 

and subsequentl)· infected with either UV-irradiated or non
irradiated AdClU7facZ and scored for fl-gal activity at 12. 
24 and 40 h after infection. 'l)1Jica! results for re!ath·e 13-gal 
activityofd1e lN-damaged reponer gene in untreated and UV
treated fibroblasts are sho-w"Il in Figs. 1and2. It can be seen that 
enhanced HCR of UV-damaged 13-gal reporter gene is detected 
in normal and XP-C deficient fibroblasts that were pre-treated 
"'ith UV at 12h post-infection (Fig. 1. left panels), but not in 
UV-irradiated CS·B orXP-Adefidentfibroblasts (Fig. 2 ,left pan
els). Pretreatment of X:P·C and CS-B deficient fibroblasts with 
TJ\! resulted in enhanced HCR of the T.N-damaged report;;r 
gene at later times of p.-gal activity scoring. but not in nor
mal or XP-A deficient fibroblasts (Figs. 1 and 2. middl"" and 
right panels). The UV tlu·mce required to reduce the 13-gal 
activity to 37% of that for non-irradiated virus (r~,.7j was extrap
olated from the relative f:)-gal activity rurves and used as a 
measure of HCR The D 37 values for survival of 13-gal activity 
of UV-damaged reporter gene were combined from multiple 
experiments and the average D37 values in UV-irradiated com
pared to non-irradiated cells are sho·w"Il as a function of time 
between virus infection and (:I-gal scoring in Fig. 3. In addi
tion, the relative D37 value in UV-irradiated compared to that in 
non-irradiated cells \Ir-as obtained for individual experiments 
and the average relative D37 values are shown in Table 1. It can 
be seen that HCR is reduced in untreated XP-A. XP·C and CS-B 
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fig. 3 - UV-enhanced HCR was observed In nonnal, XP-C 
and CS-B fibroblasts but not in XP-A fibroblasts. Results 
show the mean 037 ±S.E. value for 1\-gal expression of 
UV-irradiated AdCA171acZ in pre-UV-treated compan!d to 
that in non-treated cells for normal{•, Q), XP-C {m, 0), CS-B 
{•,~}and XP-A (t, r)) fibroblasts. Closed symbols represent 
pre-UV-treated e>:>lls; open symbols repr<'sent non-treated 
cells. Each data point is the average,!:S.E. of several 
Independent experiments. 

compared to normal fibroblasts (Figs. 1-3). Jn addinon. pre-UV
e:icJJOsure to cells r.esu!ted m enhanced HCR for normal, XP-C 
and CS-B, but notXP-A, and the HCR enhancement in CS-B was 
delayed. consistent with previously published results using 
the AdHCMVspl!acZvirus [35] These result~. indicate that prE
UVC-expe>sure to cells rEsults in up-regulation of both TCR and 
GGR 111 the UVC-damaged repotter gene. 

3.2. Pre-infection ofctDs with Ad5p53wt enhances 
HCR of P-galaetosidase expression for UVC-irradiated 
AdCA171acZ in t1ormal. CS·B at1d XP..C but not XP-A 
Ji broblasts 

Exposures in the 2-20 J/m1 range result in several fold accumu
lation ofp53 in both nom1al and NER-deficient cells detectable 
as early as 6 h after UV and this increased accumulation of 
p53 is still evident at 24h after UV exposure ([23,46-481 and 
data not shown). The up-regulation of both TCR and GGR 

in the U'./-damaged reporter gene described in Section 3.1 
could therefore result from the increased accumulation of 
p53 due to UV exposure. To examine the possible role of 

Table 1 - Relative D:i7 values for p-gal acth>ity of !N·inadiated. AdCA171acZ in pte· UV· treated {12J/m2) corn pared to 
untreated cells ' . · , • 

C<?ll strain RelatiVe fb7, 12h Pvalue Relative D31, 24 b Pvalue Relative Dn, 40 h Pvalue 

N<.>mml 159±0.15° !121 S.79:><1£1' 1.05±0.14 (12} 0.694 0.82±0.13 (12) 0.182 

CS-B o.?s ± o.os· (Sj (l.031 t.:38±0.16 (6) 0.042 L44.±0.2:!(6) 0.085 

.XP·C 1.8Sckll.16 f:l) 0.002 1]5 ± 0.19• (3) 1.64x10-< 1.%!oo.11' (4) Q002 

XP-A 1.12,1: 0.10 (5) 0.236 1.03±0.13 \3) 0.815 1.03±0.00 (3) 0.587 

Pooled results are "hown fa expression of jl-gal acti-.ity at 12, 24 or 40 h post-infe<:tlon and are represented as mean telativlO 11,1 ±S.E. W
enhanced HCR (relative D71} of the UV-damaged reporter gene activity i:i observed early in nonnal and '.rCR-prolident fibrobla•ts XP-C, io 
d"layed in TCR-deficlent CS-II fibroblasts and absent in XP-A fibroblasts.# is the numbe; of mdependentdeterminant:S, eadl. perfooned with 
three n¥Jcate s. 
• Signiiitantly >1 by an independent t-test (l' value <<MSJ. 
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Fig. 4 - Increased p53 expression upon Ad5pS3wt vims 
infection in human fibroblasts. Confluent normal, CS-B, 
XP-C and XP-A were either mock-infected (NTV-no virus 
infection). infected with a control virus (AdCA18luc) or 
inferted with the AdSp53wt virus. Equal amounts of 
complete cell lysates were run on 10% SDS-PAGE gel, 
blotted on a 11itrocellulose filter and examined for the 
expression levels of p53 using anti-p53 antibody. TI1e 
amount of actin was determined by using antl·actin 
antibody to obtain the sample loading control. 

p53 in enhanced HCR, we examined HCR of UV-irradiated 
,\dC:Al71acz in human normal, CS and XP fibroblasts, which 
were pre-infected with either Ad5p53wt or a control virus. 
AdCA18luc. The p53 expn:ssion levels were determined in 
the NER·proficient and deficient fibroblasts and are shown 
in Fig. 4. It can be seen that the p53 expression lenls 
were increased in all cell lines when cells were pre-infected 
with Ad5p5Jwt compared to AdCA18!ur-pre-infected cells and 
scored at 40 h after infection. Similar results were obtained 
when infected cells were scored at 24h after infection {data 
not sholk-n), such that increased p53 levels were present in all 
the different fibroblast strains at the time of infection with 
Ad CA 17lacZ used in the HCR experiments. 

Cells were infected with Ad5p53wt or AdCAlB!uc. 1Wenty
four hours later cells were infected with untreated or 
UV-treated AdCA17lacZ and subsequently scored for f3-gal 
activity at 12, 24 and 40 h after infection. 'fypical survival 
curves for ll-gal activity in Ad5p53wt·pre·infected normal, 
CS·B, XP-C and XP-A deficient fibroblasts compan~d to 
.'\dC!l.18luc-pre-infected (control virus) fibroblasts are shown 
in Figs. 5 and 6. It can be seen that there is an increase in 
HCR of UV-dan1aged jl-gal reponer gene in Ad5p53wt-pre
i nfected normal, CS-Band XP·C deficient fibroblasts. bu tnot in 
XP-A deficient fibroblasts when compared to AdCA18luc-pre
infected fibroblasts at 12 h after virus infection (Figs. 5 and 6, 
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left panels). In addition there was an enhancement in HCR 
of the UV-damaged jl-gal in Ad5p53wt-pre-infected CS·B defi· 
dent fibroblasts at 24 and 4011 after virus infection, but not 
in normal, XP·C, or XP-A deficient fibroblasts (Figs .. 5 and 6, 
middle and right panels). The D37 values for survival of ll· 
gal activity of the UV-damaged reporter gene were combined 
frnm multiple <?:xperiments and the average ~1 values in 
Ad5p53wt-pre-infected compared to t\dCA18luc-pre-infected 
cells are shown as a function of time between virus infection 
and 13-gal scoring in Fig. 7. In addition, the relative D,1 value in 
Ad5p53wt-pre-infected compared to MCA181uc-pre-infected 
cells was obtained for lndividu al experiments and the average 
relative 0 37 values are shown in Tab!;; 2. These results indi
cate that increased expression of p53 results in up-regulation 
of both TCR and GGR of the U'/C·damaged reporter gene, 

3.3. Pre-infection of cells with AdSpS3wt results in 
enhctnced expression of the P-90.I reporter gent> for 
undctmaged AdCA171o.cZ in normctl, CS-B, XP-C ctnd XP-A 
fibroblasts 

We have reported previously that pretreatlnent of human 
fibroblasts with lN results in an increased expression of the 
recombinant adenovirus encoded reporter gene. Up regula· 
ti<m in expression of the undamaged reporter gene due to 
pre-UV-treannent of cells occurs at lower UV tluences and 
to higher levels in TCR deficient compared to nom1al and 
GGR-deficient human fibroblasts {49,SOJ. Since a stalled tran
scription complex due to transcription blocking UV-induced 
photolesions is thought to be a signal for the recruitment of 
the DNA incision complex and subsequent removal and repair 
of the lesion {51). increased n·anscription might be e:i-."j)('cted 
to lead to an enhanced rate of repair of photolesions by TCR, 
It was therefore considered of interest to <:>xamine <expres
sion of the undamaged 1'.dCA17lacZ reporter gene in cells that 
had been prE-infected with Ad5p53wt compared to cells pre· 
infected with the control vims • .\dC.A.18, The result shown in 
Table 3 indicate that increased expression of p53, due to pr<'!
mfection of cells ·with Ad5p53wt, results in an upregulation in 
expression of the w1damaged reporter gene by about 2-fold in 
both NER-defident and NER profident human fibroblasts. 

3.4. Enhanced HCR of {1-90.I expression for 

WC-irradiated AdCA 17lacZ due to pre-WC-treatment of 

cells is greater in cells pre-infected with AdSp53wt in 
normal, CS-8 and XP-C but not XP-Afibroblasts 

UV treatment of nom1al human cells results in increased 
p53 expression (reviewed in Ref. (52J) as wen as several 
post-translational modifications, including phosphorylation, 
which can activate p53 function {53,54). Since we have shown 
that increased expression of p53 alone or pre·lN·irradiation 
of cells resulted in enhanced HCR of the UV-damaged 
reporter gene, ...,., also examined the combined effects of 
both increased p53 expression and pre-UVC-treatrnent of 
cells on HCR of the UVC-damaged reporter gene. Cells were 
pre-infected with either .-'>d5p53wt or AdCA18luc virus and 
pre-treated with low UVC·tl uence prior to infection with UVC· 
treated AdCA17lctcZ. Representative results for ll-gal activity 
of the UV-damaged reporter gene in UV-irradiated cells that 
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Fig. 5 - Pre-infoction with Ad5p53wt virus results in enhanced HCR of ll-gal activity for UV-inadiated AdCA171acZ in normal 
and XP-C primary human fibroblasts. Results of typical experiments are shown for nonnal {•, O) and XP-C (m, 0) 
fibroblasts. Closed symbols represent pre-Ad5p53wt-infected cells, open symbols represent pre-AdCA18luc-infected cells. 
The time between infection and scoring for ~-gal activity is given in the figure. Each point is the average of3 replicates; 
error bars represent one standard error. 
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Fig. 6 - Pre-Infection with Ad5p53wt virus results in enhanced HCR of fl-gal activity for UV-irradiated AdCA17lat;Z in CS-B, 
but not XP-A primary human fibroblasts. Results are shown for CS· B (•, t..) and XP-A {+, O}. Closed symbols represent 
pre-AdSp53wt-infected cells; open symbols represent pre-AdCA18luc-infected cells. The time between infection and scoring 
for fl-gal activity is given in the figure. l:adl point is the average of 3 replicates; error bars represent one standard error. 
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Table 2 - Relative n,7 values fm !!·gal activity ofUV·irradiated AdCA17lacZ in Ad5p53wt·pre·infected compared IP that in 
AdCA18·pre·infected cells 

Cell strain Relative HCR, 12h Pvalue Relative HCR, 24h Pvalue Relative HCR, 40 h Pvalue 

Nonna! 
CS..Jl 
XP-C 
XP·A 

1.SS±Ctv• (6} 
1.9iU&35° (7) 
2.04±0.48° (BJ 
1.11±0.21 (7) 

OJXJ7 1.18±0.14 (14) 0.105 1.11±.0.25 (5) 0.658 

0.022 l.70±0.19° !13) 0.001 3.40± 1.21 (7) 0.<170 

0.049 1.07 ±0.13 !12) 0571 0.97±0.11 (4) 0.839 
0.fffl LOO±<:U2 (10) Q.987 1.13±0.16 (6) 0.419 

Pooled results are given for expression <>f tl·gal a<tivity at 12, 24 and 40h p<>st·ink<ti!ln and are represented as mean reletr.•e o,, ±S.E.11 is the 
number of independentdetemlinants each petfom'l<!d with three replieates. 

• Signilicmtly >1 by an ind'l""ndentt-test {Pvalue ._o.<lS). 
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Fig. 7 - Pre-infection with AdSpS3wt vims results in 
enhanced HCR of l~-gal activity for UV-irradiated 
AdCA171acZ in normal, XP-C and CS-B, but not XP-A cells. 
Results show the mean D37±S.E. value for Jl-gal expression 
of UV-irradiated AdCA171ocZ in pre-Ad5p53wt.-infected 
compared to that in pre-AdCA18luc-infe~-ted cells for 
normal (e, Q}, XP-C 1,11, Dj, CS·B {A,'°-) and XP·A (t, <>} 
fibroblasts. Closed symbols represent pre-UV-treated cells; 
open syn1bols represent non-treated cells. Each data point 
is the average± S.E. of several independent experiments. 

had been pre-infected with either Ad5p53wt or AdCA18[uc 
virus are shown in Figs. 8 and 9. The Dg7 values for sur•ival 
of 13-gal activity of the UV-damaged reporter gene were com
bined from multiple experiments and the average D3, values 
in Ad5p53wt-infected compared to AdCA18lttc-infected UV· 
irradiated cells are shown as a function of time between virus 
infection and fl.-gal scoring in Fig 10. In addition, the rel
ative D37 value in Ad5p53wt-infected and pre-lNC-treated 
compared to AdGh18luc-infected and pre-UVC-treated cells 
was obtained for individual experiments and the average rel -

atiYe ~7 values are shown in Table 4. It can be seen that 
prior UVC-irradlation (12J/m2 ) of cells resulted in a signifi
cant enhancement in HCR of the UV-irradiated reporter gene 
in Ad5p53wt-pre-infocted when compared to /ldCA18luc-pre
infected normal fibroblasts when scored for 13-gal activity 
at 12 and 40h post-infection (Fig. B. top left panel; Fig. 10, 

left panel; Table 4). In addition, prior UVC-irradiation of XP· 
C cells resulted in a significant enhancement in HCR of the 
UV-inadiated reporter gene in /ld5p53wt-pre-infected when 
compared to AdCt'.18lw:-pre-infectednormal fibroblasts when 
scored for 13-gal activity at 24 and 40h post-infection (Fig 8, 
bottom middle and right panels; Fig. 10, left panel; Table 4}. 

PriorUVC-irradlation of CS-B cells ll?sulted in an enhancement 
in HCR of the UV-in-adiated reporter gene in Ad5p53wt
pre- infected when compared to AdC!', 181uc-pre-infocted C€1ls 
when scored for fl-gal activity at 12 and 24 h post-infection 
(Fig 9. top left panel. Fig. 10, right panel) Although the 
enhancc,ment in CS-B cells was not significant when consider
ing the 12 and 24h after infection data so;parately, it was close 
to signiiicanc~ for the 24h time (P=0.05) and pooling data for 
the 12 and 24 h time points resulted in a significant enhance
ment in HCR (P=0.023) (Table 4). In contrast, no enhancement 
in HCR was detected in XP·A fibroblasts. This indicates that 
increased expression of p53 results in up-regulation of both 
TCR and GGR of the UVC-damaged reporter gene following 
treatment of human cells with low UV fluence. 

4. Discussion 

4.1. l'nl-UVC·treatment of cells results in enhanced 
TCR and GGR of the UVC-damaged reporter gene 

We have reported previously that pre-UV-treatment of nor· 
ma!, XP·C and CS-B cells result<>d in enhanced HCR for 

Table S - Relative expression for fl•gal activity of undamaged AdC:!U7lacZ in Ad5p53wt·pre·infected compared to that in 
AdCA1S·pre·i.nfecred cells . 

Nonna! 
CS·B 
XP-C 
XP•A 

2.w±:o.211'{l;J 
1.44 ,f(!_ 3lf (6) 
1.61±0.4.2{1) 
L3H0.«{6} · 

0.005 
0.274 

0.169 
0.446 

1.57 ±0.20· (15) 
1.77 ± 0.29° (12} 
1.91±0.27° (12) 
2.0ZJ;,0.24' (10) 

0.007 

0.014 
0.002 

5.16xl04 

Relati-!le expression, '10 h P value 

2.48±0.43(6) 
2.63± 0.38· (7} 
2.10±0.2'i (4) 
2.04-±033' (6} 

0.1!()5 

O.lJOl 
0.009 

Oc010 

Pooled results are ffiven for exp!"5Sion of IJ·gal activity at 12, 2hnd 40 h post-infection and are represented as mean relative expression ±SE. 
It is ihe. nmnber of lridependent<letenninants each perfon11<0d with three replicates. 
• Signilieantly' >i by an independent N"st (P value <O.OS). 
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Table 4 -Relative 1137 values for IJ-gal activity of UV-irradiated AdCA171acZ in UV-1.rrndiated and Ad5p53wt-pro-infected 
compared to that in UV-inadlated and AdCAlS·pre-infected cells 

P v'a!ue Piralue 

Normal 1.9:! ±034° (4) 0.040 l.O'l±M3(7} 0.262 l.SS±!l.l.8° ('.3) 
CS-B i.67 ±0.SO (4) 0.23 l.S0±0.23 (6) 0.058 1.08 ±0 .15 (5) 

XP-C 0.97 ±0.16 i5l 0)l85 1.86 ±o.29· i8) O.OQ9 1J!3 ±o.n· (4) 

XP·A 0.86±0.19 {4} 0.519 1.10±0.ll (7) 0.463 1.32 oll>.15 (4) 

Results are given fur each tiinepoint. Pooled results aregivenforupresoionof f.-gal acth•ity at 12. 24 and-40.h post-infection and are represented 
as mean relativ., D,, ±SJ:. ti is the number of independent det.onninants each perfom1ed v.ith three replicates. 
• Significantly :>1 by an independent t-test (l' value <0.05). 

13-gal expression of a UV-damaged reporter gene encoded in 
Ad5HCMVspliacZ, although the enhanced HCR was delayed 
in CS-B ~lls {351. The orientation of the lacZ reporter gene 
in AdHCMVsptlacZ is right-to-left, wlwreas the orientation in 
AdCA17lacZ is left-to-right. In addition it has been reported 
that adenovirus encoded reporter gene cassettes in the left· 
to-right orientation express higher levels of the r;,portergene 
than those with inserts in the right-to-left orientation j39]. We 

therefore first examined whether the different orientation of 
the lacZ gene and increased fl-gal expression in .~CA171acZ 
compared to AdHCMVspllacZ influenced our ability to detect 
HCR and UV-enhanced HCR of the adenovirus encoded ll· 
gal reporter gene in human fibroblasts. In the pres;,nt work, 
·11,.e report that HCR of the UVC-damaged reporter gene in 
AdCA17l11c2 is reduced in XP·C, CS·B and XP-A cells compared 

0.1 

0 20 40 50 ll-0100 0 100 

to that in normal human fibroblasts, consistent 'll-ith our pre
\•ious reports using AdHCMVsplklcZ. indicating that both TCR 
and GGR are involved in repair of ll'IC-induced lesions in the 
transcribed strand of the reporter g<>ne {34.36). In addition. we 
show h<>re that pre-UV-treatment of normal. XP-C and CS-B, 
but not XP-A cells resulted in enhanced HCR for 13-gal expres
sion of the UV-damaged report<>r g<>ne encoded in AdC.» 17lacZ 
and the enhanced H<..R in CS-B cells was also delayed com
pared to that detected in normal and XP-C cells. TI1ese results 
indicate that the gene orientation within the deleted El region 
of the recombinant adenovirus does not affect our ability to 
detect HCR an~ UV-enhanced HCRofthe UV-damaged report<>r 
gen<> in human fibroblasts. The increased HCR detected in 
nom1al. GGR-deficient XP-C and TCR-defident CS-B. but not 
TCR - and GG R -deficient XP -.A. cells reported here indicates that 

200 300 0 100 300 

UV exposure to liitus (Jtm ~) 

rig. 8 - Pre-UV-irradiation of cells results In enhanced HCR of p-gal activity for UV-Irradiated AdCA171aCZ in 
pre-AdSp53wt-infected nonnal and XP-C fibroblasts. llesulm of typical experiments are shown for normal (41, 0) and XP-C 
(., D) fibroblasts.. Closed symbols represent pre-Ad5p53wt-infected cells; open symbols represent pre-AdCA18luc--infected 
cells .. The time between infection and scoring for (~-gal activity is given in the figure. Each paint is !he average of 3 
replicates; error bars represent one standard error. 
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1();) 200 3QC 0 

XP-A i:!Jtn/ 
24hou·s 

600 

XP-A 12 Jim' 
40 hours 

,. 
o 20 ~o 61i ao o 20 40 oo wJ mn o 20 4o oo 110 'oo 

!JV exposure to vlfus (Jim') 

fig. 9 - Pre-UV·inadiation olcells results in enhanced HCR of tl-gal activity for UV-irradiated AdCAl 71acZ in 
pre-Ad5p53wt-infected CS·B but notXP-A fibroblasts. Results are shown for CS-B {4, 4) and XP-A (•, 'i)· Closed symbols 
representpre-Ad5p53wt-infected cells; open symbols represent pre-AdCAl8l11c-infecred cells. The time between infection 
and scoting for U-gal activity is given in the figure. Each point is the average of 3 replicates; error bars represent one 
standard error. 

pre-UVC-treatment of cells with low UVC ftuence resulted in 
an up-regulation of both TCR and GGR of the UVC-damaged 
reporter gene in human cells. UV-induced TCR [55J and GGR 
{2] have also b€en reported for mammalian cell DNA. 

