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Abstract 

Nucleotide excision repair (NER) recognizes and repairs sunlight-induced DNA damage as 
well as cisplatin induced intrastrand DNA cross-links. When treated with cisplatin, NER 
capacity of a tumour has been shown to be predictive of outcome in some human 
cancers. Similarly, in vitro, the response of tumours cells to cisplatin is dependent on NER, 
where polymorphisms in some NER components alter the outcome. NER consists of two 
sub-pathways, transcription-coupled (TC-) NER and global-genomic (GG-) NER, differing 
only in their recognition of DNA lesions. While GG-NER deficiency, resulting in xeroderma 
pigmentosum (XP), increases rates of cancer in man, TC-NER deficiency, resulting in 
Cockayne syndrome (CS) does not. Both these syndromes have multiple genetic causes 
whose study has allowed a more complete understanding of NER. In primary human 
fibroblasts, keratinocytes and mouse embryonic fibroblasts TC-NER and not GG-NER is 
important in the avoidance of apoptosis after UV and cisplatin. However, mouse 
embryonic stem cells do not require TC-NER to recover from this type of DNA damage and 
so it may be difficult to predict the role of this repair pathway in all cellular contexts. 
We assessed the importance of TC-NER in the cisplatin response of tumour cells by 
manipulating TC-NER and measuring DNA repair and sensitivity to DNA damaging agents 
UV-C and cisplatin. Targeting TC-NER by transient transfection of siRNA against Cockayne 
syndrome B (CSB), xeroderma pigmentosum A (XPA) and XPA-binding protein 2 (XAB2) 
sensitized tumour cells to cisplatin. This sensitization was largely independent of p53 
tumour suppressor and mismatch repair status of these cells. As a preliminary in vivo 
test, we generated a colon cancer cell line in which CSB expression was stably reduced 
and used this cell line in a tumour xenograft model. Treating the animals with a single-
week regimen of cisplatin resulted in a decrease in tumour volume initially and delayed 
tumour re-growth compared to control tumours. Taken together, these results indicate 
that TC-NER is a potential target in combined cisplatin tumour therapy. This work also 
suggests that TC-NER capacity may be clinically predictive. 
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1.0 General Introduction 

1.1 Cancer 

Cancer is a group of diseases associated with uncontrolled growth that invade and 

damage adjacent tissues, and in the case of solid tumours sometimes metastasize.1 Pre­

cancerous cells progressively acquire six generalized traits on the path to tumourigenesis, 

including: self-sufficiency in growth signals, insensitivity to inhibitory growth signals, eva­

sion of programmed cell death (apoptosis), limitless replicative potential, sustained angio-

genesis and metastasis.2"4 This process also coincides with a progressive accumulation of 

aberrant genetic traits and accumulation of DNA damage. A mutator phenotype, charac­

terized by progressive loss of DNA maintenance mechanisms, accelerates mutagenesis 

and genomic instability.2'5"9 

Early accounts of tumour biology describe the gross anatomy of tumours, the 

physiological effects of cancer and the experimental, often unsuccessful surgical interven­

tions that initially contributed more to understanding of aetiology than to curative out­

comes.10"13 Almost 150 years later, the continued presence and societal impact of cancer 

is reflected by the world-wide efforts to understanding and treating this multi-faceted 

disease.1 

Currently almost 40% of Canadian women and almost 45% of men will develop 

cancer during their lifetime while 24% of women and almost 29% of men (approximately 1 

in 4 Canadians) will die from cancer.1 These sobering statistics underline the crucial im­

portance of understanding the contributing factors, genesis and aetiology of cancer and 

developing more effective, life-extending therapies for those afflicted. Although there 
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exists healthy debate on the molecular origins of some malignancies (i.e. the role of ex­

ogenous hormones in reproductive cancers; or the roles of some environmental and life­

style factors) it is clear that parameters such as germ-line mutations, exposure to 

mutagens, deficient immune systems, dietary and exercise deficiencies, as well as viral 

and bacterial infections, are all legitimate risk factors for neoplastic disease.14"24 