10 

1c 10-15Fi5-;;;:;·-3"i·:10 
Time (hot.Ifs) 

fig. 10 - Pre-UV-irradiation of cells results in enhanced HCR 

of fl-gal activity for UV-irradiated AdCA17lacZ in 
pre-Ad5p53wt-infected normal, XP-C and CS·B but not 
XP-A fibroblasts. Results show the mean DH ,f,S.E. value for 
l~-gal expression of UV-irradiated AdCA1711.tcZ in 
pre-Ad5p53wt-infected and pre-11¥-treated compared to 
that in pre-AdCA181uc-infected and pre-uv-neated cells for 
normal{•, 0), XP·C (11, 0), CS-B (.t., .0.) and XP-A {•, (i) 

fibroblasts. Closed symbols represent pre-UV-treated cells; 
open symbols represent non-treated cells. Each data point 
is the average :I. S.E. of several independent 4!1-periments. 

F53 has been shown to regulate expression of genes that 
are involved in the GGR pathway such as DDB2, the gene 
coding for the p48 protein product (16). and XPC (21}. In 
response to UV-induced DNA damage specifically. it is known 
that XP-C is recruited to the DN.'\ damage site (48] and 
that p48 binds to pyrimidine dimers formed in the DNA 

{57.58). Both genes are regulated in a p53·dependent man
ner and p53 expression detem1ines the recn1itment of these 
genes at the damage site 116.56}. Ho-.vever. acti\Tation of these 
genes by p53 accumulation does not contribute to accu
mulation of XPC and p48 products unless the genes are 
lesion-free (23), Therefore, GGR·proficient CS-B cells do not 
accumulate p53-dependent protein products as eftici€ntly as 
TCR-proftdent cells (23}, ConsEquently, it was not surprising 
to observe that TCR-deftdent UV-irradiated CS-B fibroblasts 
showed a delay in enhanced HCR of the UV-treated reporter 
gene (35J, TI1e delayed UV-enhanced HCR of the U'l-damaged 
reporter gene in TCR-deficient CS-B cells is consistent with 
a p53- and TCR-dependent upregulation of GGR in human 
cells. 

4.:2. Increased expression of pS3 results in enhanced 
HCR of the UV-damaged reporter gene in normal, XP-C 
and CS·B, but not XP-Ajibroblasts 

Pre-infection of nounal, CS-Band XP-C but not XP·A fibrob
lasts with Ad5p53wt resulted in enhanced HCR of the 
UV-damaged reporter gene compared to cells infocted with 
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the control AdC.A.lFJuc Virus (Figs. 5 and 6), These results 
indicate that increased expression of p53 up-regulates both 
GGR and TCR in the UV-damaged reporter gene. Increased 
expression of p53 in CS-B fibroblasts resulted in elevated HCR 
of the reporter gene detected at 12, 24and 40 h post-infection. 
The p53-dependent up-regulation of HCR in CS-B cells is 
consistent with a p53-dependent up-regulation of GGR due to 
increased expression of the p53-dependent XPE-p48 fl6] and 
XPC proteins [211- In contrast to the delay in enhanced HCR in 
pre-UV-n·eated CS-B compared to pre-LIV-treated normal and 
XP-C cells. increased expression of p53 following infection of 
cells with AdSpS3wtdid not result in a delay in enhanced of 
HCR in CS·B cells. Since pre-infection of cells with Ad5p53wt 
resulted in increased expression of p53 but no UV-induced 
photolesions in the p48 or XPC genes. the lack of delay in 
enhanced HCR in CS-B cells pre-infected 'kith Ad5p53wt, is 
consistent with our hypothesis that the delay in HCR obsHved 
ln UV-irradiated CS-B cells is due to lack of TCR of lesions in 
the p48 and XP-C genes. 

Increased expression ofp53 in normal and XP-C fibroblasts 
resulted in elevated HCR of the reporter gene detected at 
12 but not 24 or 4Q h after infection. This indicated that 
increased expression of p53 alone resulted in an increased 
rate ofrepairofthe lN-damaged P>portergene innonnal and 
XP-C cells. TCR is the sub-pathway of NER dedicated to the 
removal of UV-induced DNA damage from the transcribed 
strand of active genes [59,60J. The increased rate of repair in 
pre-Ad5p53wt infected XP-C cells is consistent with a p53-
dependent up-regulatron of TCR in the transcribed strand of 
the UVC-damaged reporter gene_ P53-induced enhancement 
in HCR of the UV-damaged reporter gene was not observed 
in XP-.A. cells at any of the tested time points after infection 
Since XP·A fibroblasts are deficient in both GGR and TCR, 
this result supports our conclusion that the p53-dependent 
enhancement in HCR observed in XP·C cells is due to a 
p53-dependent enhancement in TCR of the UV-damaged 
reporter geno;. 

Previous research reports have suggested a role fur p53 in 
TCR of UV-damaged DNA in human cells [25,26,30,61], Wang 
et aL demonstrated thatthe XP-B and XP-D proteins employed 
ln GGR and TCR interacts with p53 !JO). In addition, Wang et aL 
demonstrated that p53 binds to CS-B suggesting a role for p53 
in the TCR pathV<ly [30). Direct evidence for a role of pS3 in 
both TCR and GGR came from Therrien et aL who used a sensi
tive ligation-mediated PCR technique to demonstrate a repair 
deficiency of UVB-induced CPDs in both non-transcribed and 
transcnbed strands of the p53 and'or c-jun lod in LFS cells 
(mutant p53) and human fibroblasts expressing the human 
papi!loma virus (HPV) E6 oncoprotein, which abrogates 
p53 [25J. Furthermore. Mathonnet et aL reported that p53-
deficient human lymphoblastoid cells displayed decreast>d 
repair of UVB-induced CPDs in both the non-transcribed and 
transcribed strand of c-jun and liprt gene loci when compared 
to the control wild-fype p53-expressing cells, whereas the 
repair of UVC-induced CPDs was reduced only in the uon
transcribed strand of the targeted genes [26]- This finding 
suggested a role for p53 in the removal ofCPDs by TCR that is 
dependent upon the UV-wavelength incident on the cell. The 
wavelength dependence may result from the difference in the 
quantify and spectrum of photolesions induced in cellular 

DNA following lNB compared to UVC-irradiation and/or due 
to differences in the signalling pathways induced by UVB 

compared to UVC exposure, More recently. Mathonnet et aL 
ha•·e reported that expression of tl1e hepatitis B virus protein 
(HBx) (which binds arid functionally inactivates p53) in human 
TK6 cells r-esults in reduced removal of CPDs along both the 
transcribed and non-transcribed strand of the c-jun gene fol· 
lowing exposure to either LIVB or LIVC, giving furth-er evidence 
of p53-dependent as well as p53-independent TCR in human 
cells (27]. 

Vle report here that increased expression of p53 due to 
infection with Ad5p53wt results in an up-regulation in expres
sion of the undamaged reporter gene lrf about 2-fold in both 
NER"deficient and NER·profident cells. In contrast we have 
reported that up-regulation in the expression of the undam
aged reporter gene due to pre-UV-treatment of cells occurs 
at lower UV flu,,.nces and to higher levels in TCR-defident 
compared to normal and GGR-deficient fibroblasts [49,SOj. The 
latter results suggest that unrepaired UV-induced DNA dam
age in active genes triggers increased reporter activity from 
constmcts driven by CMV promoters in human fibroblasts as 
reported previously. This suggests also that the mechanism 
lEading to increased expression of the undamaged reporter 
due to pre-UV-exposure of c>Clls is different from that due 
to increased expression of p53 due to pre-infection of cells 
with Ad5p53wt. The increased expression of the undamaged 
reporter gene due to pre-infection with .A.d5p53wt is surprising 
since we found no consensus sequences of transcription factor 
binding sites for p53 in the human cytomegalovirus immedi
ate early promoter controlling the p53 gene in Ad5p53wt [62]. 
However. the CMV promoter does contain transcription fac
tor bindmg sites for Nf·KB, APl, CRE/.t'.TF and SP1 f62j, Since 
p53 can actinte NF-«B [63,64] it is possible that th<> increased 
expression of the undamaged reporter gene results from p53-
dependent up-regulation of NF·«B. 

Since a stalled transcription complex due transcription 
blocking UV-induced photolesions is thought to be a signal 
for the recruitment of DNA incision complex and subsequent 
removal and repair of the lesi.:in (51], increased transcription 
might be expected to lead to an enhanc.-d rate of repair of 
lesions by TCR It is therefore possible tl1at the enhanced 
expn;ssion of the reporter gene in nonnal and XP-C cells con
tributes. ir1 part at least, to an increased rate of repair of 
lesions in the reporter gene by theTCR pathway, This isconsis
tt'nt with reports of increased repair of UV-induced lesions in 
the metallothlonein gene of Chinese hamster ovmy cells that 
has been induced to transcribe compared to the same gene 
in the uninduced state [65j_ In addition, Huang et at show 
that wild-type p53 mediated enhancement in the transcrip
tion of a plasmid encoded reporter gene directs a resistance 
of the transcribed DNA to UV inactivation and reactivates 
the rnpotter gene (increases HCR of the UV-damaged reporter 
gene) in rodent cells [66f. Furthermore some single point sub
stitution mutants of p53 that maintain near normal ability to 
activate transcription did not display increased HCR of the UV
darnaged reporter gene, whereas other mutants with reduced 
transcriptional activity retained an increased HCR of the LIV· 
damaged reporter gene. This suggested that although HCR of 
the UV-damaged reporter gene is transcriptional!;· dependent, 
these two activities are genetically distifu."t., 
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43. Increased expression of p53 together with 
prior·UV·treatment of cells results in enhanced HCR of the 
UV-damaged reporter g<me in normal, XP·C and CS·B, but 
not XP·Aftbroblasts 

The p53 protein exists at low basal levels in a latent state in 
nonnal, unstressed cells. In response to a cellular stress. p53 
levels increase in the cell due to its decreased degradation or 
increased stabilization. Mdm2 (murine double minute 2, also 
known as Hdm in humans} regulates the level of p53 protein 
available after a cellular stress (as reviewed in REf. f52l). Brielly, 
Mdm2 protein controls p53 lewis by binding directly to p53 
and inhibiting its gene expression activities f67j, or by adding 
ubiquitin to promote p53 degradation (68). The stabilization 
of p53 is achieved by inhibiting Mdm2 binding to p53, which 
is controlled through p53 phosphorylation. There are several 
post-translationalmodllications that can activate p53, includ· 
ing phosphorylation (reviewed in Ref. f54]), There is ev1d.,,nce 
that p53 phosphorylation occurs on serine rEsidues 15, 20, 33, 

37 and Thr18, which inhibits Mdm2 binding to p53 [69-71! and 
can be achieved by UV-irradiation {53j. In addition, it has been 
shown that at low TN fluence only S€r33 and Ser37 were maxi· 
mally phosphorylated, while SerlS was phosphorylated when 
higher fluences were used [53]. This indicates that the p53 
changes undei:gone at low UV t1uencP..s are only a subset of 
the modifications possible. 

UV damage causes both rapid and delayed e."Pression 
of genes. For example p53 phosphorylation occurs within 
10-30min of UV exposurE at different sites [72,73). In addi· 
tfon to rapid activation of transcription factors by UV, p53 · 
is also activated by persistent DNA damage in active gEnes. 
This prncess is believed to activate delayed responsive genes 
[74}. Therefore. it appears that the p53·phosphorylated sites 
in response to persistent DNA damage are different when 
compared to those sites phospho1ylated by- the immediate 
response. This differen~ in the p53-phosphorjlation pattern 
likely play·s a role h1 how and through which NER sub
pathway(s) p53 responds to DNA damage in non-irradiated 
compared to UV-irradiated cells and in TCR-defid-Ent com
pared to TCR·profident cells. 

The p53 protein can exert both protective and apoptosis
enhancing functions after exposure to DNA-damaging agents. 
In addition to its role as an activator and repressor of tran
scription, pS 3 may also be able to participate directly in NER 

and other cellular pathways independent of its ability to act as 
a transcription factor {30,61,75,76j. P53 can regulate the level 
ofp53 responsive genes in unstresst'd cells (16,77} suggesting 
that p53 may regulate cellular processes without being acti
vated by DNA damage and therefore also be bio!-Ogkally hnpor
tant forNER and other cellular pathways prior to UV exposure. 
Using a stable human cell line expressing a temperaturesensi· 
tlve p53, McKay et al. reported that functional p53 expression 
for 12 or more hours before UV·irradiation protected cells from 
apoptosis and enhanced the recovery of RNA synthesis even 
when functional p53 eiq>ression was maintained after irra· 
diation {78j. It has been reported that the recovery of mRNA 
synthesis after the induction of RNA polymerase II·blocking 

lesions by W light is greatly affected by the TCR capacity of 
cells (61,79,80]. The enhanced recover,- of RNA synthesis in 
cells expressing functional p53 before UV irradiation is con-

slstent with the repair of lN·induced cellular DNA lesions by 
TCR that is dependent on the level of p53 prior to UV exposure. 

In the present work, we show that pre-AdSp53wt· 
infection together with WC-Irradiation of nonnal, XP·C 

and CS-B, but not XP-A fibroblasts results in enhanced 
HCR of the LIV-damaged reporter gene when compared 
to pre-AdC..,18luc-infection together with UVC-irradiation of 
cells. The difference in the time course of the enhanced 
HCR in the XP·C and CS·B may reflect a difference in 
the contribution of transcription·dependent as opposed to 
transcription·independ1>11t functions of p53 to TCR and GGR. 

Notwithstanding the differences in the time course of the 
enhanced HCR among the normal, XP-C and CS·B cells, these 
results indicate the presence of UV-inducible TCR and CGR 

in the llV-damaged reporter gene that are dependent. in part 
at least, on the le-vel of p53 prior to W exposure. These 
results show that several aspects of the NER pathway act
ing on human cellular DNA are reflected in the host-mediated 
repair of a ri"combinant adenovirus·encoded and exogenously 
introduced reporter gene. 
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Preface 

In Chapter 3, a role for the p53 tumour suppressor protein in TCR and GGR of 

UVC-damaged reporter gene was suggested (285). Previous reports have shown that p53 

can be up-regulated by the microenvironment of the tumour such as with conditions of 

hypoxia and hypoxia accompanied by acidosis ( 166-170), and that hypoxia, as well as 

hypoxia coupled to low pH, diminishes NER of a UV-damaged plasmid (211 ). Therefore, 

it was of interest to assess the role of p53 and hypoxia in the repair of a UV-damaged 

reporter gene and consequently the effect on NER. 

This chapter consists of the following article reprinted in its published format: 

Diana Dregoesc and Andrew J. Rainbow. Differential effects of hypoxia and acidosis 

on p53 expression, repair of UVC-damaged DNA and viability after UVC in normal 

and tumor-derived human cells. (2009). DNA Repair 8(3):370-382. This article is 

reprinted with permission from Elsevier Science, Amsterdam, The Netherlands. I 

performed all of the experiments, assembled the results, generated the figures, wrote the 

first draft of the manuscript. Dr. Andrew J. Rainbow made revisions to the manuscript 

and provided significant intellectual direction and assistance. 
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Hyp'X<ia and low pH are commonly associata:I with the tumor microernrirooment \•k have exdmined 
the effects of hyp::o<ia alollt' (llA:I and hypoxia coupled to low pH (HApHJ on p53 expressiOn. nucleotide 
e-..u:ision repair (NER)andcellular sensitiVityto UVC in normal human fibroblasts arul human tumor cells. 
p53 expressi-)n was measured using Western blotting. NER using hose cell rea...-nvation (llCll.) of a UY
damaged reporter gene and cell sensitivity using the MIT assay. HApH re»1lted in a transient increase 
in p53 expression in normal fibroblascs at 6h and in rumor cells at 6-JS It In normal fibrobl.asts llApH 
result•=d in a tr.ansient increase in HCR .at early times i: 1Z-24hJ and a concomitant decrease in UVC sen
sitivity" In oJntrast for the tun•Jr-derr;ed cells. the increJsed HCRof rhe UVC-treated reporter gene was 
delayed (36-4/Jh :•and UV( sensitivity increase::! or remained the same after HApH treatment These 
results suggest thJt e.Jrty upregulati•JO of p53 and incre.:tsed repair of U't-&m.::a.ged DNA after HApH 
treatment is required tor increased cell •:iability after IJVC HA treatment alone aoo resulted in a tran
sient increase in HCR of the U\.'C~:lamagffl reporter gene at early times•. 12-24 hl in norm.ii fibroblasts 
and a delayed in•:rease '36-40 h) in the tumor-derived o~lls. However. the enhanced p51 expressiOn was 
less or even absent for treatmenc with HA alone. and HA h•d no signific.Jnt affect on <ell viability after 
U\.\: !Dr any of thee.ell lines. These results indicate a different cellular respJnsefo!lowing HApH comp<1red 
toHAalone_ 

I. lntrodu1Ction 

Maintenance of cellul.1r aerobic respiration requires a st<lble 
supply of ox}ogen. However, when cells are exposed to an imbal
ance in ox~<gen suppl;• and consumption they are forced to ad.lpt 
to oxygen deprivation 11 J. Hypoxia. low pH and nutrient depriva
tion are common features of the tumor microenvironment ( 2 )_This 
mkroen\•ironment heterogeneity has been shown to cause genetic 
inst.ibility {3.4). and ha5 been linked to tumor progression (5]. More 
recent research ms focused on the effero of hyp.Jxia and acidity on 
the ONA repair pathways in human cells{6.7j. 

One of the early consequences of h1•poxic stress is a drop in 
ATP levels in the cell !SI. causing the cell to undergo C1 cell qcle 
arre5t l9l The switch from aerobic toanaerobicmetabolismcauses 
a decre;ose in cellular pH le~-els as a result of increased glucose 
consumption and lactic add production. Cellular. non-physiological 
pH levels have been shown to affect the structure and function of 
proteins such as DNA polymerases [to}. Studies suggest tlut the 

• Correspondingaud>or. kl: +1ros525 9140•24400: f.oX", +t 9{fi 522 f066 
£:.owiladdr;ss: ~cmasteua (A.j. Rainbow). 
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geneticinstabilitydue to low pH and hypoxia is the additive result of 
increased DNA damage. defective ONA r~ir and enhanced muta
genesis ('>.4.6.7.11 (.Hypoxia i5 known to cmse DNA lesions due ro 
increast>d production of reactive oxygen species (ROS). For exam
ple. it has been found that 8-0xoguanine can ~ formed in the 
cell und<>r hypoxic stress. which C<m ause C:G ID A:T transversions 
(121. In addition, hypoxia has also be1'n ;issodated with incredSed 
endonuclease activity, resulting: in DNA strand bruks {13). There
fore, accumulating e\.Jdence suggests rh<lt DNA repair is affected by 
hypoxic stress. 

Recent studies have reported diminished DNA repair ;md 
increased mutag>0nesis in mammalian cells under hypoxic and low 
pH(HApH) conditions (3.6,71. Yuan et al.found a reduction in n~ac
tivation of a UV.-Oamaged plasmid in a mouse fibroblast line and 
.i human colorectal carcin-0ma cell line under conditions of HApH 
v .. hen compared to normoxic cells. suggesting that nucleotide e.xci
sion repair (NER) v.oas diminished undei: HApli conditions. in these 
cells [6!. NER repairs UV-induced DNA damage and other bulky 
DNA adducts. such .is cydobutane pyrimidine dimers (CPOs) and 
6-4 ph-0toproducts that are caused by lNC-irradiation [14l, 

In addition to reports -011 the effects of hypoxia on DNA repair 
pathways there are also reports on the effi:.cts of hypoxia on gene 
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expression (3.4.15-17i Growing evidence suggests that the p53 
tumor suppressor protein plays a role in the response p.lthway 
of cellular stresses including hypoxi• (9.17-22). H.ammond et al. 
showed that in RKO colorect.il carcinoma cells p53 is onl;' stabilized 
in anoxic conditions (0.02%l. but not in hypoxic conditions (2%) for 
sewral rreatmenr times bev.veen 6and 24h [2J). Howe""'r. Chan
del et al. shov.oed that 15% hypoxia upregulated pSJ in IMR90 lung 
fibrot4asts after 8 h j18). The extent of p53 involl/{_"lnent undersuch 
stresses could have signific.mr implications for its invol\'efllentin 
DNA repair under hypoxic, as well as hypoxk coupled to acidosis 
conditions due to its knO'm1 role in NER (14-26i 

The role of ONA repair has 1esurfaced a> a crucial factor in under
standing differential tumor radiosensitivity .IDd chemosensiti\ity 
and how it c.m be used as a tool for no•lel c.mcer therapies. it has 
been reported that DNA repair deficient cells under hypoxic condi
tions display .in increased sensitMty to irradiation when compared 
co DNA repair proficient cells 127,28). In comrast. several srudies 
have reported that loss of mismatch repair ( MMR) renders cells 
resistant to platinum-containing drugs [7.29.30}. Hypoxic CHO cells 
showe-d a: gre<Jter survival .after X-r.ay irr.adidtion '1.\'hen compared to 
aerobic cells { 11 ] and chmnic hypo.xia can increase tumor cells" sen
sitivity •.-..hen comj)<lred to cells exposed to acute hypoxi;i prior to 
irrad ia ti on 131 l. 

l.n the present work we have examined the effect of h~·poxia 
alone (HA) and HApH on p53 expression. NfR and viability fol
lw.~ng UVC exposure in hum.m primary fibroblasts ;md some 
tumor--Oeri\<ed cell lines. 'vVe show thar HApH resulted in a transient 
increase in p53 expression in both normal fibroblasts and tumor
derived cells, In normal fibroblasts HApH resulted in a transient 
increase in host cell reactivation (HCR) of a INC-dam.>ged reporter 
gene at early ti1nes and d concomit.a.nt deuease in UVC sensitivit}r. 
In contrast. for the tumor-derived cells, including HCT116p53-!- .a 
tumor--Oerived cell line havrng no detecuble p53 expression. there 
was a delayed increased HCR of the UVC-treated reporter gene 
and UVC sensitivity increased or remained the same after HApH 
treatmenr. These results suggest rh.H early upregu.lation of p53 
and early increased repair of UV-ddmaged DNA after HApH treat
ment is required for increased cell dabilit'J after UVC HA trearmenr 
alone also resulted in a transienr ina<"ase in HCR of the UVC
damaged reporter gene in normal fibroblasts and a delayed inae.?se 
in the rumor-derived cells. induding HCT!16p53-i- cells. Thus the 
delayed upregulation of repair in the tumor cells appears ID be p53 
independent .-ind does not lead to increased cell viJbElity .Jfter llVC 
The enhanced p53 expression was less or even absent for tre.itrnent 
•Nith HA alone.and.HA had no significant affect on cell viability afrer 
UVC for anv of che cell lines. Our results indicate a different cellular 
response f~llowrng HApH compared to HA alone. 

2. 11.f.lterid Is and m-ttlmds 

2.1. Cd/mild cell culwr~ 

Normal primary fibrobl.:ists mains (GM95Q3. IMR90. GM969) 
'A-ere obtained from NIGMS Human Cenet:k Cell Repository(Coriell 
f Mtitute for Medical Research. Camden. NH and the colon carci
noma HCT116pSJ•'• and HCT116p53-i- cells were obtained from 
Dr. B. Vogelstein. John Hopkins University School of Medicine. 
Baltimore. Maryland. All cell cultures were grown in a humidi
fied incubamr kept at 5% C02 and 37•c .• md cultured in Eagie•s 
a-MEM .supplemented with 10% fetal bovine serum and anrimy
coticlantiblotic {too µg/ml penicillin. lQO µg/ml 5ffeptomydn and 
150 ngfml amphoceridn B. Gibco BRl). 3340WT is a mouse fibrob-
last cell line carrying in its genome 15 copies of the >..supffi1 
shuttle vector ONA (321 and Rcoeo is a RKO colorectal caocinoma 
cell line that is transfected with pCl\i\fneo plasmid {Hf. The cell 
lines were obtained from Dr. P.M. Glazer. Yale Uni\-ec;ity School 
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of Medicine. New Haven. Connet..-ricut. The ce!ls were grown in 
OMEM supplemented with 1~ feral bovine serum and antimy
cotic/.mtibiotic ( 100 µg! ml penicillin. 100 µ,g;ml streplDmycin and 
250 nglml amphotericin B, Gilxo BRl.). 

2.2 \lirus: 

The recombinant non-replicating .-idenovirus. AdHCMVlaa 
(AdCA17lm-Z) was obtained from Or. f.L Grah01m. M.cMaster Uni
versity. Hamilton, Ontario. The adffiovirus, AdCAl71acZ contains 
the lacZ g)'!ne unda- the control of the HCMV-IE promoter (-299 to 
+72 relative ro transcription surt sire) inserted into rhe EI deleted 
region. The Et region deletion of the genome 1enders the aden
O\~rus unable to replicate in most mammalian cells. The viral vector 
was propagated. collected and titred as described pre1:iously (34). 

23. U\! itTadiation ofi'irns 

UV irradi<ition of \•irus has been dee..cribed pre\1ously (35j. Virus 
was suspended in 1.8 ml of cold PBS and was irr.;idiated in 35mm 
dishes on ice with continuous stirring using Gener a I Electric germi
cidal lamp(mode!G!ITS)at a wavelength of 254nm predominantly 
with <rn inddentfluena rateof2Jfrn1/s (J-255 shortwave UV meter. 
Ultraviolet Products. San Gabriel. CA]. Aliquots of 200 µJ were 
removed for each exposure to the virus and diluted appropriate!}' 
\\~th umupplemented media. 

Regular DMEM or «-fvlEM was supplemented with 25mM 
HEPES and 25mM 4-morpholinepropanesulfonk acid (Sigma. St. 
Louis, MOi to acidify the medium. The medium was adjusted co pH 
6.5 with IN HCI. The pH of the <>cidic media after hypoxic n·eatment 
was me.;isured robe between pH6.Sand 7. the pH of the media after 
hypoxic tnearment was approximately7.5. and the normoxic media 
was measured to be between pH 7.5 and R 

25. HypQXit1 

Hypo.'lic culture conditions were establi.shed by using an auto
llkltk 0 2/CO;, incubator (Thermo Electron Corporation. M;uietta. 
OH) equipped with o>.ygen and carbon dioxide sensors. and con
nected to 1'12 and CO, gas cylinders. The 0 2 tension was set 01t Ii 
and was maintained at this I.eve! through tl1e entire length of rhe 
experiment. TheO;, ( 1%);;md C0 2 (5%i readings were confirmed by 
use of a fyrite gas01nalyzer f&dirach. Pittsburg. PA). 

Host cell reactioo'ation assays we£e performed as pra'iously 
described {36). Confluent cell monolayer was infected with either 
unirradiated ortN-irradiated AdCA17focZat various times ina40µ.I 
\!Olume at an M-0! of80pfu{celt Cells were incubated at J7•C for 
90min. after which the media was remo\<ed and cells were over
laid with 200µ1 ofcithf:fw.um supplemented normal pH or low pH 
(6.5) 011.iEM €>f <t-MEM 2nd incubated under standard conditions or 
in 01hypoxicincubator for \•arious time periods ID allow for reporter 
gene expressioIL For quantitation of fl...galactosidase (j3-gal) activ
ity. d1e cells l.lyerwas incubated with 60µ1 oft mM chlorophenol 
red j?.-o-galacto~anoside (CPRG; Boehringer-Mannheim. Indi
anapolis, IN) per well in 0.01% Triton X- 10-0. 1 mM f\'fgCJa, and 
too mM phosphate buffer at pH 8.3. Absorbance at 570nm light 
(.<'\570 ) wa.s determined several times following the addition of the 
fl-gal substrate using a 96-well plate reader (Labsystems Multi scan 
MCC/340 and{or Bio-Tek instruments EL340 Bio Kinetics Reader). 
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Western blots were perform"4 as described previously I 36i The 
primary antibodies used were: anti-p53 (Santa Cruz Biotechoot
ogy lnc .. Santa Cruz, CA~ ;mti-XPC (C-tenninal; Sigma-Aldrich Inc. 
Sain~ Louis. MO ),anti-Hif-1 a1pha(B£1 Biosciences.Sanjose. CA).and 
anti-beca-actin (Sigma-Aldrich Inc.. Saint Louis. MO). Cell lysaces 
were prepared as described pre\1ously f36J. Specific antibody was 
detected using enhanced chemoluminence ( ECl) detection accord
ing to manufacturer's instructrons (Western Lighting, Perkin-£1mer 
Life Sciences ;L Thedarawereanalysed using a Kodak Digital Science 
Image Station 440CF and protein le\-elsweredetermined relative to 
actin levels. The bdnd intensities corresponding to p53 both rreated 
and non-tre;Hed samples were digitized b;• using a densitometry 
program and then "'"''e further normalized ro the intensity ofthe 
ll-actin bands. 

Cells seeded 6-12 h prior were rreated usil\g A General Electric 
germicidal lam1> (model GSTS) at a wavelength of predominantly 
254 nm with an incident llueoce ute of 1 Jlm21s (1~255 short
wave UV meter. Ultr<P:iolet Products. S.m G•briel. CA) in PBS. After 
UVC rreatrnent. cells were overtayed v"irh warm c<-MErv1 supple
mented media or with low pH 6.5 warm a-MEii·! supplemented 
media and incubated in either a norrnoxic or hypoxic incubator 
for 24. 30 or 40 h. After rhe times indicared, the low pH media 
was removed and fresh media v.-as added and the plates from the 
hypoxic incubator were incubated in a normaxlc incubator. Cell via
bility was quantified after 4-6 days of UVC tre.1tment using the 
MIT (3-{4.5-dimeth:;4thiazol-2-yl)-25-<liphmyl tetrazo!ium bro
mide; Sigma catalog no. M212&) assay as pre\~omly described {JI). 
The absorbance of each well was measured at s-rn nm lighr using a 
96-well plate reader (Llbsi-stems Multiscan MCCj 340 andt'or Bio
Tek Instruments EL340 Bio Kinetics Reader) and the percentage 
viability was akul;ited. 

2.9. Stah.sti(al a11alysis 

Statistical analysis of the relati\<e D31 values was perfomied 
using a one sample two-tailed t-ten. St.nistical anal)<sis of the 
relative Western bh;}t band intensities obtained using a densitom
etiy program was performed using a one sample one-tailed t-test. 
Statistical analysis of the rel<Jtive D-,., values was also perfonned 
using a one Sdmple two-tailed t-test for all cell tines excep< for 
HCTI16p5J-i- attheHApH rreatmentforwhicha one sampleone
tail"d t-testwas used. For the human primal)' fibrobLuts, GM9503, 
under HApH treatment after JO and 40 h. greater than D;o values 
were obta-ined and the statistical ;malysis 'N.IS petformed on the 
greater thanrelativeD5'}\o;aluesusingaonesampletv.<o-tailedt-test. 

3. Resoks 

3.J _ Hypoxia a11d hypo:<ifl acwmpanfod by acidosis rnsultcd in 
early enlumced hos! cdl m:Kti~~1tiol! cf a IN-damageli r>?pon~"I' 
gen<' in primary lmmanfibroblam 

Previously, we have reported that overexpression of p53 in 
primary human fibroblasts resulted in an enhanced HCR of a 
WC-damaged reporter gene (3-6~ Since it has been reported that 
treatment of cells with hypoxia can alter the expression of p53 
(16;18,221, it w;is considered of interest to examine how HA and 
HApH affect HCR of the UV-damaged reporter gene In normal 
human primary fibrobfasts and tumor cells. Hypoxic response was 
confim1ed h-1 detection of Hif-1 alpha in primary human fibrnblasts 
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(GM9503 and lMR90)at2 and 3 h .ifterhypoxlaand llypoxia accom
panied by low pH treatment but not .after normaxic conditions( data 
not shoo.vni. Representative graphs for the re!J tive J:l-gdl activity of 
the UV-damaged reporter gene in normoxic. HA and HApH rre<ited 
cells for 24 and 30h are shown in fig. lA for GM9503. The UVC 
fluence required to reduce 13-gal activity to 37% of that for oon
iffadiated \1rus (D'l7) was utilized as a measure of HCR. The ~ 
values for suNival of ~-gal activity of the UV-damaged reporter 
gene were calculated and used to me.asure the rebtive ~ value 
in HA compared ro normoxic and HApH compared to normoxk 
cells for early and late time poincs as shown in Table 1A. A tran
sient enh.ancement in HCR was observed in normal skin fibroblasts 
exposed to HA ;md HApH at the early time points tested between 
12 and 24 h. In contrast. when J1-gal activity was measured in these 
cclls at later times between 30 and 40 h of HA and HApH. it was 
found that HCR was decreased in these cells and this deae;ue was 
significant in HApH treated ceUs. 

Simifarly. IMR90 fibrobl>sts exhibited an early. but transient 
enhancement in HCR when incubated in HA and HApH conditions 
for 12 h. Representative graphs for relative j:l-gal activity of the UV
treared reporter gene for lMR90 cells incubated in normoxic. HA 
and HApH condltions for 12 and 24h are gi'.oen in fig .. 1B and the 
D37 values are shown in Tabfe lA HCR was enhaoced when fl-g•l 
was scored at 12 h •Jter HA and HApH treatment. but showed a 
significant decrease when scored •t later time points (lS-30 h~ 
In sumrmry, HA and HApH treatment of both primary fibroblasts 
resulted inan early and transient enhancementofHCR. 

32. Hypoxia tmd hypt.)Xia accompanwd b_v acidosis induced a 
,:Jefuy-ed ~~nl10ttG?nwnt in fro~:r o .... U reaaive:io.n of c UV-damaged 
rnportt"'"r gcni"' in nnm:M·-Ct~riv('d r:dls 

Representari\'e graphs for the relati\'e f3-g;al acti\~!)· of the U\1-
damaged rep<>rter gene in Rrneo. HCT! 16p534•andtKT116p53-i
cells scored at 24 or 30 and 40 h afcer cre•tment with no1moxia. 
HA and HApH are shown in Fig. 2A-C Pooled results of the relative 
Dn v.ilues in HA and HApH compare<l to normoxic conditions for a 
number of indi\1dual experiments are given in Tahle 18. In agree
ment with published d•t• {6), we observed a significantly reduced 
HCR in Rcneo (Fig. 2A, left panel) an.1 3340\'>-'T (data not shm'lfn) 
cells for 24h treatment under HApH. Pooled results for Rmeo cells 
showed a reifuced HCR when cells >'<ere incubated bet\'Veen 24 
and 30h in HA and HApH (Table lB). ln contrast. when the tumor
derived cells were lncubared under HA ;md HApH for 36 and 40 h. 
an enhanced HCR was obsenoed that was delayed compared to that 
obsen-ed in normal human fibroblasts 

In order to determine whetherp53 st.:itus influences the hypoxia 
enhanced HCR, we also examined the effects of HA and HApH in 
HCT1t6p53•'• and HCTl161>53-i- cells. Results dt't' swnmarized in 
fig.2BandCandTable 11!.Simi!artotheRcneocell'sresponse.HCR 
was significantly reduced in both HCT116p53'"'+ and HCTt 16p5J-f
ceHs al the early time points between 24 and 30h and 24h of 
HA a-nd HApH rreatment, respectiveli,<. However. when HA and 
HApH continued for 36-40 h in HCTll6pS3>i•, and for 30-40h In 
HCT116p53-!- cells. an enhanced HCR was detected in botl1 cell 
lines irrespec-rive of p53 surus. This suggesrs th;it botl1 HA and 
HApH remit in a delayed enhancement of NER in HCTt16 cells ;i,t 
36--40 h after treatment through a p53 independent mechanism. 

3:3_ Acnmmlation of pSJ under liypoxic and ltvpoxicfaddic srress 
is tim~dt .. J.Jt?tident in normal prinwry l1w11an fibrablasrs and 
x>wm! tumo1'-.:leri1'l'd cells 

Pceviowly published data have shown iltat Nriy hypoxic stress 
can upregulate p53 accumulation {16.18.22}, therefore we sought 
to assess the levels of p53 protein In primar~l human fibroblasts 
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UVC {Jtm'} to Viru:i 

Fig. l Rfsults oftypicat cxpc:riments r.cpn:s~nting(Al nonnalh11m2nprimaryskin iGMQ503) a1td (Bl tung: fibroblasts(tf¥tR90~ under scandard r1ormoxk cultu.re-con•:titions: 
(tJ~ HA t•J or HApH6.5 (.A) ~ondirions, Coills Vi'e'fC infoct:t>d v,.itli cichcr non-irradiated 0f UV-lrradi.a-t~ MCAlUed, followed by inalbation uni:kreith~r normc•xk, HA QT 

HApH ronditii:.ms for 12. 24 andf or 30h.after'Which scoring: b j!.-ga!ictosid.asewJs performed. Eadl poi.nt is rhe .aw'..ragc< of thTcereplk.ttcs: ~rrorbirs Tt'Pf(':Scnton~standar.J 
error. 

and tumor-<lerived cells at different lime points up ro 24h of 
rre.arment. ResultJ of representative Western blocs are shown in 
figs. 31\. Band 4A-C and the r;itio of p53 expression in cells incu
bated. under HA ;ind HApH compdred to normoxia .ire shown in 
Figs. JC and 40. Results indicate that in the GM9503 skin fibrob
fasts. p53 expression increased by 3 h of HA rre;itment. pe;iked ;it 
12 h ;ind subsequently decre;ised significantly by 24h. HApH con
ditions aused ;in increase in p53 levels as early as 3 h. signifk;intly 
pe.akingby6h in GM9503 prim;iryhum;infibroblasts,and with fur
ther exposure to HApH causing.a reduction in p53 protein levels at 
18h,. 

Simifarly. significant p53 ac-cumulation was detected in HApH 
rreated IMR90 lung cells dfter 6 h of treatment. Hmw\~r. the level 
of enhancement in p53 expressiocn in IJ'\000 cells due to HApH w.u 
lo\!\<er than the enhancement detected in CM9503 fibrnWasts. In 
addition, when IMR90 cells were incubated in HA ;ifone, p53 was 
doo.vnregulated by 12 h. 
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Since the XPC gene. which is involved in the global genomic 
rep.>ir(GGR) pathwdyofNER. hd.s been reported to be upregulated 
ln a p53-dependent manner 1381, we sought ;ilso to determine the 
expression levels of the XPC protein under HA and HApH condi
tions in GM9503 fibroblasts. Using Western blotting. we found that 
compared to cells treated under normoxia, there was no significant 
increase inXPC expression following up to 40 h of Ii. ... or HApH rreat
ment {data not sbowni In contrast, and as previously described 
{381. W irr;idfatiocn (15j/m2 ) resulted in in(reased expression of 
XPC in GM9503 cell~ <1t40 h post irradiation (d~t.a not sholNll). 

Treatment with HA alone resulted in ;i downregulation of p53 
ln HCTl16pSri• and Rcneo cells by 3 and 12h, respectively. As 
expected. there w.is no p53 expression detected in die p53 defi
cient cell line. HCTl16p53-1-, at any lime points tested. In contrast. 
HApH induced p53 accumulation in HCT116p53•t• cells at 12. 18 
and24bofcreatmenc.Poolingresultsfor12, 18a:nd24hindkated a 
significant increase in p53 expression follrn.\'ing HApH treatment in 
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rcµUcatcs; error bus r~oncst.uut.nd emir, 
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Hg.. .l. b:pr ... "'Ssk•n of dt.: p53 (Umor suppresso.r preit~n •oder hyvoxk and hypoidc/JC.iJi•: strc"SS. \.Vest.:m Not-analysis of p53 pnttcio kvds: in(Aj GMS603 and (8) lt.AR.90 
cells harv'1stC<d.1t th~indicatcd timcJftC'r tr-:•atme>nc of hyµoxia and hyp<txia couple-d to pH5.5,t(JQuandrarionof p53 ex;pressi.:oninHA(•Jand HApH6,51· ._, tre:atcdGM950l 
and [~J primary hum~n fibroblasts .H: 3. '5, 12, 18 and 2.4.h ~omp.arc.:f to nor~k cdls. Band intcnsibcs were ~proximatcJ using_ st.and.mi 1.k:nsitt.."!fllCtry, The procdn 
c-stim.rtion Vf"JSnormaf.ized co actin lcvds .and is.b.a-sed on three to tivc~pc€rim.~nt:s.. 

HCT116p5.3.;' cells(mean increase~ 1.47 ±0.21; P=0.02:7 as deter
mined by .a one-Oiled t-test:L HApH also induced p53 accumufation 
in Renea cells at6. 12 and 18 h of treatment. Howeo.<er. this increase 
was notsignificantv.nen d.lta for 6.12 and 18 h were pooled (me.m 
increase; 1.93±057; P=O.ffl as determinedbyaone-taifed t-cest). 

3.4. Di/fenm<k"J eel/ growth and \1ability of primary cells and 
tmnar cdls aft,..- !NC treatn1<'nt mrd under ltyp<iXia and low pH 
conditions 

Although we found that DNA repair c.;in be increased due to HA 
.;ind HApH in both primary and tumor-derived cells. we thought it 
benefidal ID investig<1te whether this finding reflects cell growth 
and \<iability of cells after UV exposure. Represent<1ti\'e graphs for 
the effects of HA and HApH on cell growth foUo\,~ng expc>5ure to 
UVC using the l\.ITT .assay are shO\'m in fig. 5. The IJVC tlueoce 
required to reduce cell growth to 50% of that for non-treated cells 
{D'>'.ll was utilized as a measure of cell growth and vi.ability. The D50 
values were c.ilcufated and used to measure the rel.nive D50 value 
in HA compared to normoxic cells ;ind HApH compared to normoxic 
cells for treatment times of 24, 30 .and 40 h (Table 1q 

The relative Dso \•alues ln human primar1 fibroblasts indi
cated no significant effect was induced in HA treated cells v.<hen 
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compared to normoxic cells for any of the treatment times 
tested (Fig. SA). However. the rela.tive D50 values were signif
ic.andy higher (P<0.05) in HApH treated fibroblasts comp.aced 
to normoxic fibrobldsts for ;ill the tre.ument times tested. Sim
ilarly, as shown in Fig. SA !Panel 3). a significant increase in 
cell growch and vLlbUity after UV exposure was also found in 
fibroblasts exposed to low pH levels without HA. The aver
age relative D50 v;ilue for 30h treatment v.~th low pH alone 
compared to treatment under aerobic conditions for six inde
pendent experiments w.as 1.43 ±!115 (P=0.034). simil.ar ro the 
relative D9:J \•a lue for 30 h treatment with HApH compared to 
treatment under aerobic conditions (l.54 ± 0.05 j as shown in 
Table IC. 

In contrast. HApH reduced cell vi<tbility after UV exposure in 
both HCT116p53"• and HCT1l6p53_;_ cells indiciting a reduction 
in cell growth after UV irrespecfooe of p53 natus (Fig. SC and 0). 
Although there w.as .i signific.int decrease in cell growth following 
UV exposure in both of these cell lines after 30 h of HApH treat
ment (Table l C~ cell growth under HA alone was indistinguish<tble 
from normoxk conditions in both cell lines. Furthermore. there 
was n-0 significant difference in cell growth after UV exposure in 
Rcneo cells ~fter HA or HApH for any of the trea nnent times rested 
(fig. 5B). 
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4. Oisrnssfoo 

4L HypoA'i11 and low pH stress induas e rmnsie>1t inaeas<' i1> p53 
and NER in primar_v human cells 

Tue main focus of this study was to investigate the effe<:ts of HA 
and HApH on NER of UV-induced ONA daimge ;md U\I sensitiv
ity in human cells. \Vhen GM9503 primary human fibroblasts were 
treated wid1 HA and HApH. a significant enhancement ofHCR of the 
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UVC-d.Am.iged reporter gene was detected at 12-24h of treatment. 
whkh was absent at fater time points of 30-40 h. Previously we 
ha\>e shown that pretreatment of NER-proficient GM9503 normal 
human fibroblasts wit'l UV results in a tr.insient p53-dependent 
increase in HCR. of a UVC-dam.iged reporter gene as early 01& 12 h 
after infection that is •bsent in cells sc«ed 40 h after infection 
f36.39-41 i The current data indicates that HA and HApH c<in also 
induce a transient upregulation of HCR in normal human fibrob
lasts. 
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\Ve have reported also that increased expression of p53 alone 
can upregulate HCR of the IJVC-<lamaged reporter gene in nor
m.ll human fibrnbbsrs through .lfl enluncemenr of both the 
transcription-coupled repair (TCR) and the gloool gl!nomic repair 
path•Nay of NER (36]. There is evidence th;it st<1bilization of 
p53 triggers increased NER through both transcription depen
dent 142,43) and transc1iption-lndependent mc-chanisms {44). The 
current results are therefore consistent with a transient upregu
lation of NER due to HA and HApH detected at l2-24h (Tahle 1 i 
resulting from a prior early and transient upregulation of p53 in 
GM9503 fibmblasts (Flg. 3C). p53-dependent upregulation of the 
GG R XPC protein has been reporred follov.1ng UVC exposu1e of 
norm;il human fibroblasts ( 38). In contrast. we were unable to 
detect an inr..redse in the XPC protein follrnA1ng tredtment of celts 
\"tjtl1 HA or HApH (data nor sho'.'ffl :i. \.._'e have reported previous~• 
th.It increased p53 eY.pt-ession alone upregulates HCR of the UVC
dam.~ged reporter gene in XPC fibroblasts th;it ;ire deficient in the 
GGR but proficient in the TCR pathway of NER f36]. It th€refore 
appears likel}' that the upregulation in HCR in CM9503 cells fol
lowing HA and HApH treatme11t results from a p53-dependent. 
but transcription-independent mechanism that enhances the TCR 
pathway of NER. 