1.2 Cancer and DNA Damage 

All cells, from simple bacteria to specialized mammalian lineages, are equipped 

with mechanisms that maintain genetic fidelity. Chromosomal abnormalities that arise 

due to mutations in genes encoding proteins involved in these protective mechanisms are 

a universal feature of cancer.25"29 Sources of endogenous DNA damage include reactive 

oxygen species (ROS), arising as a consequence of oxidative metabolism30,31 and alkyla-

tion of DNA bases [S-adenosylmethionine (SAM)].32 Endogenous DNA damage is repaired 

predominantly by base excision repair (BER) and related endonucleases that recognize 

and excise specific types of damage on DNA bases.30 

Sources of exogenous DNA damage also represent a serious threat to DNA, causing 

a wide array of lesions, including base damage (i.e. oxidative lesions), base-base cross 

links and DNA strand breaks.19, 33 Extrinsic DNA damaging agents include products of 

combustion [polycyclic aromatic hydrocarbons (PAH)]34 and sunlight [ultraviolet light 

(UV)].35 This DNA damage is repaired in a lesion-specific manner by a number of repair 

mechanisms, including: BER (UV-light induced ROS); translesion synthesis (TLS) (replica-
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tion blocking lesions); homologous recombination (HR) and non-homologous end-joining 

(NHEJ) (double strand break repair); nucleotide excision repair (NER) (UV damage). 

1.3 Ultraviolet Light as a Model DNA Damaging Agent 

The study of UV-induced DNA damage is in large part due to the importance of UV 

as the principle human mutagen. Skin malignancies, although the least likely to result in 

mortality, are the most prevalent in Canada.1 These rates are strongly correlated with po­

lar ozone layer degradation due to increased UV light penetrance.19,35 Human skin is 

composed of two layers, the upper epidermis and lower dermis. The epidermis has sev­

eral layers, the uppermost being cornified (stratum corneum) followed by granular, 

spinous and basal layers of keratinocytes and melanocytes, at decreasing rates of terminal 

differentiation and increasing states of proliferation, respectively. The dermis, found on 

the upper side of the basement membrane, consists of dermal fibroblasts, often estab­

lished ex vivo in cell culture due to their relatively high growth potential compared to cells 

from the upper layers (Figure l) .3 7 

UV-induced DNA lesions result from high-energy photons in the ultraviolet spec­

trum of light that penetrate the stratum corneum, irradiate keratinocytes and act directly 

on bonds between DNA base pairs. This can result in two predominant lesion types: cis, 

syn cyclobutane pyrimidine dimers (CPD) (66-75% of UV lesions) and less common 6,4 

pyrimidine-pyrimidone photoproducts (6-4-PP) (25-33% of UV lesions).37"42 The DNA 

damaging components of sunlight consist of UV-A (320-400 nm), UV-B (280-320 nm) and 

UV-C (< 280 nm) making up 40, 5 and 0 percent of light reaching the earth's surface, re-
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Figure 1. Human Skin Components. 

Human skin diagram shows the five layers of the epidermis and underlying dermis. Re­

produced with permission. 
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spectively20'38'39'42~44 (Figure 2). UV-C and most of UV-B (up to ~310 nm) are absorbed by 

atmospheric oxygen and ozone.38'42 CPD are a result of covalent linkages between adja­

cent pyrimidines with formation of a single-bonded four-member ring from the 5,6 double 

bonds of adjacent bases 42 (Figure 3). 6-4-PP occur in adjacent pyrimidines by linkage of 

the C6 position of the 5'-pyrimidine, to the C4 position of the 3'-pyrimidine.42 6-4-PP are 

formed at 5'-T-C-3', 5'-C-C-3', 5'-T-T-3' but not at 5'-C-T-3' sites in DNA38 (Figure 3). It 

has been observed that TT and TC sequences are more photosensitive than CT and CC se­

quences.42 UV-A and UV-B, in addition to causing DNA damage, described above, also 

generate reactive oxygen species (ROS) upon absorption by cellular components. ROS 

also cause DNA damage, ranging from relatively innocuous base modification to highly 

genotoxic double strand breaks (DSB).45 More recently it was discovered that UV-A could 

directly create CPD lesions in DNA46 instead of requiring an as yet unknown photosensitiz­

ing cellular molecule.20'38, 43,44 ' 47 This is particularly relevant to skin cancer research as 

UV-A is the predominant UV component of sunlight that reaches the Earth's surface44 and 

is also the majority constituent of the UV spectrum used in tanning beds.48 

6-4-PP are repaired at a faster rate than CPD and this is thought to result from the 

greater geometric strain and distortion seen with 6-4-PP, therefore causing these lesions 

to be more 'visible' to DNA repair mechanisms.39'41, 49 Regardless of UV spectrum used, 

CPD are more prevalent and more slowly repaired compared to 6-4-PP39 however, the 

balance of 6-4-PP increases somewhat after exclusive UV-A compared to exclusive UV-B 

exposure.42 



Figure 2. UV spectrum. 

Spectrum of UV radiation showing wavelengths and physiological effects. Reproduced 

with permission. 

6 



Wavelength 
100 150 200 250 300 350 400 (nm) 
_l I I I I I I 

X-rays Ultraviolet radiation 
UVC iiYBl UYA. 

Visible 
light 

Ozone absorption 

'Transmitted by normal glass 

Produces Germicidal Erythemal 
ozone 



Figure 3. UV-induced DNA Damage. 

Lesions formed by UV-induced DNA damage. Reproduced with permission. 



x / * -
Sugar —— N 

^ ^ / 
H 

Phosphate 

^ / C " 
Sugar N 

H 

- N N - „ 
= < ̂ ^ u CH3 

u Adjacent thymines 
sn 

— N \ 

= < c = 0 

^CH 3 

t /UV irradiation^ 

"N 

-<n> 
H CH3 

Cyclobutane 
pyrimidine dimer 

H CH3 

Pyrimidine (6-4) 
pyrimidone 3 2 0 

Nl .C=0 
-6 „ / 

.c — c<^ 
H CH3 

Dewar valence isomer 



1.3.1 Cell Culture Models for Studying the UV Response 

By virtue of their physiological role in skin tissue and thus persistent exposure to 

UV, keratinocytes are more efficient at NER compared to any other human cell type37 and 

this holds true in similar comparisons of mouse tissue.50 In fact, derived from the same 

individual, human keratinocytes repair CPD 2-fold quicker than skin fibroblasts and are 

almost 2-fold more resistant to apoptosis after ultraviolet light exposure.51"54 Interest­

ingly, there is no difference between cell types in their repair of the less common 6-4-

pp si, 52 DeSpjte the important differences in DNA repair characteristics between kerati­

nocytes and fibroblasts, the laboratory culture of keratinocytes is fraught with technical 

difficulties. In vivo, keratinocytes are the most superficial of the cellular layers in the 

stratified epidermal growth environment (Figure 1). Therefore, successful in vitro growth 

of keratinocytes requires a feeder layer of irradiated cells that mimic the presence of 

basal dermal fibroblasts. Despite the ability to force keratinocytes to terminally differen­

tiate into cells resembling those of the upper spinous and granular layers, these cells will 

stop dividing after a few passages after isolation from human tissue.37 The limited num­

ber of cell divisions before cellular senescence, a phenomenon common to all normal hu­

man cells in culture conditions,55 can be subverted using any number of immortalization 

techniques (reviewed in Hahn 200256). However, extending replicative potential results in 

gene expression profile changes (reviewed in Fridman and Tainsky 200857) whose implica­

tions may cloud interpretations of many cellular responses. The field of DNA repair has 

therefore almost universally adopted the use of dermal fibroblasts for in vitro study of 

DNA repair except where specific models of skin cancer study require use of keratino-
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cytes. Established dermal fibroblast cell lines are widely available from normal or DNA 

repair deficient human patients and persist in culture for up to 30 passages without the 

need for immortalization. 

1.4 UV Sensitive Syndromes 

UV sensitive human syndromes were first documented by Dr. Moritz Kaposi, a 

European dermatologist, in the 19th century.58 These autosomal recessive disorders in­

clude a wide spectrum of sun-sensitivity syndromes with a vast array of additional specific 

clinical manifestations and include Xeroderma pigmentosum (XP), Cockayne syndrome 

(CS), UV-sensitivity syndrome (UVSS) and trichothiodystrophy (TTD). Commonalities to all 

these diseases are inherent defects in DNA repair due to mutated components of nucleo­

tide excision repair (NER). Initially, patients were identified and sub-categorized pheno-

typically (reviewed in Cleaver 199959) and then by complementation analysis60 of their 

dermal fibroblasts. Affected patient cells regained UV-resistance after fusion with a cell 

line carrying the missing protein.60 In the case of XP, groups A-G and V were identified. 