Although the enhanced HCR of j3-gal <tctivityv.<a.s .significant only 
in GM9503 fibroblasts for both HA .ind HApH. HCR in IMR90 cells 
followed a simil.ir trend witb a moder.ire enh.-incement in HCR fol
ICM.fog HA and HApH. This ma;• be a consequence of the tr.-insient 
increasebutkiwerp53expressionlevelsinducedbyHApHinlMR90 
cells 1Nhen compared to GM9503 fibroblasts. However, ;is seen in 
fig. 3B and C, HA treaunent of IMR90 cells resulted in a significant 
downregulation of p53b}'12 h. suggesting that tbe transient early 
enhancement in HCR might be owing tn additional factors, such as 
existence of p.S3-independent hypoxi;o induced repair pa.thwa.ys. 
As reported by others, p53fi·+ Eta/Road-transformed ME.F mouse 
embryo cells shm.\!ed .-. moderate increase in p53 expression after 
hypoxia and acidnsts treatment for 1 and 2 b, but ;i downregul.a
tion of the tumor suppr~or protein after hypoxia alone treatment 
f45j. Our results also suggest the presence of ;i differential DNA 
repair resj)-Ollseof HA comp;ired to HApH in IMR90 cells. It appears 
likely th.at different cell types behave differently to hypoxic stress. 
Since IMR90 cells are lung Jibroblasts. they ma}' be able to with
st<lnd much lower hypoxic level.s, .-ind p53-dependent DNA repair 
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pathways may be activated only at .:moxie levels or in conjunction 
with low pH in these cells. Zhang et al. reported that two tumor 
all lines showed reduce<i p53 expression after hypoxia trearment. 
while p53 expression was induced in HTIOSO human fibrosarcoma 
cells {46). In contr.ut to the results reported here, Chandel et al. 
detected p53 accumulation in response to h}'!)L"'(l(icstress ( 1.5% o.'!y
gen) for 8 h in normal lung fibroblasrs. IMR90 [ 18]. However, ir is 
not clear whether the IMR90 cells used in the Cha ndel er al. studies 
•t.<ere a primary cell strain or an immortalized cell line [18)< 

42, Hyp-0xia induei?d-a do?li..~verl. but not t.1bs('nt .... 1nha11a•menr i.11 
HCR qf th1c:~ UV-damagt.•d r0port1n gent: itt both p53 profTcwnr and 
p53 de.fidrnt tu.mor-dcnved c'-1Us. 

The HCR of a UV-damaged plasmid encoded reporter gene was 
decreased in the 3340WT moosefibrobtastcell lineand intheRrneo 
hutl14n colon carcinoma cell line. when tre.-ited with HApH for 24h 
[6].ln the present study"''" found also th;it Rcneoand HCTll6p53<i• 
(fig.2Aand Bi .md3340\\'f cells( data not shown )showed a moder
ate denease in HCR of a UV-danuged .idenovirus encoded reporcer 
gene v.<hen incubated under HA and .-i significant decrease under 
HApH for 2+30 h when compared to normoxic cells. However. our 
results indicate chat at 36-40 h after HA and HApH treatment. DNA 
repair was enhanced in Rcneo and HCT116p53"'i·+ cells suggesting 
that NER upregulation w;is delayed compa.red to that in primary 
human fibroblasts. bur not absent in these cells. Sin<::e HA induced 
a decreast' in p53 expression as early as J h in HC1Tl6p531• .;md at 
12 h in Rcneo cells, this suggests the presence of a p5 3-independen t 
upreguL1tionin the NER p.itlr,v;iy in these tumor cells in respQllSe to 
hypoxia. In addition, our data shov.<ed no detectable p53 in the p53 
deficientHCT116p5)-!- celh even though HA induced J significant 
decrease in HCRofth.e UVC-damag;ed reporter gene at24hfollcwed 
by a significant enhanced HCR of ~-gal expression at 30-40 b v.-hen 
comp;ired tu normoxic cells.similar to HCT116p53#+ celh. This fur
ther supports the ~'POthesis that hypoxia results in an increased 
NER response th<ltis delayed in the tumor-derived cells and occurs 
irrespective of p53 status. 

A decrease in p53 expression has also been reported in human 
HepC2 hepatoma and Hela cells foUm~~ng treatment with 17. 0 2 

for Sh {47]. In contrast hypoxi.1of0.3% for 8-16h induced p53 
expression in HCTll6p5.3'1+ cells when compared co normoxic cells 
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[221 and Hammond et al. reported increase'd p53 ;m:umulation 
in response to 0,02% oxygen. but not co 29,; oxygen. suggesting 
the cellular response of p53 expression to hypoxia may depend 
on the level of oxygen concentr.ttioo (231. furthemJOre, chronic 
exposure to hypoxia might have ;i different effect on p53 expres
sion md NfR compared to acute hypoxic stress and these effects 
may be pSJ-independent, It has been reported that the homol
ogous recombination mediator. Rad51, v.<as significant!)' reduced 
by chronic hypoxia (by 48 hj in several cancer cells, whereas acute 
hypoxia (0.5% for 24hl only slighd}• downregubted expression of 
this gene {48j. The variability in p53 <lccumufatian due to hypoxia 
may in part be attributed to the ph;<siology of die cell as it h.11 
been reported that Sh of hypoxic treatment induced signific.intly 
greater p53accumulation in S-ph.lse populations than inGl-phase 
cells{23j. 

4.3, H_vpo..>tia an.1 low pH tr ... "atrr.-cnt cf tumor-dC"filvd cdls 
resulted in an !ncrl!tlsed p5J exprt.--s5ion 

In contrast to the results for tre.itment of the tumor-deri,•ed 
Rcneo ;rnd HCT116p53'!• cells v.iith HA. trenment wirh HApH 
induced an increase i.n p53 expression levels at 6-12h when 
compared to 110rmoxic conditions. Other reports show a similar dif
ferential effect of HA compared ro HApH on p53 expression levels 
in tumor cells. Over a range of O.'\.'}'~en le.•eh, from 1.5?. ro less than 
0.02%. Pan et .:ii. were unable to observe p53 accumulation in several 
tumor-derived eel.I lines {49). Only after treatmentwith a combina.
tion of HA and acidosis/nutrient depriV01tion did some cells exhibit 
p53 induction {49j. Schmaltz et al. reported that hypoxia accom
panied by IO\v pH for 2 h caused upregulation of p53 expression 
in tumor-derived cells, but hypoxi4 alone decreased th~ l.:'vels of 
p53 when compared to control conditioos [ 45 ]. The differenti;l! p53 
response due to HA compared to HApH strengthens the hypothe
sis that hypoxic stress atone m.iy affect NER path~'Jdys through a 
different mechanism than when coupled to low pH (6.45.50,51 J. 

4A. Enit-anc~d cell 1,1~abi!ft.vfollowing UV e .. ~osure imder hypoxia 
and tmv pH t:onditkms i5 dependf"nt on ('ar(-y 1..'tJ?i7t.1rKt.Yi r ..... pair of 
til/-ittdhled DNA damag~. \;\4iidt ts ab~nt in tumor-deriv~d ceJb 

H'fpaxic tumors are often found robe resisrant to radiation and 
some anticancer drugs [52j, while cells under hypoxia which were 
exposed to reoxygenation proved to be more sensitive to killing 
b)• ra.diation {31}, Sin<e the results of the present study showed 
both prinury and tumor-deri\<ed cells displayed increased repair of 
the UV-damaged reporter gene in HA and HApH conditions. it 'vas 
important co determine whether the increased repair was reflected 
in impro\'ed cell growth after UV. 

The microenvironment of a tumon:ell is not solely characterized 
by hypoxia .Jkme, but also by acidosis and nutrient deprivation due 
to the .switch from .terobk respiration to anaerobic fermentation. 
resulting in an increased production in lactic acid [ 53). The results 
of the MTI assay in prlmary and tumor-deri\<ed cells suggest several 
effects of the mkroem~mnment on the viability of cetls following 
UV exposure. HA tre,nment for any of the tested time points after 
UV irradiation did not significantly .;ffect cell groo1th and viability 
for primacy or tumor-deriwd cells. In contrast, HApH treatment 
after irradiation sign[ficmtly nrected cell gro .. vth in boch human 
primar~· and tumor-derived cells. This is roosistent with studie; 
that reported l&N pH conditions orthesynergjstic effect ofh~•poxi;i 
and lowpHfofluence cellular metabolism and cell survival, but not 
hypoxid alone 1650.51 J. 

We report here that HApH after UV irradiation of cells induced 
a different effect on cell vi~bility in human primal)' fibrob
lasts compared to tumor-derived cells. The HApH induced early 
enhancement in HCR of lf:!-g41 activity ill human primary fibroblasts 
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correlates with an increase in (ell ~~.lbilityof primary cells exposed 
to HApH after UV irradi.ltion. Therefore, it is likely that e.uly upreg
ulatioo of NfR b)' HApH in human nom•al prim . .uy fibroblasts is a 
requirement for increased cell viability and growth. This is in con
trast to the ob5erved delayed incrNse in HCR of the UV-dam.iged 
reporter gene in the tumor-derived cells following HA and HApH. 
which did not correlate with an increase in cell vi.:ibilit}• after UV 
irradlatioo. On the concrary. HApH for 30 h after UV irradiation 
resulted in a signific.mt fall in cell viability. irrespective of p53 
status. This result suggests that HCT1t6p53,i~ and HCTt16p53-!
cel1s possess defective DNA repair pathways or may experience 
downregul.ltion of stress response genes. which may disrupt NER 
function and thus hinder these cells' ability to respond to DNA 
damage efficiently under HApH scress as early as prim.i1y cells. 
In accordance with other studies f3 l J. this repair deficiency ma)' 
be the determining factor whether cells will be able to sun1ve and 
growunderHApHconditions. which on a clinical level ma}•proveto 
be advantageous for radiotherapy and diemodterapy.lnterestingly, 
Rcneo cells displa}•ed no .significant effect on cell viahility under 
any of the conditions tested, indicating thar tumor cells derived 
from different tissues may dlspfay different cell growth pHtern in 
response to HA and HApH conditions. 

The present data suggests thatHApH but not HA indu<:<>san early 
and transient p53-dependent increase in NER in norm.ll primary 
fibrnbbsts thar leads co an increased vi.:ibili ty of cells following UV 
exposure. We show also that treatment of normal human fibrob
lasts with lO'N pH alone also leads to an increased \'iability of 
cells following UV exposure. Ohtsubo et al. have reported chat low 
pH coodirions alone result in increased p53 expression in wild
type p53 expt~sing human glioblastoma cells f 54J. Taken together, 
these results suggest that iris an eaily and transient p53-dependent 
increase in NER due to the low pH conditions. rather dian due to 
hypoxu, that le.1ds to increased viability of primary human fibrob
lasts after exposure to UV following HApH rreatment. 

HApH treatment of the tumor-derived cells also resulted in 
an upregulation of p5.J and enhanced DNA repair. Hw.'eller. the 
enhancement in DNA repair'"""' delayed in the tumor cells com
pared to that in normal prim<HY cells. was present irrespective of 
p53 surns. and did not lead roan increased \'iability of cells <Il'rer 
UV. Therefore. it .lppears likdy that die increased NER response 
under HA and HApH in IHlman primary cells is mechanistkally 
different from rhat of tumor-derived cetls. Schmaltz et al. demon
strated that oncogene-rransformed mouse cells respond differently 
co lwpoxia when compared to non-transformed cells. in that trans
formed cells exhibited apoptosis under h}'POXia, while primaf)' 
fibrobfasts showed G0 1G1 arrest. similar!}' to ionizing radiatfon f 45 ). 
Previaus reports have shO\vn that tumor cells treated with defer
oxamine mesylate (DfX). which mi mies hypoxia. lost transcription 
.;ictivityof stabilized p53 corresponding to cytoplasm p53 accumu
lation. while normal cells displa}•ed partial activation {55j, This is 
further e-.idence that tumor cells may have other defects under 
~·poxic and hypo.'<k accompanied by acidosis stress induding the 
inabilit)• to loalize p53 to the nucleus. 

The NER p.ithwzy plays a role in the survival of cells following 
treatment with several chemotherapeutic agents for cancer treat
ment including dsplatin. lt appears iikely tltat the acute lowering 
of the pH used in the present v..rork is different from a chronic low
ering of pH that would be expected to arise in a tumor and .is such 
may limit our experimental approach, Notwithstanding, th~ differ
ence in cell viabilit)•response between primary and tumor-derived 
cells following UVC e~ure and conditions of hypoxia and low pH, 
further underlines the potential role that DNA repair plays in the 
response of tumors ta radiation .md chemotherapy, This is an indi
cation of a potential therapeutk ad\';intage which could be further 
tailored accocding to the DNA repair pathway efficiencies of the 
cell type and timing of hypoxic conditions (acute versus chronic) 
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as recent results sug:.<>est tlut chronic hypoxia may render a tumor 
more radiosensiti\-e {31 J. 
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1.0 Abstract 

Hypoxia-inducible factor 1 alpha (HIF-la) acts as a transcription factor that 

transactivates many genes involved in adaptation to hypoxic stress. HIF-1 a accumulates 

in response to hypoxia, which has been suggested to induce DNA damage. Previously, it 

was shown that mouse embryonic fibroblasts deficient for HIF-1 a showed an increase in 

sensitivity to chemotherapeutic agents and ionizing radiation, as well as a decrease in 

repair of a fragmented reporter gene when compared to HIF-la wild-type cells. It has 

been suggest that the NER protein, CSB, accumulates under hypoxic conditions and is a 

target of HIF-la. Therefore, it was of interest to investigate the role of HIF-la in 

nucleotide excision repair (NER) of a UVC-damaged reporter gene. We employed a non

replicating recombinant human adenovirus, AdCAI 7/acZ, that can efficiently infect 

murine and human cells and expresses the ~-galactosidase (B-gal) reporter gene in murine 

tumour cells exposed to normoxic, hypoxic, hypoxic coupled to low pH or low pH only 

conditions. We also examined cell sensitivity using the MTT and colony survival assays 

in murine tumour cells exposed to the same conditions. We determined that dominant

negative HIF-la (MDN2) rat tumour cells showed a decrease in HCR of UVC-damaged 

reporter gene when compared to HIF-la wild-type cells (MATLyLu) exposed to 

normoxic conditions for 12 hours, but not at 24 or 40 hours. Hypoxia resulted in reduced 

repair of the UVC-damaged reporter gene in MDN2 cells compared to MATLyLu at 12 

hours for UVC fluences of 150 and 200 J/m2
, but not at later time points tested. Hypoxia 

coupled to low pH and low pH alone did not result in a significant difference in HCR of 

~-gal expression between the two cell lines. In addition, differential repair between the 
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two murine tumour cell lines detected at 12 hours after normoxic and hypoxic treatment 

did not result in a significant difference in cell growth or cell survival after UVC 

exposure. The effect of hypoxia on NER was also examined in primary human normal 

and CSB fibroblasts. Hypoxia after infection induced an enhancement in HCR of the 

UVC-damaged reporter gene in normal fibroblasts and this enhancement was delayed, 

but not absent in CSB fibroblasts. These results suggest that hypoxia up-regulates NER. 

In addition, by infecting cells with AdHIF-Ja, an adenovirus expressing wild-type HIF

la, we examined the effect of overexpression of HIF-la on HCR of a UVC-damaged 

reporter gene in normal and CSB-deficient primary fibroblasts under hypoxic conditions. 

HIF-la overexpression resulted in a decrease in HCR of a UVC-damaged reporter gene 

in normal fibroblasts exposed to hypoxia at early time points (i.e. at 12 hours), and it was 

delayed but not absent in CSB fibroblasts. The data indicate that HIF-la plays an 

important role in NER of a UVC-damaged reporter gene and that HIF-1 a-dependent 

responses under hypoxic conditions may in part depend on CSB expression. 
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2.0 Introduction 

The tumour microenvironment is characterized by hypoxia, acidosis and nutrient 

deprivation. Hypoxia induces responses in gene expression that result in physiological 

changes such as angiogenesis, erythropoiesis and enhanced glycolysis (reviewed in 

(216)). The principal protein in regulating cellular processes in response to low oxygen 

conditions is the hypoxia inducible factor I alpha (HIF-la) (reviewed in (247)). HIF-la 

is a protein that is degraded under normoxic conditions, but is stabilized by low oxygen 

conditions and transactivates over 200 genes (reviewed in (286)). Under normoxic 

conditions, HIF-la is targeted for degradation through the von Hippel-Lindau (VHL) E3 

ligase complex, whereas when oxygen levels decrease, HIF-la binds to HIF-lp, forming 

a heterodimer that in turn binds to the hypoxia-response element (HRE) on target genes 

(reviewed in (l 93)). 

One of the most prominent HIF-1 a target genes is the vascular endothelial growth 

factor (VEGF) (reviewed in (247)), which is activated in many tumours and promotes 

angiogenesis (reviewed in (287)). HIF-1 a stabilization was detected in many different 

cancers (248) and correlated with poor patient prognosis (288,289). Therefore, hypoxia is 

responsible for producing cellular changes such as increased glycolysis and angiogenesis 

due to HIF-1 a up-regulation that in tum creates an optimal environment for tumour 

growth. 

In addition to HJF-la accumulation by hypoxic stress, p53 stabilization under low 

oxygen conditions was also been suggested by several studies ( 166-170), although there 

is conflicting evidence pertaining to the oxygen levels that can up-regulate p53 and 
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whether it is transcriptionally active (170) (reviewed in (290)). We have previously 

shown that hypoxia induces p53 accumulation in human primary cells, but not in human 

tumour cells unless accompanied by acidosis (291). These findings were consistent with 

other studies that showed p53 stabilization was not observed in tumour cells unless it was 

coupled with acidity and nutrient deprivation (235). Fmthermore, it has been proposed 

that p53 accumulation is HIF-la-dependent and that HIF-la can co-immunoprecipitate 

with p53: an interaction that stabilizes p53 (255). The discovery of two HIF-la sequence 

motifs that bind to the p53 DNA-binding site supports a direct interaction between HIF

la and p53 (257). It has also been reported that in vivo MDM2 can augment an 

interaction between p53 and HIF-la, suggesting an indirect interaction between these two 

transcription factors through MDM2 association (256). The study by Chen et al. (2003) 

hypothesized that p53 and HIF-la interaction can result in HIF-la degradation and this 

was supported by a study demonstrating that high p53 expression down-regulated HIF- la 

accumulation (260). In addition, Schmid et al. (2004) showed that low p53 expression 

suppressed HIF-la transactivation without affecting the protein levels by competing for 

binding to the transcriptional co-activator, p300 (260). 

Recent evidence has also implicated the transcription coupled repair (TCR) 

protein, CSB, in the hypoxic response by suggesting that HIF-la controls its expression 

(254). Filippi and colleagues (2008) reported that hypoxic stress (1% oxygen) results in 

increased CSB mRNA and protein expression in NER-proficient human primary cells as 

well as enhanced HIF-lu occupancy of the CSB promoter (254). In addition, hypoxic 

stress induced a decrease in VEGF mRNA expression in human primary CSB-deficient 
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fibroblasts compared to wild-type cells, suggesting a role for CSB in the HIF-la 

pathway. It was also suggested that the p53 and HIF-la shared transcriptional activator, 

p300, plays a major role in CSB-deficient cells as p300 overexpression was found to 

release the inhibition of HIF-1 a activities on its target genes (254 ). It was proposed that 

the high p53 expression levels observed in CSB mutant fibroblasts following hypoxic 

treatment inhibit HIF-la responses due to p53 competition for binding to p300 and, 

furthermore, that CSB and p300 compete for p53 binding, with CSB having a greater 

affinity (reviewed in (265)). As a consequence, less p53 is available to activate p53-

dependent apoptotic pathways and therefore CSB plays a significant role in hypoxic 

conditions by committing a cell toward cell survival instead of programmed cell death. 

We have previously demonstrated that p53 overexpression alone in human normal 

and CSB-deficient primary fibroblasts resulted in enhanced HCR of a UV-damaged 

reporter gene at 12 hours after infection (285). In addition, we have demonstrated that 

hypoxia, as well as hypoxia accompanied by low pH, resulted in a p53-dependent 

enhanced HCR of ~-gal activity in normal fibroblasts between 12 and 24 hours after 

treatment. 

Furthermore, Unruh et al. (2003) showed that mouse embryonic fibroblasts 

deficient for HIF-1 a showed a decrease in repair of double-strand breaks in a reporter 

gene when compared to HIF-la wild-type cells (292). HIF-la mutant cells were also 

more susceptible to chemotherapeutic treatment and ionizing radiation when compared to 

wild-type HIF-1 a cells (292). The roles of p53 and CSB in NER and their interaction is 

well known (172), and taken together with recent reports suggesting a role for HIF-la in 
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DNA repair, and a connection between p53, HIF-la and CSB, it was of interest to 

determine whether a link between HIF-la, CSB and p53 exists in the DNA repair of a 

UV -damaged reporter gene under hypoxic conditions. 

Here we have examined the role of HIF-la, CSB and hypoxia on NER in human 

fibroblasts and two murine tumour cell lines. We have shown that rat tumour cells 

deficient in HIF-la showed a decrease in HCR of the UV-damaged reporter gene under 

normoxic conditions at 12 hours after infection when compared to wild-type HIF-la 

tumour cells. This differential repair between the wild-type rat prostate tumour cell line, 

MA TLyLu, and the dominant-negative MDN2 tumour cell line did not correlate with cell 

survival following UVC treatment. These results suggest that HIF-la may play a role in 

NER of a UVC-damaged reporter gene, but does not translate into a difference in UVC 

sensitivity or cell survival. In addition, we have determined that hypoxia induces an early 

and transient increase in HCR of a UVC-damaged reporter gene in human primary 

normal fibroblasts that is delayed, but not absent in CSB-deficient fibroblasts. 