While for CS, groups A and B were identified.59 In each group, mutations in a single gene 

are associated with the disease. NER can be sub-divided into two mechanistic pathways 

that differ only in their modes of detection of lesions: global-genomic (GG-) NER and 

transcription-coupled (TC-) NER. A summary of known genetic defects for each, catego­

rized by clinical syndrome and involvement of either of the NER sub-pathways, can be 

found in Table 1. 



1.4.1 Xeroderma Pigmentosum 

Patients affected with Xeroderma pigmentosum (XP) are found at nearly 1 : 500 

000 within the European population, while for yet unknown reasons some regional popu­

lations have higher rates (i.e. Mediterranean and Japanese).61,62 XP appeared in medical 

literature in the 1870s, described by Kaposi, who noted a striking pigmentation disorder 

only on sun-exposed skin and in a heritable manner (reviewed in Clarkson 200358). This 

human condition was later described as having dense speckled pigmentation, accompa­

nied by skin and eye lesions, increasing in severity with age.63"65 Patients suffer a broad 

range of symptoms but are most uniformly characterized by hypersensitivity to sunlight 

exhibited by freckling and ocular dysmorphias, pre-malignant lesions of sun-exposed skin, 

high incidence of skin cancer (up to 2000-fold increased risk compared to general popula­

tion), tumours in other organs, progressive hearing loss and neurodegeneration.61'63'64,66" 

68 All of these symptoms are suspected to result from DNA repair defects.49,69"76 In a sub­

set of rare cases, developmental deficits include telangiectasia (small dilated blood vessels 

at the surface of the skin), bird-like facies (sunken eyes, beaked nose and projecting jaws), 

mental retardation and abnormal gait further characterize the most severe forms of XP.58 

1.4.2 Cockayne Syndrome 

More often seen clinically than XP, Cockayne syndrome (CS) was first characterized 

by Dr. E.A. Cockayne in 1936 as a developmental deficiency involving dwarfism and deaf­

ness.77 Cockayne syndrome is found at approximately 1 : 300 000 live births in the Euro­

pean population.62 Compared to children of the same age, those afflicted are short in 
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stature (dwarfism), exhibit bird-like facies with neuro-malformation and neurodegenera-

tion (retinopathy, microcephaly, deafness) and fail to thrive beyond early teenage years 

(retardation of growth and development shortly after birth).77"83 In contrast to XP pa­

tients, CS patients exhibit sun sensitivity but do not develop cancer.78, 79' 82 However, 

since these patients live to a median age of 13 years,78 they may simply lack the longevity 

needed to develop neoplasms. 

1.4.3 UV Sensitivity Syndrome 

UV sensitivity syndrome (UVSS) is an extremely rare disorder characterized by pho­

tosensitivity and mild freckling but no neurological disorders and no increased risk of 

photocarcinogenesis.84' 85 These patients were initially designated by medically observ­

able symptoms as having a mild form of Cockayne syndrome.86 Subsequently, the genetic 

heterogeneity of patients as well as disparate phenotypes have confounded its true cause. 

Although UVSS is separable from Cockayne syndrome symptomatically,87, 88 it is still con­

sidered by some as the mildest presentation of CS.85 

1.4.4 Tricothiodystrophy 

Tricothiodystrophy (TTD) broadly describes a series of syndromes (Pollitt, Tay, 

Amish brittle hair, Marinesco-Sjogren and Sabinas syndromes) that exhibit: 1) various de­

velopmental abnormalities of the skin, hair and teeth; 2) neurological, immune and ocular 

abnormalities; and 3) skeletal and neurological dysmorphias.59 A common feature of 

these syndromes is brittle hair and finger nails, due to improper keratinocyte differentia-
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tion. ' Graded from mild to severe, TTD patients show ranges of severity of symptoms, 

including: failure to thrive, dwarfism and mental retardation. UV and photosensitivity 

occurs in approximately 50% of patients while all succumb to the disease early in life.89 