Furthermore, HIF-la overexpression under hypoxic conditions resulted in a reduction in 

HCR of ~-gal expression in normal fibroblasts, which was delayed but not absent in CSB 

fibroblasts. These data further support a role for HIF-la in NER and suggests that there is 

a link between HIF-la and CSB that may affect NER response. 
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3.0 Materials and methods 

3.1 Cells and cell culture 

MATLyLu and MDN2 cells were obtained from Dr. Gurmit Singh, Juravinski 

Cancer Centre, McMaster University, Hamilton, Ontario. All cell cultures were grown in 

a humidified incubator maintained at 5% C02 and 37 °C, and cultured in RPMI 1640 

media (Lonza) supplemented with I 0 % fetal bovine serum, 0.2 mg/ml hygromycin 

(Roche) and IO mM HEPES (Gibco). MATLyLu is a rat prostate cancer cell line that is 

wild-type for HIF-la and is derived from Dunning R3327 rat prostatic tumour sublines 

(280). MDN2 is a stable clone obtained by transfection of MATLyLu cells with the 

pCEP4/dominant-negative HIF-la (DNHIF-la) plasmid, as described previously (192). 

3.2 Recombinant adenovirus constructs 

The AdCAI 7lacZ recombinant adenovirus (272) contains the lacZ gene under the 

control of the human cytomegalovirus immediate early (HCMV-IE) promoter (-299 to 

+ 72 relative to the transcription start site) inserted into the deleted El region of the 

adenovirus genome in the left-to-right orientation. Deletion of the El region of the 

genome renders the adenovirus unable to replicate in most mammalian cells. The 

recombinant adenovirus AdCAl8luc (276) expresses the luciferase reporter gene under 

the control of the HCMV-IE promoter inserted into the El deleted region in the left-to

right orientation of the adenovirus genome. The recombinant adenoviruses were obtained 

from Dr. F.L. Graham, McMaster University, Hamilton, Ontario. The viruses were 
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propagated, collected and titred as described previously (282). The recombinant 

adenovirus AdHIF-la. contains the wild-type HIF-la gene under the control of the 

HCMV-IE promoter into the El deleted region in the right-to-left orientation and was 

obtained from Applied Biological Materials Inc. (Richmond, BC, Canada; catalogue #: 

000019A). The virus was propagated, collected and titred by Dr. F.L. Graham's 

laboratory, as previously described (282) and the stock virus preps contained 2.18 x I 011 

plaque-forming units (pfu)/ml. 

3.3 UV-irradiation of virus 

The virus was suspended in J .8 ml of cold PBS and was irradiated in 35 mm 

dishes (Falcon, Lincoln Park, NJ, catalogue #300 I) on ice with continuous stirring using 

General Electric germicidal lamp (model G8T5) emitting predominantly at a wavelength 

of 254 nm with an incident fluence rate of 2 J/m2/s as determined using a J-255 

shortwave UV meter (Ultraviolet Products, San Gabriel, CA). Aliquots of 200 µI were 

removed following each exposure to the virus and diluted appropriately with 

unsupplemented media. In the case of simultaneous infection of AdCA l 7 lacZ with either 

AdCA18/uc or AdHIF-la, 100 µI aliquots of AdCA17/acZwere removed following each 

exposure to the virus and diluted appropriately with unsupplemented media to a final 

multiplicity of infection (MOI) of 40-80 pfu/cell, which also contained the appropriate 

MOI of either AdCAl8/uc or AdHIF-Ja. 
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3.4 Hypoxia 

Hypoxic culture conditions were established by using an automatic 0 2/C02 

incubator (Thermo Electron Corporation, Marietta, Ohio) equipped with oxygen and 

carbon dioxide sensors, and connected to N1 and C02 gas cylinders. The 0 2 tension was 

set at 1 % and was maintained at this level throughout the entire length of the experiment. 

The 02 (1%) and C02 (5%) readings were confirmed by use of a fyrite gas analyzer 

(Bachrach, Pittsburg, PA). 

3.5LowpH 

Regular RPMI 1640 or a-MEM was supplemented with 25 mM HEPES and 25 

mM 4-morpholinepropanesulfonic acid (Sigma, ST. Louis, MO) to acidify the medium. 

The medium was adjusted to pH 6.5 with l N HCI. 

3.6 Host cell reactivation assay 

Fibroblasts and murine prostate tumour cells were seeded in 96-well plates 

(Falcon, Lincoln Park, NJ, catalogue #3072) at a density of 1.5 - 2.0 x 104 and 3.5 x 104 

cells per well, respectively, in supplemented a-MEM or RPMI 1640 media and incubated 

in a 5% C02 humidified incubator at 37 °C for 12-24 hours to allow for cells to adhere to 

the wells prior to infection. Subsequently, the media was then aspirated from the wells 

and cells were infected with either non-irradiated or UV-irradiated AdCAl 7lacZ in a 40 

µI volume at an MOI of 80 pfu/cell of the. For experiments with the human fibroblasts, 

after the media was aspirated, cells were infected with either non-irradiated or UV-
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irradated AdCA l 7lacZ at an MOI of 40 pfu/cell and either AdCA 18/uc or AdHIF-la in a 

40 µl volume at an MOI of 200 pfu/cell. Cells were incubated at 37 °C for 90 minutes, 

after which time virus was aspirated and cells were overlaid with 160 µI of warm 

supplemented RPMI 1640 with IO mM HEPES (Gibco) and no antibiotics for the murine 

tumour cells lines or with supplemented a.-MEM for the human fibroblasts. Cells were 

then incubated at 3 7 °C in either a normoxic or hypoxic incubator for 12, 24 or 40 hours. 

3. 7 Quantitation of P-gal activity 

Fibroblasts and murine tumour cells were harvested at various time points 

following infection with AdCA l 7/acZ. The infected cell mono layer was incubated with 

60 µI per well of lmM chlorophenol-red P-D-galactopyranoside (CPRG; Boehringer

Mannheim, Indianapolis, IN) in 0.0 I% Triton X-100, l mM MgCh, and l 00 mM 

phosphate buffer at pH 8.3. Light absorbance at 570 nm (A 510) was determined several 

times following the addition of the p-gal substrate using a 96-well plate reader 

(Labsystems Multiscan MCC/340 and/or Bio-Tek Instruments EL340 Bio Kinetics 

Reader). 

3.8 MTI reduction assay for cell viability following UV exposure 

Cells were seeded in 96-well plates (Falcon, Lincoln Park, NJ, catalogue #3072) 

at a density of 2.0 - 2.5 x 103 cells/well for primary cells and 1.25 x I 03 cells/well for 

murine tumour cells. Cells were seeded 6-12 hours prior to being treated using a General 

Electric germicidal lamp (model G8T5) at a wavelength of predominantly 254 nm with 

an incident tluence rate of 1 J/m2/s (J-255 shortwave UV meter, Ultraviolet Products, San 
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Gabriel, CA) in PBS. After UVC treatment, cells were overlayed with either warm a

MEM or RPMI 1640 supplemented media without antibiotics as described in 3.6 and 

incubated in either a normoxic or hypoxic incubator for 12 hour. After the allotted time 

interval, the media was removed from each well and replaced with fresh media. All plates 

were subsequently incubated in a normoxic incubator. Cell viability was quantified 4-6 

days after UVC treatment using the MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl 

tetrazolium bromide; Sigma catalog no. M2128) assay as previously described (283). The 

absorbance of each well was measured at 570 nm light using a 96-well plate reader 

(Labsystems Multiscan MCC/340 and/or Bio-Tek Instruments EL340 Bio Kinetics 

Reader) and the percentage viability was calculated. 

3. 9 Western blotting 

For experiments testing whether AdHIF-la infection induces HIF-1 a 

overexpression and establishing the appropriate MOI for use in subsequent experiments, 

confluent monolayers of cells in 6-well plates (Falcon, Lincoln Park, NJ, catalogue 

#3046) were infected with either AdHIF-lo. at an MOI of 50, JOO and 200 pfu/cell, 

AdCAI8luc at an MOI of 200 pfu/cell or mock-infected and exposed to either normoxic 

or hypoxic conditions for 6 hours. Cells were then collected using a cell scraper and 

suspended in lysis buffer [50 mM Tris, 150 mM NaCl, 1% NP40, 10% protease inhibitor 

cocktail (Roche Diagnostics, Mannheim, Germany), pH 8.0J and kept on ice for 60 

minutes. The lysates were cleared by centrifugation at 13,000 g for l minute and the 

protein concentration was determined by the Bradford microassay procedure. Samples 

104 



Ph.D. Thesis -Diana Dregoesc McMaster University- Department of Biology 

were resolved over a I 0% sodium dodecyl sulfate polyacrylamide gel electrophoresis 

(SOS-PAGE) for l.5 hour at 100 V (8% SOS-PAGE when probing for CSB) and 

transferred to a nitrocellulose membrane (Amersham Pharmacia Biotech). Blots were 

blocked with 20 % skim milk in IX TBST (Tris-buffered saline with Tween 20) for a 

minimum of I hour. The primary antibodies used were: anti-HIF-la. (BO Biosciences, 

San Jose, CA), anti-HIF-1 a NB I 00-4 79SS (Novus Biologicals, Littleton, CO), anti-CSB 

A30 I-345A (Bethyl Laboratories, Montgomery, TX) and anti-beta-actin (Sigma-Aldrich 

Inc., Saint Louis, MO). Membranes were probed with the primary antibody for l hour at 

room temperature or overnight at 4 °C. The blots were stripped using a specific buffer 

(I 00 mM 2-mercaptoethanol, 62.5 mM Tris-HCI, 2% SOS, Ph 6. 7) for 30 minutes at 

65°C and re-probed with monoclonal anti-J3-actin (Sigma-Aldrich Inc.). Specific 

antibody-labeled proteins were detected using enhanced chemiluminescence detection 

according to the manufacturer's instructions (Western Lighting, Perkin-Elmer Life 

Sciences). 

3.10 Total RNA isolation and RT-PCR 

Confluent monolayers of MA TLyLu and MDN2 rat prostate tumour cells in 60 x 

I 5 mm Petri dishes were treated with either normoxic or hypoxic conditions for 5 hours. 

RNA was isolated using the RNeasy Plus mini kit (QIAGEN, Valencia CA) following the 

manual's protocol and then RNA was quantified in an Eppendorf Biophotometer. I µg of 

RNA was treated with DNase I (Invitrogen) to remove genomic DNA contamination. 

cDNA synthesis was performed using random primers (I 00 ng) and the Superscript II 
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First-Strand Synthesis (Invitrogen) using 1 µg of total DNase-treated RNA. A control that 

was not reverse transcribed was used to confirm a lack of DNA contamination. 

PCR was performed using a Stratagene MX3000P machine (La Jolla, CA) and 

using the following VEGF and lamin primers: VEGF 5'-ACC AGC GCA GCT ATT 

GCC GT-3' (forward) and 5'-CAC CGC CTT GGC TTG TCA CA-3' (reverse); lamin 

5'-GCA TGT ACA TAG AAG GAG CTA-3' (forward) and 5'-CAT GCA TAT TCC 

TGG TAC TCA T-3'(reverse). Primers were designed using GeneFisher and were 

synthesized by MOBIX (McMaster University, ON). A typical 50 ul reaction in a 0.2 ml 

thin-walled PCR tube contained 2 µI of DNA and 48 µI of PCR master mix (5 µI 10 x 

PCR buffer (Invitrogen), l µl of each of the appropriately diluted primer volume, l 0 mM 

dNTP mix (lnvitrogen), 50 mM MgCh, 0.4 µI Taq DNA polymerase (Invitrogen) and 

water (to a volume of 50 µI per reaction including cDNA template). The thermal cycler 

program used for VEGF consisted of a 2 minute initial polymerase activation and 

denaturation step at 94°C, 30 seconds at 94°C, 45 seconds annealing step at 55°C, 45 

seconds at 72°C, and then 35 reaction cycles of 30 seconds at 94°C, followed by a I 0 

minute elongation step at 72°C. RT-PCR products were separated on by electropgoresis 

on a 2% agarose gel and the ethidium bromide-stained DNA bands were visualized using 

an ultraviolet lightbox (Alpha lnnotech Corporation, San Leandro CA). 

3.11 Clonogenic survival assay 

CeJls were seeded in 6-well plates (Falcon, Lincoln Park, NJ, catalogue #3046) at 

a density of 400 cells/well in I ml of supplemented RPMI 1640 media. Following a 6-12 
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hour incubation period at 37 °C in a 5% C02 incubator, the media was aspirated from the 

wells and I ml of warm PBS was added to the cells prior to UVC irradiation. Cells were 

either irradiated or mock irradiated with UVC of increasing fluences at a fluence rate of 1 

J/m2/s. Following UVC-irradiation, the PBS was aspirated and I ml of RPMI 1640 

media, which was supplemented with 10 % fetal bovine serum and I 0 mM HEP ES 

(Gibco), but lacked antibiotics, was added to each well and the cells were incubated for 

12 hours in either a normoxic or hypoxic incubator. After the specified treatment, media 

was aspirated and the cells were overlayed with I ml fresh media that did not contain 

antibiotics. The plates were further incubated for 4 to 5 days from the time the cells were 

UVC-irradiated in a humidified 37 °C and 5% C02 incubator in order to provide 

sufficient time for surviving cells to form colonies. 

At the end of the incubation period, media was aspirated from each well and the 

cells were overlayed with approximately I ml of crystal violet solution (63% absolute 

ethanol, 27% H20, I 0% methanol, 5g/I crystal violet) to stain the colonies for a·period of 

30 minutes. Cells were de-stained by submerging the plates in water to remove the crystal 

violet solution and let to dry. Colonies that contained more than 32 cells were counted 

using a VWR hand tally counter and a clonogenic survival curve was plotted by 

expressing clonogenic survival as a ratio of the number of colonies in the treated cells 

compared to the control-treated cells. 
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4.0 Results 

4.1 Rat tumour cells expressing a dominant-negative HIF-1 a show reduced repair of a 
UVC-damaged reporter gene compared to rat tumour cells expressing only wild-type 
HIF-la 

Although the role of p53 in DNA repair and its involvement during hypoxic stress 

1s well established, the link between p53 and HIF-la in DNA repair is relatively 

unexplored (l 66, 168, 169). Several studies have suggested the possibility of cross-talk 

between HIF-la and p53 (255-258) and there are conditions when p53 and HIF-la 

behave in a competitive manner (260). Moreover, a possible link between HIP-la and 

CSB in relation to DNA repair was recently suggested (254). It was therefore of interest 

to investigate the role of HIF-1 a in DNA repair of a UV-damaged reporter gene under 

normoxia, hypoxia, low pH and a combination of hypoxia and low pH. 

In order to determine the status of HIF-1 a in the two rat prostate tumour cell I in es, 

HIF-la expression was confirmed in MATLyLu and MDN2 cells as shown in Figure 5.1, 

and the mRNA levels of VEGF were determined through RT-PCR in both cell lines as 

shown in Figure 5.2. It can be seen that hypoxia induces HIP-la expression in both 

MA TLyLu and MDN2 cells, but the mRNA levels of VEGF were only increased under 

hypoxic conditions in MA TLyLu cells when compared to normoxic conditions, and not 

in MDN2 cells. These results are consistent with the data published by Alqawi and 

colleagues (2007) and indicate that the HIF-1-dependent up-regulation of VEGF is 

deficient in MDN2 cells (192). 

Rat prostate cancer cells expressing wild-type HIF-la (MATLyLu) and rat 

prostate cancer cells expressing a dominant negative HIF-la (MDN2) were exposed to 
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conditions of normoxia, hypoxia, hypoxia accompanied by acidosis or acidosis alone 

after infection with UV-irradiated AdCA 17 lacZ for 12, 24 and 40 hours. Representative 

graphs for the relative 13-gal activity of the UV-damaged reporter gene in MA TLyLu and 

MDN2 cells after 12, 24 and 40 hours are shown in Figures 5.3, 5.4 and 5.5, respectively. 

The UVC fluence required to reduce 13-gal activity to 37% of that for non-irradiated virus 

(D37) was utilized as a measure of HCR and the relative 0 37 values are reported in Table 

5.1. The absolute D31 values for survival of 13-gal activity of the UV-damaged reporter 

gene were combined from multiple experiments and the average D37 values in MA TLyLu 

compared to MDN2 cells are shown as a function of time between virus infection and 13-

gal scoring under normoxic and hypoxic conditions in Figure 5.6. The 0 37 values for 

survival of 13-gal activity of the UV-damaged reporter gene were calculated and used to 

measure the relative D37 value in hypoxic, hypoxic accompanied by low pH and low pH 

conditions compared to normoxic treatment as shown in Tables 5.1-5.3. 

It can be seen that the MDN2 cells expressing a dominant-negative HIF-lo. gene 

show a significantly reduced HCR of the UV-damaged reporter gene compared to 

MATLyLu cells, which express the wild-type HIF-la, when scored for 13-gal expression 

12 hours post-infection under normoxic conditions (Fig.5.3, top left panel; Fig. 5.6). 

Hypoxia and hypoxia accompanied by acidosis for 12 hours resulted in decreased HCR 

of j3-gal activity in HIF-la wild-type cells, but not in dominant-negative HIF-Ia murine 

tumour cells. Despite the decrease in HCR of the 13-gal expression under hypoxic 

conditions for 12 hours in the wild-type HIF-la cells, when compared to the dominant

negative HIF-1 a cells, pooled results for each UVC fluence point show a decrease in 
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HCR of the UV-damaged reporter gene in MDN2 cells compared to MA TLyLu cells 

under conditions of hypoxia at the higher UV fluences of 150 (p = 2.8 x 10"5
) and 200 

J/m2 (p= 0.0047). In contrast, hypoxia accompanied by acidosis or acidosis only did not 

result in a significant difference in repair of the damaged reporter gene between the two 

cell lines at 12 hours as shown in Figure 5.3 (bottom left & right panel). Furthermore, 

there were no significant differences in repair of the damaged reporter gene between the 

two cell lines at 24 or 40 hours in any of the conditions tested as shown by the 

representative graphs in Figure 5.4 and 5.5 and the relative D37 values in Table 5.1. These 

results indicate that HIF-1 a plays a role in NER of a UVC-damaged reporter gene. 

It was of interest to determine whether the differential repair between the two 

HIF-1 a wild-type and dominant-negative cell lines under normoxic conditions can be 

correlated with increased cell viability and cell survival after UV exposure in- these 

aforementioned cell lines. Representative graphs of the effects of normoxia and hypoxia 

on cell growth and survival following exposure to UVC using the MTT and colony 

survival assay are shown in Figure 5.7 and 5.8, respectively. The UVC fluence required 

to reduce cell growth to 50% of that for non-treated cells (D5o) was utilized as a measure 

of cell survival. The absolute D50 values were calculated and used to measure the relative 

0 50 value in hypoxia compared to normoxia following a treatment length of 12 hours 

(Tables 5.2 and 5.3). The absolute 0 50 values of the two cell lines after UVC exposure 

indicated no significant difference in survival under conditions of normoxia or hypoxia. 

In addition, the relative 0 50 values in the wild-type and dominant-negative murine 

prostate tumour cells indicated no significant effect was induced by 12 hours of hypoxia 
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treatment (Tables 5.2 and 5.3). However, hypoxia for 12 hours resulted in a small, but not 

significant increase in cell survival after UVC treatment in wild-type HIF-la cells, but 

not in the dominant-negative HIF-lu cells. The present results indicate that the significant 

difference in DNA repair of a UVC-damaged reporter gene between the two tumour cell 

lines detected at 12 hours under normoxic conditions does not translate into a difference 

in cell survival for MDN2 compared to MA TLyLu cells following exposure to UVC. 

4.2 Hypoxia results in enhanced HCR of a UV-damaged reporter gene in primary human 
normal .fibroblasts and is delayed, but not absent in CSB-de.ficient .fibroblasts 

In Chapter 4 we showed that hypoxic treatment for I 2 or 24 hours results in an 

enhanced HCR of a UV-damaged reporter gene in primary normal fibroblasts (291). 

Recently published data showed that primary human CSB-deficient fibroblasts were 

unable to respond efficiently to hypoxic stress when compared to normal fibroblasts, 

implicating CSB in a HIF-1 a-dependent response to hypoxia (254). In order to determine 

the role of the CSB protein in the enhancement of NER by hypoxic treatment, we have 

examined the effects of hypoxia on HCR of a UVC-damaged reporter gene in primary 

normal and CSB-deficient human fibroblasts. 

Preliminary experiments were conducted to determine the optimal conditions to 

detect the effect of hypoxia on HCR of UV-damaged reporter gene can be detected. 

Representative graphs of HCR of a UV-damaged reporter gene under the different 

conditions of hypoxia for primary fibroblasts are shown in Appendix A, Figure A. I. The 

most significant effect of hypoxic treatment was observed when cells were exposed to 
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hypoxia after infection only, rather than prior to infection, or both before and after 

infection, and this type of treatment was used for subsequent experiments. 

Representative graphs for the relative f3-gal activity of the UV-damaged reporter 

gene in hypoxic treated cells for 24 and 40 hours are shown in Figure 5.9 for GM9503 

and GM739CSB cells. The absolute D31 values for survival of f3-gal activity of the UV-

damaged reporter gene were combined from multiple experiments and the average 0 37 

values in normal fibroblasts (GM9503) compared to CSB-deficient (GM739) cells are 

shown as a function of time between virus infection and f3-gal scoring under hypoxic 

conditions in Figure 5.10. The 0 37 values for survival of f3-gal activity of the UV-

damaged reporter gene were calculated and used to measure the relative 0 37 value in 

hypoxic compared to normoxic cells for 12, 24 and 40 hours as shown in Table 5.4. It can 

be seen that hypoxia induces an enhancement in HCR of the UV-damaged reporter gene 

in primary normal fibroblasts as early as 12-24 hours and this enhancement reduces by 40 

hours. In contrast, in CSB-deficient fibroblasts, significant enhancement in HCR of f3-gal 

activity due to hypoxia was delayed and only detected at 40 hours after infection. These 

data indicated that hypoxia results in an early enhancement in HCR of f3-gal expression in 

normal primary fibroblasts and is delayed, but not absent in CSB cells. 

4.3 Overexpression of HIF-Ja by infection with AdHIF-la reduces HCR of a UVC
treated reporter gene in normal human fibroblasts and this reduction is delayed in CSB 
fibroblasts 

Recent published data has reported that VEGF mRNA levels were lower in CSB-

deficient human primary fibroblasts compared to normal fibroblasts under hypoxic 
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conditions, suggesting a link between HIF-la and the CSB protein (254). To further 

examine the role of HIF-1 a and its relationship to CSB in the repair of UV-induced DNA 

damage, we examined HCR of UV-irradiated AdCAl 7/acZ in human normal and CSB 

human primary fibroblasts, which were infected with either AdHIF-Ia or a control virus, 

AdCA 18/uc, and then exposed to either normoxic or hypoxic conditions. 

The HIF-la expression levels were determined for MOI values of 50, 100 and 

200 pfu/cell in normal primary fibroblasts 12 hours after AdH/F-1 a infection under 

hypoxic conditions as shown in Appendix B, Figure B.l. Increased HIF-la expression 

was readily detectable at a MOI of 200 pfu/cell and this MOI was used for subsequent 

experiments. HIF-la expression under hypoxic conditions for 6 hours was also 

determined for infection with both the control virus and AdHIF-Ja at an MOI of 200 

pfu/cell in normal and CSB-deficient primary human fibroblasts, as shown in Figure 

5 .11. It can be observed that AdHJF-1 a infection results in a significantly greater up

regulation of HIF-la expression when compared to AdCAl8/uc infection in both cell 

lines. 

Representative survival curves for f3-gal activity of the UV-damaged reporter gene 

in AdH/F-Ja-infected normal and CSB-deficient fibroblasts compared to AdCA18/uc

infected (control virus) fibroblasts after 12, 24 or 40 hours of hypoxic treatment are 

shown in Figures 5.12, 5.13 and 5.14, respectively. The D31 values for survival of f3-gal 

activity of the UV-damaged reporter gene were combined from multiple experiments and 

the average D31 values in AdH/F-Ja-infected compared to AdCAJ 8/uc-infected cells are 

shown as a function of time between virus infection and f3-gal scoring under hypoxic 
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conditions in Figure 5.15. The D37 values for survival of f3-gal activity of the UV

damaged reporter gene were pooled from multiple experiments and the average relative 

D31 values in AdH/F-Ja-infected compared to AdCAI8/uc-infected cells after hypoxic 

treatment for the 12, 24 and 40 hours are shown in Table 5.5. It can be seen that AdH/F

Ja-infection resulted in a significant decrease in HCR of the UV-damaged reporter gene 

in normal fibroblasts exposed to hypoxic conditions for 12 hours, but this reduction was 

not observed in CSB-deficient fibroblasts until 40 hours post-infection. This indicated a 

delayed effect of HIF-1 a overexpression on repair of the UV C-damaged reporter gene on 

CSB-deficient fibroblasts. In addition, there was no significant difference in HCR of f3-

gal activity in normal or CSB-deficient cells due to AdH/F-fo-infection at 24 hours after 

hypoxic conditions. 

The CSB expression levels were also examined to determine if the reduction in 

HCR of the UV-damaged reporter gene observed in normal fibroblasts after AdHIF-Ja 

infection exposed to hypoxic conditions for 6 hours could be correlated with CSB 

expression levels. As seen in Figure 5.1 l, the CSB expression levels in the GM9503 

normal fibroblasts did not significantly change due to AdH/F-fo-infection in cells that 

were exposed to hypoxic conditions for 6 hours. CSB expression was also determined 

after hypoxic exposure for 12 hours as shown in Appendix B, Figure B.2 (panel A). As 

expected, CSB protein in CSB-deficient human fibroblasts was not detected at any of the 

conditions tested. It has been reported recently that normal primary human fibroblasts 

show an up-regulation of the CSB protein following hypoxia treatment at 24 hours (254). 

In contrast, in the present work, although we show that hypoxia treatment of normal 
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human fibroblasts for 24 hours resulted in up-regulation of HIF-la, we show no up

regulation of the CSB protein following hypoxia (Figure 5.11). We were also unable to 

detect up-regulation of CSB protein following 2, 4 (data not shown, private 

communications from Derrik Leach) and 12 hours of hypoxia treatment. 
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Figure 5.1. Expression of HIF-la under normoxic (Norm) and hypoxic stress (HA). 
Western blot analysis of HIF-la protein levels in rat prostate wild type HIF-la 
(MATLyLu) and dominant-negative HIF-la (MDN2) tumour cells harvested at 5 hours 
after treatment. Equal amounts of complete cell lysates were separated by I 0% SDS
PAGE, blotted on a nitrocellulose membrane and examined for the expression levels of 
HIF-la using anti-HIFa antibody. Actin serves as a loading control. 
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Figure 5.2. Effect of dominant-negative HIF-la on VEGF mRNA levels under hypoxic 
conditions (1% 0 2 for 5 hours). mRNA levels of VEGF and lamin by RT-PCR in 
MA TLyLu and dominant-negative HIF- I a MDN2 rat prostate tumour cells. Equal 
amounts (1 µg) of mRNA were isolated from MA TLyLu and MDN2 cells after 5 hours 
of exposure to either normoxic (Norm) or hypoxic (HA) conditions. The RT-PCR 
products were then separated on a 2% agarose gel by electrophoresis and the ethidium 
bromide-stained DNA bands were visualized using an ultraviolet lightbox. Lamin 
expression is shown for comparison. 
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Figure 5.3. Representative results showing host cell reactivation of a UV-irradiated 
reporter gene in wild-type HIF-lu (MATLyLu, •) and dominant-negative HIF-la 
(MDN2, D) rat prostate tumour cells. Cells were infected with either non-irradiated or 
UV-irradiated AdCAl7lacZ, followed by incubation in either normoxia, hypoxia (HA), 
hypoxia with acidosis (HApH) or acidosis (pH6.5) only for 12 hours, after which scoring 
for ~-galactosidase was performed. Each point is the average of 3 replicates; error bars 
represent one standard error. 
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Figure 5.4. Representative results showing host cell reactivation of a UV-irradiated 
reporter gene in wild-type HIF-lu (MATLyLu, B) and dominant-negative HIF-la 
(MDN2, 0) rat prostate tumour cells. Cells were infected with either non-irradiated or 
UV-irradiated AdCA17/acZ, followed by incubation in either normoxia, hypoxia (HA), 
hypoxia with acidosis (HApH) or acidosis (pH6.5) only for 24 hours, after which scoring 
for p-galactosidase was performed. Each point is the average of 3 replicates; error bars 
represent one standard error. 
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Figure 5.5. Representative results showing host cell reactivation of a UV-irradiated 
reporter gene in wild-type HIF-1 a (MA TLyLu, •) and dominant-negative HIF-1 a 
(MDN2, D) rat prostate tumour cells. Cells were infected with either non-irradiated or 
UV-irradiated AdCAl7lacZ, followed by incubation in either normoxia, hypoxia (HA), 
hypoxia with acidosis (HApH) or acidosis (pH6.5) only for 40 hours, after which scoring 
for ~-galactosidase was performed. Each point is the average of 3 replicates; error bars 
represent one standard error. 
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Table 5.1. Relative DJ7 ratios± S.E. of HCR of a UV-damaged reporter gene in hypoxia, 
hypoxia coupled to acidosis or acidosis alone compared to normoxia-treated rat prostate 
wild type HIF-la tumour cells (MATLyLu) and dominant-negative HIF-la cells 
(MDN2). Cells were maintained in norrnoxia, hypoxia (HA), hypoxia with low pH 
(HApH) and low pH (pH6.5) conditions after AdCAl7lacZ infection for (A) 12 hours, 
(B) 24 hours and (C) 40 hours. Number in brackets indicates number of experiments 
performed. *Significantly > l by an independent t-test (P value < 0.05); § Significantly < 
1 by an independent t-test (P value< 0.05) 

A. 
Cell Line Relative D37 Values 

HA HAjl_H jl_H6.5 
MATLyLu 0.69 ± 0.07 0.70 ± 0.04 0.74 ± 0.1 l 

p= 0.020§ ( 4) p= 0.006§ (4) p= 0.113 (4) 

1.12±0.28 l.74 ± 0.48 2.45 ± 0.76 
MDN2 _£= 0.691 (4) j>_= 0.218 (4) jl_= 0.151 (4) 

B. 
Cell Line Relative D31 Values 

HA HAjl_H jl_H6.5 
MATLyLu l.20 ± 0.25 l.15 ± 0.20 0.95 ± 0.10 

p= 0.439 (8) p= 0.482 (8) p= 0.654 (8) 

0.84 ± 0.11 0.96±0.19 0.97 ± 0.14 
MDN2 .£_= 0.236 (8) _£_= 0.854 (8) jl_= 0.887 (8) 

c. 
Cell Line Relative D31 Values 

HA HA.£.H .£H6.5 
MATLyLu 1.01 ±0.18 0.82 ± 0.21 1.03 ± 0.49 

p= 0.926 (3) p= 0.502 (3) p= 0.951 (3) 

LIO± 0.50 0.93 ± 0.38 1.21±0.40 
MDN2 _p_= 0.852 _Q) _p_= 0.873 (3) _p= 0.653 (3) 
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Figure 5.6. Dominant-negative HIF-la rat tumour cells showed a reduction in HCR of P
gal activity for UV-irradiated AdCA 17 lacZ when compared to wild-type HIF-1 a tumour 
cells. Results show the mean D37 ± S.E. value for p-gal expression of UV-irradiated 
AdCAI 7lacZ in dominant-negative HIF-la (0) and wild-type HIF-la (•) rat tumour 
cells after normoxic or hypoxic conditions. *Significant by a two sample independent t
test (P value < 0.05). Each data point is the average ±S.E. of several independent 
experiments. 
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Figure 5.7. Susceptibility of rat wild-type HIF-la (MATLyLu, MLL; •, 0) and 
dominant-negative HIF-la (MDN2; e, 0) prostate tumour cell lines to treatment of 
either normoxic or hypoxic conditions following UVC treatment. The cells were treated 
with the indicated fluence of UVC and incubated in normoxia (open symbols) or hypoxia 
(HA; closed symbols) for 12 hours. Each point is the average of 3 replicates; error bars 
represent one standard error. 
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Table 5.2. Absolute and relative Dso values± S.E. for MTT assays in murine HIF-la 
wild-type (MATLyLu) and dominant-negative HIF-la (MDN2) prostate cancer cells. 
Relative Dso values of hypoxia-treated compared to normoxia-treated cells are shown. 
Cells were kept in normoxic or hypoxic conditions after UV treatment for 12 hours. 
Shows pooled results for three experiments. Number in brackets indicates number of 
experiments performed. *Significantly > 1 by an independent t-test (P value < 0.05) 
§Significantly< 1 by an independent t-test (P value< 0.05) 

Cell Line Absolute D5o Values Relative Dso 
Values 

Normoxic HA HA 
MATLyLu 10.1±1.0 I0.8 ± 1.0 I.I± 0.03 

(MLL) p= 0.169 
p= 0.948 p= 0.599 

l.1±0.15 
MDN2 9.9 ± 1.7 10.l ± 0.6 _e_= 0.690 

124 



Ph.D. Thesis - Diana Dregoesc McMaster University- Department of Biology 

1 ·~ 
12 hours 

c 
0 ...... 
u 
co 
L.. 

LL 
O> 0.1 c 
:> 
C: 
:::J 

Cl) -o- MLLNormoxia 
-o- MDN2Normoxia 
-•-MLLHA 
-•-MDN2HA 

0 3 6 9 12 15 

UVC (J/m 2
) 

Figure 5.8. Clonogenic survival curves of murine wild-type HIF-la (MATLyLu, MLL; 
•, 0) and dominant-negative HIF-la (MDN2; e, 0) rat prostate tumour cell lines 
exposed to either normoxic or hypoxic conditions following UVC treatment. The cells 
were treated with the indicated fluence of UVC and incubated in normoxia (open 
symbols) or hypoxia (HA; closed symbols) for 12 hours. Each data point is the average of 
3 replicates; error bars represent one standard error. 
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Table 5.3. Absolute and relative Dso values ± S.E. for colony survival assays in murine 
HIF-la. wild-type (MATLyLu) and dominant-negative HIF-la. (MDN2) prostate cancer 
cells. Relative D50 values of hypoxia-treated compared to normoxia-treated cells are 
shown. Cells were kept in normoxic or hypoxic conditions after UV treatment for 12 
hours. Shows pooled results for three experiments. *Significantly > l by an independent 
t-test (P value < 0.05) §Significantly < I by an independent t-test (P value < 0.05) 

Cell Line Absolute D50 Values Relative Dso 
Values 

Norrnoxic HA HA 
MATLyLu 6.2 ± 0.2 6.7 ± 0.4 I.I± 0.01 

(MLL) p= 0.047* 
p= 0.878 p= 0.084 

0.94 ± 0.1 
MDN2 6.1±0.3 5.7 ± 0.1 _Q_= 0.540 
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Figure 5.9. Representative results of experiments showing normal (GM9503) and CSB 
(GM739) primary fibroblasts under standard culture conditions (Norrnoxia, D) and 
hypoxia after infection (HA, *) conditions. Cells were infected with either non
irradiated or UV-irradiated Ad CA I 7 lacZ, followed by incubation under either normoxic 
or hypoxic conditions for 40 hours, after which scoring for p-gal was performed. Each 
point is the average of 3 replicates; error bars represent one standard error. 
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Figure 5.10. Hypoxic treatment results in enhanced HCR of f3-gal expression for UV
irradated AdCA I 7 lacZ in primary normal human fibroblasts (GM9503) and is delayed in 
CSB fibroblasts (GM739). Results show mean D31 ± S.E. for f3-gal expression of UV
irradated AdCAl 7/acZ in hypoxic(•, •)treated compared to normoxic (0, 0) treated 
cells for normal (circles) and CSB (squares) primary human fibroblasts. Each data point 
is the average ± S.E. of several independent experiments. *Significant by a paired two 
sample t-test for absolute D37 values (P value < 0.05); **indicates significant difference 
for the relative D37 values (Significantly> 1 by an independent t-test (P values < 0.05)) as 
indicated in Table 5.4. 
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Table 5.4. Relative D31 ratios ± S.E. of HCR in hypoxia compared to aerobic treated 
human primary normal (GM9503) and CSB (GM739) fibroblast cells of f3-galactosidase 
expression of UV-irradiated AdCA 17 lacZ. Cells were kept in aerobic or hypoxia after 
AdCAl 7/acZ infection for 12, 24 and 40 hours. Number in brackets indicates number of 
experiments performed. *Significantly> I by an independent t-test (P value < 0.05) 

Cell Line Time {hours1 
12 24 40 

1.96 ± 0.7 2.45 ± 0.6 0.8 ± 0.2 

GM9503 
p= 0.212 p= 0.046* p= 0.450 

(9) (9) (4) 

l.l ± 0.3 1.37 ± 0.5 1.6 ± 0.2 
GM739CSB p= 0.756 p= 0.496 p= 0.046* 

(4) (6) (5) 
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Figure 5.11. HIF-lu and CSB expression levels in primary normal and CSB-deficient 
fibroblasts 6 hours after AdHIF-1 a or AdCA l 8/uc infection. Confluent human primary 
normal (GM09503) and CSB-deficient (GM739) fibroblasts were either infected with a 
control virus (AdCA18/uc) or AdHIF-la at an MOI of 200 pfu/cell and subsequently 
incubated for 6 hours under hypoxic conditions. GM9503 normal primary fibroblasts 
were also exposed to either normoxic or hypoxic conditions for 24 hours without virus 
infection. Equal amounts of complete cell lysates were separated by I 0% SOS-PAGE, 
blotted on a nitrocellulose membrane and examined for the expression levels of HIF-lu 
using anti-HIFa antibody and CSB using anti-CSB antibody. The amount of actin was 
determined by using anti-actin antibody to obtain the sample loading control. 
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Figure 5.12. Infection with AdHIF-la virus results in reduced HCR of P-gal activity by 
UV-irradiated AdCAI7lacZ in normal (circles), but not CSB primary human 
fibroblasts(squares) exposed to hypoxic conditions. Results of typical experiments are 
shown for normal (GM9503) and CSB fibroblasts (GM739). Closed symbols represent 
AdHIF-la-infected cells, open symbols represent AdCA18/uc-infected cells. The time 
between infection and scoring for p-gal activity is 12 hours. Each point is the average of 
3 replicates; error bars represent one standard error. 
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Figure 5.13. Infection with AdHJF-la virus in normal (circles) and CSB (squares) 
primary human fibroblasts exposed to hypoxic conditions. Results of typical experiments 
are shown for normal (GM9503) and CSB (GM739) fibroblasts. Closed symbols 
represent AdHIF-Ja-infected cells, open symbols represent AdCA 18/uc-infected cells. 
The time between infection and scoring for P-gal activity is 24 hours. Each point is the 
average of 3 replicates; error bars represent one standard error. 
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Figure 5.14. Infection with AdHIF-Ja virus in normal (circles) and CSB (squares) 
primary human fibroblasts exposed to hypoxic conditions. Results of typical experiments 
are shown for normal (GM9503) and CSB (GM739) fibroblasts. Closed symbols 
represent AdHIF-la-infected cells, open symbols represent AdCA 18/uc-infected cells. 
The time between infection and scoring for ~-gal activity is 40 hours. Each point is the 
average of 3 replicates; error bars represent one standard error. 
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Figure 5.15. HIF-l a overexpression results in reduction of HCR of p-gal expression for 
UV-irradated AdCA17/acZ in human primary normal (GM9503) fibroblasts and is 
delayed in CSB (GM739) fibroblasts. Results show the mean D31 ± S.E. value for p-gal 
expression of UV-irradiated AdCA l 7lacZ in AdHJF-Ja-infected cells (•, •) compared 
to that in AdCA18/uc-infected cells (0, 0) for normal (circles) and CSB (squares) 
fibroblasts after hypoxic exposure. Each data point is the average ± S.E. of several 
independent experiments. *Significant by a paired two sample t-test for absolute D31 
values (P value < 0.05); **indicates significant difference for the relative 037 values 
(SignificantL Y < l by an independent t-test & Wilcoxon Rank Sum Test (P values < 
0.05)) as indicated in Table 5.7 
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Table 5.5. Relative D31 values for p-gal activity of UV-irradiated AdCAl 7/acZ in 
AdHIF-1 a-infected cells compared to that in AdCA 18/uc-infected cells for normal 
(GM9503) and CSB (GM739) fibroblasts. Pooled results are given for cells infected at 
12, 24 and 40 hours of hypoxic conditions post-infection and are represented as mean 
relative 0 37 ± SE. Number in brackets indicates number of experiments performed. 
§Significantly < I by an independent t-test (P value < 0.05) 

Relative D31 Values for AdHIF-Ja/AdCAl8luc 

Group 12 hrs 24 hrs 40 hrs 

Normal 
0.80 ± 0.06 0.87 ± 0.08 0.87 ± 0.05 

GM9503 
p= 0.017§ p= 0.200 p= 0.1 IO 

(8) (7) (4) 

CSB 
l.20 ± 0.11 0.89 ± 0.05 0.71±0.09 

GM739 
p= 0.129 p= 0.104 p= 0.038§ 

(9) (7) (5) 
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5.0 Discussion 

5.1 HIF-1 a-dependent repair of a UVC-damaged reporter gene 

HIF-la is a master regulator of adaptive responses to low oxygen levels m 

mammalian cells and is responsible for regulating many different genes involved m 

angiogenesis, metastasis, glucose metabolism and numerous other functions (reviewed in 

(247)). The DNA-dependent protein kinase, which is known to be important for DNA 

double strand break repair has been suggested to directly associate with HIF-1 a and 

possibly play a role in its phosphorylation (293). Previously, it was demonstrated that 

HIF-la-deficient transformed mouse embryonic fibroblasts were more sensitive to 

carboplatin treatment and ionizing radiation when compared to wild-type HIF-la cells 

(292). Unruh et al. (2003) found that double-strand breaks in a reporter gene were less 

efficiently repaired in HIP-la-deficient cells compared to wild-type HIF-la mouse 

fibroblasts (292). 

Using two rat prostate tumour cell lines expressing either the HIF-la wild-type or 

the dominant-negative HIF-la gene, we demonstrate that HIF-1 a dominant-negative 

tumour cells repair UV-damage less efficiently when compared to wild-type HIF-1 a 

cells. HIF-la expression was detected in both cell lines as expected since the plasmid 

containing the dominant-negative HIF-la cDNA overexpresses its product, which 

inhibits wild-type HIF-1 a functionally, but will not prevent its stabilization under 

hypoxic conditions (Figure 5.1). RT-PCR confirmed equal VEGF mRNA levels in 

dominant-negative HIF-la cells exposed to hypoxic conditions compared to normoxic 

conditions, while VEGF mRNA levels were increased under hypoxic conditions in wild-
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type HIF-la cells when compared to standard culture conditions as shown in Figure 5.2. 

The dominant-negative HIF-la prevents HIF-la-dependent transactivation of its targets 

genes such as VEGF in the dominant-negative HIF-la murine prostate tumour cells, but 

does not in the wild-type cells, which is in accordance to data published by Alqawi and 

colleagues (2007) (192). 

This difference in repair of UVC-induced DNA damage in the reporter gene 

between the two cell lines was detectable and significant under normoxic conditions at 12 

hours post-infection, but not at 24 or 40 hours after treatment as shown in Figure 5.3, 5.4 

and 5.5. The reduction in repair of UV-induced DNA damage due to HIP-la-deficiency 

is consistent with results obtained by Unruh and colleagues (2003) for ionizing radiation 

(292). Although HIF-Ia is degraded quickly under normal physiological oxygen levels, 

the ability of wild-type HIF-Ia tumour cells to repair a UV-damaged reporter gene more 

efficiently than the dominant-negative HIF-la cells by 12 hours under normoxic 

conditions suggests that HIF-1 a status alone may be significant for a proficient cellular 

DNA repair system in tumour cells. Taken together, our finding is the first indication that 

HIF-1 a may include NER proteins as its target. 

Hypoxia coupled to acidosis and acidosis alone did not have the same effect on 

the repair of the damaged reporter gene at any of the times tested in the rat prostate 

tumour cells, which is in line with previous results where hypoxia induced a different 

cellular response when compared to hypoxia and low pH conditions in tumour cells 

(291). Furthermore, hypoxia and hypoxia coupled to acidosis for 12 hours resulted in a 

decrease in HCR of f3-gal activity in the wild-type, but not dominant-negative tumour 
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cells or at any other time points tested. These results are consistent with our previous 

published work, which showed that hypoxia as well as hypoxia accompanied by acidosis 

induced a decrease in HCR of UV-damaged reporter gene by 24 hours after treatment in 

human tumour cells (291). Hypoxia resulted in down-regulation of p53 in tumour cells, 

while hypoxia and low pH caused an increase in p53 expression and previous research, 

although strongly debated, indicates that p53 may regulate HIF-1 a. accumulation 

(259,294), and therefore hypoxia or hypoxia coupled to acidosis-induced p53 expression 

may target HIF-la for degradation. Acidosis alone in wild-type HIF-la tumour cells 

caused similar results to hypoxia and low pH conditions, confirming previous results that 

it is low pH rather than the synergistic effect of hypoxia and low pH affecting repair of a 

UV-damaged reporter gene (291). 

Cell viability and colony survival assays results shown in Figure 5.7 and 5.8 did 

not reveal a differential effect between the two rat tumour cell lines exposed to hypoxic 

or normoxic conditions for 12 hours after UVC-irradiation. Abrogated HIF-la did not 

influence cell growth or cell survival after UVC in the rat prostate tumour cells dominant

negative for HIF- la. The differential DNA repair of a UV-damaged reporter gene among 

the two rat tumour cell lines under normoxic conditions did not correlate with diminished 

cell survival of the dominant-negative HIF-la when compared to the wild-type cells. 

These results are in contrast to previous reports that have detected an increase in 

sensitivity of HIF-la mutant transformed mouse embryonic fibroblasts to several 

mutagens, including ionizing radiation, when compared to wild-type cells (292). 

However, ionizing radiation causes types of DNA damage including DNA double strand 
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breaks, which are not repaired by NER and thus may involve response pathways that can 

affect cell survival differently when compared to UVC-induced DNA damage. We have 

shown that hypoxia for 12 hours did not render the wild-type or the dominant-negative 

HIF-la rat prostate tumour cell lines more sensitive to UVC-irradiation. The cell growth 

and survival were comparable between the two cell lines and in line with our human 

tumour cell lines results, which were not sensitive to UVC-irradiation after exposure to 

hypoxia (291 ). We have shown that HIF-1 a status may affect repair of a UV-damaged 

reporter gene, but that it does not translate into a difference in cell sensitivity to UVC-

irradiation. HIF-la involvement in hypoxic responses is multifaceted and further 

investigations are crucial in understanding HIF-la involvement in DNA repair and those 

implications for cancer treatment. 

5.2 Hypoxia induces early enhancement in HCR of a UV-damaged reporter gene in 
normal human fibroblast and is delayed in CSE-deficient cells 

As shown in Table 5.6 and Figures 5.9 and 5. IO, hypoxia after infection induced 

an enhancement in HCR of j3-gal expression that occurs early in human normal primary 

fibroblasts and is delayed, but not absent in primary CSB-deficient fibroblasts. Since 

CSB fibroblasts have an impaired TCR and, as a result, are deficient in repairing DNA 

damage from the transcribed strand of active genes, this data suggests that the TCR 

subpathway of NER is important for repair of DNA damage in active genes following 

exposure to hypoxic conditions. This response is similar to a UV-inducible NER 

response. 
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UV-induced DNA damage in the transcribed strand of active genes in cells can 

stall RNAPII and it has been shown that RNA synthesis is blocked by one UV-induced 

lesion in a reporter gene (295). TCR removes lesions from the transcribed strand of active 

genes in mammalian cells and thus, TCR-deficient CSB cells cannot recover transcription 

elongation as efficiently as normal fibroblasts. Previously we have shown that UV

irradiation caused a transient increase in HCR in normal fibroblasts and it was delayed, 

but not absent in CSB fibroblasts (296). Similar results were obtained with Chinese 

hamster ovary cells (CHO) (297). In addition, UV-induced lesions that block 

transcription also activate p53 and p53-dependent responses (l 09, 182,298). However, 

stabilization of protein products from p53-dependent genes is contingent on these genes 

not containing UV-induced lesions (299). For instance, previously our laboratory has 

shown that p53-dependent p21 up-regulation in UV-irradiated TCR-deficient cells was 

delayed (299). Therefore, TCR-deficient cells show a delay in recovery of RNA synthesis 

after UV exposure (59,109,182) and a delay in accumulation of p53-dependent protein 

products (299) when compared to TCR-proficient cells. These reports provide evidence 

for the presence of a TCR- and p53-dependent UV-inducible repair. 

Since hypoxia is perceived by the cell as a stress (reviewed in (223)), it is possible 

that hypoxic treatment may activate stress response pathways inducing an enhancement 

of DNA repair, similar to how a cell reacts to UV damage. The delayed enhancement in 

HCR of a UV-damaged reporter gene in CSB-deficient primary fibroblasts following 

hypoxia is consistent with the hypothesis that hypoxia can cause cellular oxidative DNA 

damage. Reports have suggested that hypoxia may directly or indirectly induce DNA 
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damage, either by producing superoxide radicals through repeated cycles of hypoxia

reoxygenation (208) or by generating endonuclease activity, which promotes DNA strand 

breaks (209,300). Yuan et al. (2000) quantified mutation frequency in rat fibroblasts 

(3340WT) exposed to hypoxic and low pH conditions after UV-irradiation and found that 

the levels were augmented compared to normoxic conditions (2 J I). Therefore, TCR

deficient CSB fibroblasts not only cannot repair transcription-blocking lesions as 

efficiently as TCR-proficient cells, but these cells need to first repair the damage from the 

genes involved in DNA repair. 

We have demonstrated that hypoxia resulted in p53 stabilization, reaching a 

maximum at approximately 12 hours of treatment in normal primary fibroblasts, which 

correlated with a hypoxia-induced enhancement in HCR of a UV-damaged reporter gene 

in normal cells. These results are in accordance with numerous reports demonstrating that 

anaerobic conditions produce p53 stabilization (166,168,170). We have also shown in 

Figure A.2 that hypoxia for 40 hours after infection resulted in enhanced HCR of a UV

damaged reporter gene in SV40-transformed CSB cells. Since SV40-transformed 

fibroblasts have abrogated p53, hypoxia-induced enhancement in HCR of j3-gal activity 

in primary and SV40-transformed CSB fibroblasts at 40 hours of hypoxia suggests a p53-

independent NER response to anaerobic stress. However, T antigen expression levels 

under hypoxic conditions in CSB SV 40-transformed fibroblasts were decreased 

compared to normoxic conditions as shown in Appendix B, Figure B.3. Although p53 

expression levels remained relatively unchanged from normoxic compared to hypoxic 

conditions, attenuated T antigen levels under anaerobic conditions in CSB cells would 
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suggest that some p53 may be able to transactivate responsive genes essential for NER. 

Also, Tzang et al. (1999) reported that in CHO-Kl cells, which contain the p53 gene 

mutated at codon 211, UV-irradiation caused p53 accumulation and resulted in 

transactivation of p53-responsive genes (30 I). It was apparent that the missense mutation 

at codon 211 did not disrupt several functional activities of p53. Renton et al. (2003) 

discovered that caffeine, which is known to inhibit p53 accumulation in response to 

several different DNA damaging agents including UVC-irradiation in tumour cells 

(231,302), did not prevent p53 stabilization due to hypoxia. Therefore, it is possible that 

hypoxic conditions may not impair p53 function in SV40-transformed cells. It is evident 

that although hypoxia may exert similar DNA repair responses to UV, it may do so 

through different pathways, but that may still involve p53. 

5.3 HIF-lo. overexpression results in a diminished HCR of P-gal activity in human 
primary normal fibroblasts, but is delayed in CSE-deficient cells under hypoxic 
conditions 

HIF-1 a has been associated with DNA double strand break repair proteins such as 

DNA-dependent protein kinase (293), but it is only recently that HIF-la has been 

connected to a NER protein, CSB (254 ). To examine a possible role of HIF-1 a in NER 

and its connection to CSB, human primary normal and CSB-deficient fibroblasts were 

infected with either AdCAl8luc (a control virus) or AdHIF-la, exposed to hypoxic 

conditions and assessed for repair of a UV-damaged reporter gene. 

Here, we show that HIF-la overexpression induces a decrease in HCR of ~-gal 

expression in human NER-proficient fibroblasts, which is delayed but not absent in CSB-
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deficient fibroblasts when exposed to hypoxia (Figures 5.9 and 5.10). These results 

suggest that HIF-la indeed may play an important role in repair of UV-induced DNA 

damage of a reporter gene in human fibroblasts. The delay in CSB-deficient cells is 

consistent with a delay in up-regulation of HIF- l-dependent VEGF expression. Filippi et 

al. (2008) showed that CSB mutant cells exposed to hypoxia exhibited lower VEGF 

mRNA expression levels compared to CSB wild type cells at different times of treatment 

up to 16 hours, but not thereafter (254). It is possible that in CSB cells VEGF mRNA 

expression levels may reach similar levels to the ones in normal fibroblasts after 16 hours 

of hypoxic treatment, therefore CSB cells exhibit a delayed, but not absent HIF-1-

dependent expression of target genes. Our results are not in contradiction with the 

conclusion made by Filippi and colleagues (2008) that the CSB protein may be involved 

in a HIF-1-dependent hypoxia response pathway (254 ). 

In contrast to the study by Filippi et al. (2008) (254), we were unable to detect 

increased CSB expression after 24 hours of hypoxia or after AdHIF-la infection and 

different hypoxic treatment times in normal fibroblasts despite observed accumulation of 

HIF-la under hypoxic conditions. However, the normal and CSB mutant cell lines used 

in the aforementioned report are different from the ones used in our study. Nevertheless, 

in addition to the role of CSB in TCR (133), CSB has been implicated in transcription 

(111,119), inucleosome remodeling (115) and BER of 8-oxoguanine (145,150-152). 

Since hypoxic conditions were shown to induce oxidative DNA damage (reviewed in 

(223)), it is not unlikely that CSB may play a crucial role in DNA repair in mammalian 

cells exposed to low oxygen conditions. 
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Filippi et al. (2008) proposed a model in which CSB and p300 compete for 

binding to p53, with CSB having a greater affinity to p53 (254). Under hypoxic 

conditions, HIF-1 expression increases, therefore CSB is up-regulated and binds to p53, 

which in turn inhibits p53-dependent transactivation activities including the ones that 

dedicate cells towards apoptosis or DNA repair (reviewed in (265)). In CSB mutant cells, 

the absence or inactivation of CSB allows p300 to bind to p53 leading to activation of 

p53-dependent genes and degradation of HIF-la. 

We have previously demonstrated that p53 overexpression leads to enhanced 

HCR of a UVC-damaged reporter gene in normal, CSB and XPC primary human 

fibroblasts, but not in XPA cells (291 ). In addition, hypoxia-induced increase in HCR of 

p-gal expression for a UVC-damaged reporter gene in normal and CSB fibroblasts may 

depend on the tumour suppressor p53. On the other hand, AdHIF-Ja. infection diminished 

HCR of P-gal expression in both normal and CSB primary human fibroblasts after 

exposure to low oxygen conditions, indicating that HIF-la overexpression can down

regulate NER (Figures 5.12, 5.14, and 5.15). If HIF-la and p53 have antagonistic effects, 

the reduction in HCR of a UV-damaged reporter gene observed in AdH/F-la.-infected 

normal and CSB fibroblasts exposed to hypoxia could be the result of inhibition of NER 

responses due to HIF-la overexpression. Previously it has been reported that the 

expression level of a protein vital for DNA double strand break repair, NBS l (or 

"nibrin") was attenuated by hypoxia in a HIF-la-dependent way (303). It is possible that 

when the balance between p53 and HIF-la expression levels is disrupted by HIF-la 

overexpression, it can down-regulate genes important for NER of a UV-induced lesion. 
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Our results are consistent with a competition between HIF-la and p53 that may play a 

role in DNA repair of a UVC-damaged reporter gene and involve the protein CSB. 

It should also be noted that HIF-1 a expression levels in AdCA 18/uc-infected 

normal and CSB fibroblasts were moderately reduced compared to non-infected cells 

exposed to hypoxia for 6 hours, suggesting that Ad CA 18/uc infection may down-regulate 

HIF-la expression. It is possible that AdCA18/uc-induced HIF-la down-regulation may 

contribute to a diminished HCR of a UV-damaged reporter gene in normal and CSB

deficient fibroblasts due to AdHIF-la under hypoxic conditions. However, it has been 

demonstrated that infection with a constructed adenovirus does not generate DNA 

damage-elicited responses (277). In addition, the relative D37 values of CSB (GM739) 

compared to normal fibroblasts (GM9503) for cells infected with AdCAl Slue or AdHIF

Ja indicate a significant decrease in HCR of p-gal expression of CSB-deficient cells 

relative to normal cells, consistent with previous data published by our laboratory (269). 

Nevertheless, it would be of importance to assess whether the expression level of HIF-1 a 

in AdCAl8/uc-infected cells is significant enough that it can influence repair of a UV

damaged reporter gene in normal and CSB fibroblasts. 
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CHAPTER6 

Summary and Discussion 
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1.0 The role of p53 in TCR and GGR 

The DNA repair pathways of normal human cells can be compromised by both 

endogenous (genetic) and exogenous factors. UV light-induced DNA damage is repaired 

by NER, which is divided into two sub-pathways: global genome repair (GGR) and 

transcription-coupled repair (TCR). The p53 tumour suppressor protein has many roles in 

cellular functions that protect the cell from uncontrolled proliferation, including a role in 

DNA repair. Previously it was shown that p53 regulates GGR (l 75, 177,239,304,305), but 

its involvement in TCR has been strongly debated (l 83, 184, l 88, I 89). The purpose of this 

study is to address the disparity in our present understanding of the role of p53 in 

response to DNA damage in the two sub-pathways of NER. We have employed a noii

replicating recombinant adenovirus expressing the P-gal reporter gene under the control 

of the human cytomegalovirus promoter to examine the role of the p53 tumour 

suppressor protein in the repair of UV-induced DNA damage. 

We show here that pre-infection of normal, CSB and XPC, but not XPA 

fibroblasts with Ad5p53wt resulted in enhanced HCR of the UV-damaged reporter gene 

compared to cells infected with the control Ad CA l 8/uc virus (285). These results 

indicate that increased expression of p53 up-regulates both GGR and TCR of the UV

damaged reporter gene. Overexpression of p53 in CSB fibroblasts resulted in an elevated 

host cell reactivation (HCR) of p-gal expression detected at 12, 24 and 40 hours post

infection. The p53-dependent up-regulation of HCR in CSB cells is consistent with a 

p53-dependent up-regulation of GGR due to increased expression of the p53-dependent 

147 



Ph.D. Thesis -Diana Dregoesc McMaster University- Department of Biology 

XPE-p48 (83) and/or XPC proteins (180). Increased expression of p53 following 

Ad5p53wt infection did not result in a delay in increased HCR of the reporter gene in 

CSB cells, which is in contrast to the observed delay in enhanced HCR in pre-UV-treated 

CSB compared to pre-UV-treated normal and XPC cells (285,296). Ad5p53wt-pre

infection of cells induced increased expression of p53, but did not result in UV-induced 

lesions in the XPC and p48 genes and therefore the absence of delay in enhanced HCR of 

a UV-damaged reporter gene in Ad5p53wt-pre-infected CSB cells is consistent with our 

hypothesis that the delay in HCR detected in UV-irradiated CSB cells is due to the lack 

of TCR of lesions in the XPC and p48 genes. 

In addition, increased expression of p53 resulted in an enhancement in HCR of a 

UV-damaged reporter gene in normal and XPC fibroblasts at 12 hours, but not 24 or 40 

hours post-infection. These results suggest that increased expression of p53 alone induced 

an increase in rate of repair of the UV -damaged reporter gene in nonnal and XPC 

fibroblasts. Since TCR is responsible for removal of lesions from the transcribed strand 

of active genes (61,306), the increased rate of repair in XPC cells pre-infected with 

Ad5p53wt is consistent with a p53-dependent up-regulation of TCR in the transcribed 

strand of a UV-damaged reporter gene. 

These results demonstrate that increased expression of the p53 tumour suppressor 

protein enhanced HCR of the UV-damaged p-galactosidase gene in normal, CSB and 

XPC deficient fibroblasts, but not in XP A fibroblasts. These results strongly suggest that 

increased p53 expression results in an enhancement of both the TCR and GGR pathways 

of UV-induced DNA damage in human cells. However, due to the nature of the HCR 
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assay that uses UV-irradiated or non-irradiated virus to infect human cells, it remains 

unclear whether the repair of the adenovirus-encoded f3-gal gene is a true reflection of the 

cellular DNA repair. 

Previously, Boszko and Rainbow (1999) have used the PCR assay to examine 

HCR of a UV-damaged adenovirus-encoded reporter gene in order to determine whether 

repair of UV lesions in a reporter gene is reflective of DNA repair in cells (307). It was 

found that NER-deficient cells (CSB- and XPC-deficient fibroblasts) showed a 

diminished lesion removal capacity compared to normal cells, indicating that both TCR 

and GGR are involved in HCR for lesion removal. This suggests that repair of lesions in 

adenoviral DNA is similar to repair in cellular DNA. However, in those studies the 

relative contribution of GGR and TCR to removal of UV-induced lesions in the 

transcribed compared to the non-transcribed strand was not determined. 

By conducting a more quantitative molecular method, it could be determined to 

what extent the repair of UV-induced DNA damage in an adenovirus-encoded reporter 

gene in human cells reflects repair in human cellular DNA. This assay, as previously 

described (306), quantifies lesions with the use of specific endonucleases such as T4 

endonuclease V, which makes single-strand incisions in the DNA strands at sites of 

pyrimidine dimers. This technique facilitates an examination of the differences in repair 

between transcribed and non-transcribed regions of a UV-damaged recombinant 

adenovirus genome and in the transcribed strand compared to the non-transcribed strand 

of an actively transcribed adenovirus-encoded reporter gene in human cells. By 

employing this assay, one could examine removal of UV-induced lesions from the 
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recombinant adenovirus at the DNA level in both untreated and UV-treated cells. The 

results of such a technique would consolidate to what extent repair of a UV-damaged 

reporter gene reflects cellular DNA repair. In the event that repair of adenovirus DNA 

reflects repair of cellular DNA, then it can also be concluded that p53 expression affects 

both TCR and GGR in human cells. 

The tumour suppressor protein p53 and its role in NER play an important part in 

circumventing mutagenic risks and development of cancer. Mutations in the p53 gene are 

commonly found in squamous cell carcinomas (13, 16), and basal cell carcinomas (I 4 ). In 

addition, cells neighboring basal cell carcinomas have been found to contain mutations in 

the p53 gene (308) indicating that p53 mutations can contribute to cancer development. 

Furthermore, development of nonmelanoma skin cancers have been linked to lifetime 

exposure to UV (309) and NER deficiencies (310,311). Taken together, genetic mutations 

in the p53 gene and DNA repair deficiencies can greatly contribute to tumour 

development. Further studies in understanding the role of p53 in the regulation of DNA 

repair pathways, such as the TCR and GGR subpathways of NER, will prove to be 

important and relevant to understanding the effects of lifetime UV exposure on tumour 

development. 

2.0 The role of p53 and hypoxia in NER 

Previous reports have suggested that the exogenous environment of the cell, such 

as low oxygen and pH levels, can also influence DNA repair. We report here that hypoxia 

coupled to low pH conditions in normal fibroblasts results in a transient increase in HCR 
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of a UV-damaged reporter gene at early time points (12-24 hours) and a concomitant 

increase in cell viability following UV exposure. In contrast, in tumour-derived cells 

hypoxia coupled to acidosis results in a delayed (36-40 hours) enhancement in HCR of a 

UV -damaged reporter gene compared to normal fibroblasts. These results are not in 

contradiction with data reported by Yuan et al. (2000) who reported that hypoxia coupled 

to low pH results in a reduction in HCR of a UV-damaged plasmid in tumour cells at 24 

hours (211 ), but did not investigate the effect of hypoxia accompanied by low pH at 36-

40 hours. In the present work we show that hypoxia coupled to low pH also induced p53 

expression at 6 hours in normal fibroblasts and between 6 and 18 hours in tumour-derived 

cells. In addition, in tumour-derived cells, hypoxia coupled to acidosis for 30 hours after 

UV-irradiation resulted in a significant reduction in cell viability, irrespective of p53 

status. 

It is evident that in normal fibroblasts, early up-regulation of NER after hypoxia 

coupled to low pH treatment is necessary for an enhancement in cell viability and growth. 

These results suggest that early up-regulation of p53 and increased repair of UV-damaged 

DNA after hypoxia coupled to acidosis treatment is required for increased cell viability 

after UVC exposure. However, in tumour-derived cells, although hypoxia coupled to 

acidosis up-regulated p53 expression and increased DNA repair, this enhancement in 

repair was delayed when compared to that in normal fibroblasts and did not result in an 

increase in cell viability after UV exposure. Thus, these results indicate that in normal 

primary fibroblasts, hypoxia coupled to low pH induces a different NER response than in 

tumour cells. Schmaltz et al.(1998) reported that mouse transformed cells exhibited 
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apoptosis under hypoxia, while primary fibroblasts showed Go/G1 arrest (229), similar to 

the effects of ionizing radiation and other chemotherapeutic agents (reviewed in (312)), 

demonstrating that oncogene-transformed cells respond differently to hypoxia when 

compared to non-transformed cells (reviewed in (229)). It appears likely that tumour cells 

and other transformed cells possess additional alterations that influence the DNA repair 

response under hypoxia and acidosis conditions. 

Treatment with hypoxia alone also induced an enhancement in HCR of p-gal 

expression in normal fibroblasts that was delayed in tumour-derived cells. Hypoxia 

increased the expression of p53 in normal fibroblasts, reaching a peak at 12 hours of 

treatment. Previously we have reported that UV-irradiation of NER-proficient normal 

human fibroblasts results in a transient p53-dependent increase in HCR of a UV-damaged 

reporter gene as early as 12 hours after infection and is not present at 40 hours post

infection (184,267,285,296). The current data suggests that hypoxia can also induce a 

transient up-regulation of HCR in normal human fibroblasts. We have demonstrated that 

in normal human fibroblasts increased p53 expression induced enhancement of HCR of a 

UV-damaged reporter gene through up-regulation of both TCR and GGR (285) and here 

we show that hypoxia resulted in p53 accumulation in normal fibroblasts. Taken together, 

the hypoxia-induced enhancement in HCR of P-gal expression in normal human 

fibroblasts is consistent with a p53-dependent up-regulation ofNER due to hypoxia. 

On the other hand, in tumour-derived cells hypoxia resulted in a decrease of p53, 

and hypoxia did not affect cell viability after UVC treatment in normal primary 

fibroblasts or tumour-derived cells. Others also could not detect a hypoxia-induced p53 
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accumulation in several tumor-derived cell lines, unless hypoxia was coupled to acidosis 

or nutrient deprivation (229,235). These results suggest that hypoxia alone may affect 

NER through different mechanisms than when coupled to acidosis. 

Although hypoxia-induced p53 expression has been reported by several 

researchers (166-170), other reports have suggested that hypoxic stress is insufficient for 

p53 up-regulation unless accompanied by acidosis (229,235,313), or that even if 

stabilized, p53 lacks transactivation capacities (230,314). Here we demonstrated that in 

primary human fibroblasts both hypoxia and hypoxia coupled to acidosis induced p53 

accumulation, which correlated with enhanced repair, but that in tumour-derived cells, 

only hypoxia coupled to low pH induced p53 expression. Taken together, our data 

provide an explanation for the aforementioned disparity in results by demonstrating that 

the timing of hypoxia-induced p53 expression depends on cell type (primary versus 

tumour cells) and confirm that hypoxia coupled to low pH, but not hypoxia alone, causes 

increased p53 expression in primary and tumour cells. 

3.0 The role of HIF-la and hypoxia in NER 

3.1 Role of HIF-1 a in NER 

Here, we present evidence that HIF-la may play an important role in NER of a 

UV-damaged reporter gene. We showed that prostate rat tumour cells expressing 

dominant-negative HIF-la exhibited reduced repair of a UV-damaged reporter gene 

when compared to that in wild-type HIF-la cells. Unruh et al. (2003) have reported that 

HIP-la-deficient mouse transformed fibroblasts repaired double-strand DNA breaks less 
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efficiently compared to wild-type HIP-la cells and were more sensitive to treatment with 

chemotherapeutic agents and ionizing radiation (292). This susceptibility of HIF-1 a

deficient cells to toxic agents was observed even under normoxic conditions, in spite of 

the fact that HIP-la is not stable under normoxic conditions in HIP-la wild-type mouse 

cells (292). It was also reported that even under normoxic conditions embryonic stem 

cells deficient for HIP-la show reduced expression of HIP-la target genes (315,316). 

Taken together, these results suggest that basal HIP-la expression levels may be enough 

for activation of target genes, including genes involved in NER. In addition to the 

microenvironment of the tumour, it is evident that the genetic make-up of tumour cells, 

such as a HIF-1 a status, may be a key determinant as to how tumour cells respond to 

chemo- and radiotherapy. If further investigations reveal that HJF-1 has a differential 

effect on DNA repair, which can translate into differential susceptibility to 

chemotherapeutics and/or radiotherapy then an anti-HIF-1 treatment method could be 

adopted. 

3.2 Effects of hypoxia on TCR and GGR 

We have reported that hypoxia results in up-regulation of NER in normal primary 

fibroblasts (291 ), although it was not clear whether this up-regulation in NER results 

from an up-regulation in TCR, GGR or both. A recent report by Filippi et al. (2008) 

indicates that the TCR protein, CSB, may be a target of HIF- la (254 ), suggesting a role 

for HIF-1 in the TCR pathway ofNER. It was therefore of interest to investigate HCR of 
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a UV-damaged reporter gene in normal and CSB-deficient fibroblasts exposed to hypoxic 

conditions. 

We have detected a significant hypoxia-induced enhancement in host-mediated 

repair of the DNA damaged reporter gene in normal and in CSB fibroblasts, but not XPC 

or XP A cells. In CSB fibroblasts hypoxia induced a delayed, but not absent enhancement 

in HCR of a UV-damaged reporter gene when compared to normal fibroblasts. CSB 

fibroblasts have a deficient TCR and thus cannot repair DNA damage from the 

transcribed strand of active genes as efficiently as repair-proficient normal fibroblasts 

indicating that the TCR subpathway of NER is important for repair of DNA damage in 

active genes following exposure to hypoxic conditions. This is similar to a UV-inducible 

-
NER response that is delayed in CSB cells (296,299). 

More specifically, in mammalian cells it was shown that UV-induced lesions in 

the transcribed strand of active genes block RNA synthesis in a reporter gene (295). UV-

irradiation caused a transient increase in HCR of a UV-damaged reporter gene in normal 

fibroblasts and it was delayed, but not absent in CSB fibroblasts (296). This delay in the 

enhanced repair in CSB cells is thought to occur because TCR removes lesions from the 

transcribed strand of active genes, but CSB cells have a deficient TCR and therefore 

remove UV-induced lesions less efficiently than normal fibroblasts. Furthermore, 

transcription-blocking lesions also induce p53 stabilization, which induces expression of 

target genes (I 09, 182,298), but expression of p53-dependent protein products requires 

the genes to be lesion-free (299). For example, p53-dependent p21 up-regulation was 

delayed in UV-irradiated TCR-deficient cells (299). Since TCR-deficient CSB cells 
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exhibited a delay in recovery of RNA synthesis (59,109,182) and a delay in the up

regulation of p53-dependent target genes (299) following UV exposure compared to 

TCR-proficient cells, these results indicate the existence of a TCR- and p53-dependent 

UV-inducible repair. Therefore, if hypoxia causes DNA damage as previously suggested 

(208,209,300), the delayed enhancement in HCR of f3-gal expression in CSB fibroblasts 

is consistent with the presence of a hypoxia-inducible GGR in primary human fibroblasts 

that may also be TCR- and p53-dependent. 

It was also shown that p53 can up-regulate several GGR genes including 

GADD45 (174,317), DDB2, which encodes the XPE protein (83,181,284,318), andXPC 

(180,318-320). Therefore, we have investigated the expression levels of XPC under 

hypoxic and hypoxic coupled to acidosis conditions in normal human fibroblasts treated 

for as much as 40 hours, but could not detect any difference in expression when 

compared to normoxic conditions. These results suggest that enhanced HCR of a UV

damaged reporter gene in normal exposed to hypoxia or hypoxia coupled to low pH is not 

due to up-regulation of XPC. Although speculative, up-regulation of NER could be due 

to other genes involved in GGR, such as XPE, and thus further investigations would help 

elucidate the effect of hypoxia and/or hypoxia coupled to acidosis on NER genes. 

3.3 Increased expression of exogenous H!F-1 a results in a diminished HCR 

In section 3.1 we reported that a compromised HIF-1 pathway in rat cells resulted 

in a reduced HCR of the UV-damaged reporter gene. In contrast, we show also that 

increasing the expression of exogenous HIF-1 a resulted in a diminished HCR of the UV-
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treated reporter gene in normal fibroblasts under hypoxic conditions and that this 

reduction in HCR was delayed, but not absent, in CSB-deficient fibroblasts. Taken 

together, these results indicate that the repair of UVC-induced DNA damage is dependent 

on HIF-la expression levels in mammalian cells. A reduction in the HIP-la-dependent 

pathway increases NER, whereas an increased expression of exogenous HIF-1 a results in 

reduced NER. 

There has been some evidence to support the hypothesis that p53 competes with 

HIF-la for binding to the co-activator p300 (260). In addition, it was shown that CSB 

and p53 can physically interact (172), and that CSB may be a direct target of HIF-la 

(254). At the same time, Filippi et al. (2008) also found that CSB competes with p300 for 

binding to p53, with CSB having a greater affinity for p53 compared to p300 (254 ). 

Therefore, in nonnal fibroblasts exposed to hypoxic conditions, HIF-1 a accumulates and 

increases expression of target genes such as CSB, which binds to p53 and as a result 

prevents p300 from binding to p53, which in turn inhibits p53-dependent transactivation 

activities including the ones that dedicate cells towards apoptosis or DNA repair (refer to 

Figure 6.1) (reviewed in (265)). On the other hand, in CSB mutant cells exposed to 

hypoxia, p300 binds to p53 due to lack or deficiency of CSB, which results in expression 

of p53-dependent genes and degradation of HIF-1 (reviewed in (265)). Supporting 

evidence for this model came from experiments that showed CSB expression was 

increased in normal fibroblasts under hypoxic conditions, while expression of HIF-Ia 

responsive genes was reduced in CSB mutant human fibroblasts compared to normal 

fibroblasts and was believed to be due to higher p53 levels in CSB cells compared to 
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normal cells (254). Filippi et al. (2008) also found that p53 depletion by siRNA in CSB 

mutant cells rescued accumulation of HIF-1 a target genes, and increased p300 expression 

in CSB mutant cells abated suppression of HIF-la-mediated responses (254). 

Our current results show that HIF-1 a overexpression under hypoxic conditions 

resulted in a reduction of NER for a UV-damaged reporter gene in both normal and CSB 

fibroblasts, whereas hypoxia alone resulted in an enhancement of NER. These results 

support the model of a competitive relationship between HIF-la and p53 for binding to 

p300 that can also influence the outcome of repair of a UV-damaged reporter gene. It is 

possible that when HIF-1 a is overexpressed in normal cells exposed to hypoxia, it can 

down-regulate genes involved in NER or up-regulate genes that inhibit NER, while the 

normal levels of HIF-la induced by hypoxia may not be sufficient to prevent significant 

binding of p53 to p300, which would result in up-regulation of p53-dependent genes 

important in NER. Although we were unable to detect increased CSB expression under 

hypoxic conditions in normal fibroblasts as Filippi et al. (2008) have shown (254), the 

rest of their findings are not inconsistent with our results. 

The current results suggest a role for HIF-1 a regulation of NER of a UV-damaged 

reporter gene. We report here that increased expression of HIF-la resulted in a reduction 

in HCR of f3-gal expression in normal fibroblasts and this reduction was delayed, but not 

absent in CSB fibroblasts. The observed HIF-l a-dependent down-regulation of HCR in 

normal and CSR cells following hypoxic treatment are not inconsistent with data 

published by Filippi et al. (2008), who showed that the mRNA expression levels of 

VEGF were decreased in CSB mutant fibroblasts compared to normal cells following up 
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to 16 hours of hypoxic treatment (254), but later time points were not tested. Thus, the 

delay in down-regulation of NER in CSB fibroblasts under hypoxic conditions compared 

to normal fibroblasts could result from a delay in the expression level of one or more 

HIP-la-dependent genes involved in NER. The delayed expression of the HIF-la

dependent VEGF gene in CSB cells could result from the TCR deficiency in CSB cells. 

The hypoxia-induced DNA damage would take longer to be repaired from the VEGF 

gene in CSB compared to normal cells and CSB cells would therefore display delayed 

expression of the HIF-1-dependent VEGF gene. Up-regulation of HIP-I-dependent 

VEGF could also be delayed in CSB cells even under normoxic conditions due to 

oxidative DNA damage caused by the endogenous reactive oxygen species occurring 

during normal respiration. 

A significant extension to this study would be to determine the mRNA expression 

levels of several different HIF- la targets, such as p300 and VEGF, in normal and CSB

dedicient cells infected with AdHIF-Ja under hypoxic conditions and to compare the 

expression levels of these genes in cells infected with a control virus. Examining the p53 

mRNA and protein expression levels in AdHIF I-a-infected normal and CSB fibroblasts 

after hypoxic treatment should reveal whether HIF-la overexpression affects p53. This 

will help further elucidate the role of HIF-1, CSB and p53 in response to hypoxic stimuli. 

Understanding the mechanistic interplay between p53, HIF-1 and p300 may prove 

to be significant for understanding the clinical phenotypes of patients with mutations in 

the CSB gene. CS patients experience photosensitivity, growth retardation, neurological 

abnormalities and premature aging, but do not exhibit an increased risk of developing 
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cancer despite reduced DNA repair capacity. Since DNA damage is not efficiently 

repaired by CS patients with mutations in the CSB gene, it is possible that a lack of 

functional CSB will target any potential tumour cells for p53-induced programmed cell 

death (see Figure 6.1 ). Therefore, p53-dependent apoptosis may prevent development of 

tumours, but this increase in cell death may contribute to the premature aging observed in 

CS patients as tissues must cope with an excess of apoptosis. 
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APPENDIX A 

Effects of different hypoxic treatments on NER 
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Preliminary experiments were conducted to determine the optimal conditions for 

observing the effect of hypoxia on HCR of a UV-damaged reporter. Normal, CSB, XPC 

and XPA primary and SV40-transformed fibroblasts were infected with UVC-irradiated 

Ad CA 17/acZ and exposed to normoxic or hypoxic conditions either for 24 hours before 

infection only, 24 hours before and 40 hours after infection or just 40 hours after 

infection. Representative graphs of HCR of the UV-damaged reporter gene under the 

different conditions for both primary and SV 40-transformed fibroblasts are shown in 

Figure A. I and A.2. A more pronounced and significant enhancement in HCR of a UVC

treated reporter gene expressing ~-gal expression was observed in the human primary 

CSB-deficient and CSB SV 40-transformed fibroblasts under hypoxic conditions 40 hours 

after the infection. 

The relative D37 values in Table A. I also indicate that a significant increase in 

HCR was detected in CSB SV 40-transformed at 40 hours after infection when cells were 

kept under hypoxic conditions 24 hours prior to infection. In addition, Table A.2 

indicated that a significant enhancement in HCR of p-gal activity is observed when 

primary CSB fibroblasts were maintained under conditions of hypoxia before and after 

Ad CA I 7/acZ infection, but a significant decrease in HCR of the UV-damaged reporter 

gene is detected in these cells when only exposed to hypoxia before infection. 

Furthermore, primary XPC-deficient fibroblasts exhibited a slight reduction in HCR of~

gal activity when only exposed to hypoxia before infection. Based on preliminary results, 

hypoxia after infection resulted in a more pronounced effect on HCR of a UV-damaged 
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reporter gene m both primary and SV 40-transformed CSB-deficient fibroblasts and 

consequently hypoxia after infection only was used for all subsequent experiments. 
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Figure A.l. Representative results showing HCR of a UV-irradiated reporter gene in 
GM9503, GM739CSB, GM677XPC and GM5509XPA primary fibroblasts under 
standard culture conditions (Norm,D), hypoxia before infection (HB, •), hypoxia before 
and after (HBA, A) and hypoxia after infection only (HA, *).Cells were infected with 
either non-irradiated or UV-irradiated AdCA 17/acZ, followed by incubation under either 
normoxic or hypoxic conditions before infection for 24 hours, hypoxic conditions before 
and after infection (total of 64 hours) and hypoxic conditions after infection only for 40 
hours, after which scoring for p-gal was performed. Each point is the average of 3 
replicates; error bars represent one standard error. 
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Table A.1 Relative D37 values of hypoxia before infection (HB), hypoxia before and after 
infection (HBA), and hypoxia after infection for 40 hours (HA) treatment in human 
primary normal (GM9503), CSB (GM739), XPC (GM677) and XPA (GM5509) 
fibroblasts of p-galactosidase expression of UV-irradiated AdCA l 7 lacZ. *Significantly > 
1 by an independent t-test (P value < 0.05), § Significantly < 1 by an independent t-test (P 
value < 0.05) 

Relative D31 

p p 
Cell Lines N HB/Oxic P Value N HBA/Oxic 

Value 
N HA/Oxic 

Value 

GM9503 3 0.9±0.2 0.613 4 l.0±0.l 0.912 4 0.8 ± 0.2 0.45 
GM739CSB 5 0.7 ± 0.09 0.022 0 5 l.3±0.l 0.049* 5 l.6 ± 0.2 0.046* 
GM677XPC 3 l.I ± 0.02 0.004* 3 l.l ± 0.2 0.597 4 l.2 ± 0.2 0.19 

GM5509XPA 4 l.3 ± 0.2 0.260 3 l.2 ± 0.2 0.297 4 l.3 ± 0.2 0.158 
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Figure A.2. Representative results showing HCR of a UV-damaged reporter gene in 
GM637F, CSBSV40, XPCSV40 and GM4429XPA SV40-transformed fibroblasts under 
standard culture conditions (Norm,D), hypoxia before infection (HB, •),hypoxia before 
and after (HBA, ..&.) and hypoxia after infection only (HA, *). Cells were infected with 
either non-irradiated or UV-irradiated AdCAl 7lacZ, followed by incubation under either 
normoxic or hypoxic conditions before infection for 24 hours, hypoxic conditions before 
and after infection (total of 64 hours) and hypoxic conditions after infection only for 40 
hours, after which scoring for ~-gal was performed. Each point is the average of 3 
replicates; error bars represent one standard error. 
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Table A.2. Relative 037 values ± S.E. of HCR of UV-damaged reporter gene in human 
SV40-transformed normal (GM637F), CSBSV40, XPCSV40, and XPASV40 
(GM4429DXPA) fibroblasts exposed to hypoxia before infection, hypoxia before and 
after infection, and hypoxia after infection for 40 hours. *Significantly > I by an 
independent t-test (P value< 0.05) 

Relative D31 
Relative D31 

Cell Line N Hypoxia 
p 

N 
Hypoxia p 

N 
Relative D37 p 

before 
Value before & Value Hypoxia after Value 

after 
GM637F 4 0.9 ± 0.08 0.13 4 l.2 ± 0.2 0.27 4 I.I± 0.3 0.7 
CSBSV40 4 l.2 ± 0.08 0.03* 4 l.l ± 0.08 0.16 4 l.4 ± 0.1 0.03* 
XPCSV40 5 0.9± 0.05 0.06 4 l.2±0.1 0.18 5 l.l ± 0.2 0.507 
GM4429DXPA 4 l.l ± 0.1 0.42 3 l.3 ± 0.2 0.23 4 0.6 ±0.2 0.096 
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APPENDIXB 

Hypoxia effect on HIF-la, CSB and T antigen expression 
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Figure B.l. HIF-la expression upon AdHIF-Ja virus infection in human fibroblasts. 
Confluent normal (GM09503) were either infected with AdHIF-Ja at different MOI of 
50, 100 and 200 pfu/cell or mock infected (NI) and exposed to hypoxic conditions for 6 
hours. Equal amounts of complete cell lysates were run on 10% SOS-PAGE gel, blotted 
on a nitrocellulose filter and examined for the expression levels of HIF-lu using anti
HIF-lu antibody. The amount of actin was determined by using anti-actin antibody to 
obtain the sample loading control. 
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Figure B.2. CSB expression upon AdHIF-1 a virus infection in human fibroblasts. 
Confluent normal (GM09503) and CS-B (GM00739) were exposed (A) to either 
normoxic or hypoxic conditions for 12 hours or either infected with a control virus 
(AdCA18/uc) or infected with the AdHIF-la virus and subsequently exposed to 
normoxic or hypoxic conditions for 12 hours. (B) Confluent normal (GM09503) were 
either infected with a control virus (AdCAl8/uc) or infected with the AdHIF-la virus 
and subsequently incubated for 6 or 24 hours under normoxic conditions. Equal amounts 
of complete cell lysates were run on 10% SOS-PAGE gel, blotted on a nitrocellulose 
filter and examined for the expression levels of CSB using anti-CSB antibody. The 
amount of actin was determined by using anti-actin antibody to obtain the sample loading 
control. 
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Figure B.3. Decreased T antigen expression in CSBSV 40-transformed fibroblasts. 
Confluent normal (GM637F) (A) and CSBSV40-transformed fibroblasts (B) were either 
mock infected (N.I.), infected with undamaged virus (C.I.) or infected with UV-damaged 
virus (U.1.) and exposed to either hypoxic or normoxic conditions. Equal amounts of 
complete cell lysates were run on l 0% SOS-PAGE gel, blotted on a nitrocellulose filter 
and examined for the expression levels of T antigen using anti-T antigen antibody and 
p53 using anti-p53 antibody. The amount of actin was determined by using anti-actin 
antibody to obtain the sample loading control. 
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APPENDIXC 

Effect of hypoxia on repair of cisplatin-induced DNA damage 
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Cisplatin is extensively used as an anti-cancer drug and causes inter-strand and 

intra-strand platinum-DNA crosslinks, which are deleterious to the cell if unrepaired. 

Two DNA repair pathways are responsible for repairing the lesions caused by cisplatin, 

NER and homologous recombination (HR) repair. Since the results presented in Chapter 

5 implicate NER in response to UV-induced DNA damage of a reporter gene in human 

fibroblasts under hypoxic conditions, it was of interest to examine how hypoxia may 

affect repair of cisplatin-induced DNA damage. We examined the effect of hypoxia 

before and after infection on the HCR of the cisplatin-induced DNA damage in normal, 

CSB, XPC and XP A SV 40-transformed fibroblasts 40 hours after infection. 

Representative graphs of HCR of the cisplatin-damaged reporter gene for primary human 

normal, CSB, XPC and XPA SV40-transformed fibroblasts after hypoxia exposure are 

shown in Figure C. I. Hypoxia treatment before and after infection did not induce a 

significant difference in any of the cell lines tested (Table C. I). The data suggests that 

NER of cisplatin-induced DNA damage is not significantly affected by hypoxia. 

However, hypoxia after infection only had the greatest effect on HCR of a UV-damaged 

reporter gene in human primary and SV 40-transformed CSB eel Is and therefore further 

experiments using cisplatin as a DNA damaging agent on human fibroblasts exposed to 

hypoxic conditions after infection only may be an important area of future research. 
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Figure C.1. Representative results showing HCR of a UV-damaged reporter gene in 
GM637F, CSBSV40, XPCSV40 and GM04312XPA SV40-transformed fibroblasts under 
standard culture conditions (Norm,O) and hypoxia before and after (HBA, .A) infection 
conditions. Cells were infected with either non-treated or cisplatin-treated AdCA I 7 lacZ, 
followed by incubation under either normoxic or hypoxic conditions before infection for 
24 hours and after infection for 40 hours (total of 64 hours), after which scoring for ~-gal 
was performed. Each point is the average of 3 replicates; error bars represent one 
standard error. 
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Table C.l. Relative D37 values± S.E. of HCR of a UV-damaged reporter gene in human 
SV40-transformed normal (GM637F), CSBSV40, XPCSV40, and XPASV40 
(GM04312XPA) fibroblasts exposed to hypoxia before (24 hours) and after infection (40 
hours) (HBA) treated human SV40-transformed normal (GM637F), CSBSV40, 
XPCSV40, and XPASV40 (GM04312XPA). 

Cell Lines N HBA P Value 
GM637F 4 0.9 ± O.l 0.563 
CSBSV40 3 0.9 ± 0.04 0.340 
XPCSV40 2 l.3 ± 0.2 
GM04312XPA 4 1.2 ± 0.2 0.453 
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