TTD is characterized by increased rates of cancer and is associated with defects in genes 

classically attributed to XP.84'85 

1.4.5 Cerebro-oculo-facio-skeletal and De Sanctis-Cacchione Syndromes 

Cerebro-oculo-facio-skeletal syndrome (COFS) and De Sanctis-Cacchione syn­

drome (DSC) are both extremely rare clinical manifestations of various NER defects79, 90 

and represent the most severe developmental defects and sun-sensitivity of the UV sensi­

tivity syndromes. COFS, as the name suggests, is most often associated with widespread 

developmental defects of brain, eyes, face and skeleton91 while DSC patients exhibit mi-

crocepahly, growth and mental retardation, ataxia and deafness.92 Clinically, there is cur­

rently no consensus on whether these patients should be considered as having separable 

diseases or if their symptoms should be characterized as the most severe forms of XP or 

CS.84,85 These rare DNA repair diseases, with often severe clinical phenotypes underline 

the crucial importance of NER to normal development and maintenance of genomic sta­

bility. 

1.5 Nucleotide Excision Repair 

The presence of DNA lesions, from simple base damage to double strand breaks, 

presents a critical issue that can have diverse negative impacts in eukaryotic cells. The 
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ability of a cell to repair DNA damage often determines how effectively it will avoid apop-

tosis, maintain genomic stability and avoid neoplastic development.66'76,82,93"96 

The notion that DNA could be damaged in some manner by UV light, leading to 

loss of viability was first recognized in early research of bacteria starting in the 1940s (re­

viewed in Sancar 200897). It was first noticed that bacteria, survived UV irradiation more 

readily if allowed to recover in visible light instead of darkness.98,99 This led to the discov­

ery of photolyase, an enzyme responsible for the light-assisted repair of UV-induced CPD 

in bacteria, or photoreactivation99 that was later isolated from baker's yeast extracts100 

and characterized in a number of other prokaryotes and simple eukaryotes, but not 

mammalian cells101"103 (reviewed in Carell 2001104). The observation that DNA could be 

repaired was further characterized in bacteria,105,106 seen using phage transfer of DNA107" 

110 and in mammalian cells.111 

The NER pathway was first associated with human disease in the late 1960s after 

ground-breaking work done by James Cleaver. In a collaborative effort comprising a varia­

tion on a previous replication repair assay,112 combined with his own technique to meas­

ure unscheduled DNA synthesis,111 Cleaver made a ground-breaking connection between 

sun-sensitivity, cancer and DNA repair. Cleaver suggested the sun-sensitivity and high 

rates of skin cancer seen in Xeroderma pigmentosum (XP) patients was due to a deficit in 

DNA repair of UV-induced DNA lesions.113"115 The following year, Setlow er al. (1969) 

showed that XP was in fact due to improper excision of pyrimidine dimers after UV expo­

sure and postulated that this could explain the oncogenicity of UV radiation.65 These ex-
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periments were crucial in elucidating the importance of NER in cell survival and jump-

started the molecular search that would characterize this DNA repair pathway. 

1.5.1 Cloning Proteins Involved in NER 

Using tissue isolated from XP patients described by Kramer and colleagues, cell 

lines were established and in some cases immortalized using the SV40 large T antigen.116 

These XP cell lines were found to exhibit UV sensitivity and displayed impaired DNA repair 

capacities compared to normal cells, as measured by unscheduled DNA synthesis (UDS) 

assays (repair synthesis)60'117"120 or host cell reactivation of introduced damaged DNA.121 

An important conclusion from this work is that cell survival is determined by DNA repair 

capacity and early on, differences between isolated cell lines were noted.69 '121 These re­

sources were useful for cloning DNA repair genes. 

A creative strategy was used to identify the individual repair defects in cell lines 

derived from UV-sensitive patients. Fibroblasts from different isolated cell lines were 

fused by polyethylene glycol, resulting in polynucleated cells. From this complementa­

tion analysis it was clear that missing factors from DNA repair deficient cells could be 

complemented from repair proficient nuclei or other complementation groups.60'120' m 

Eight complementation groups, XP-A through XP-G and XP-V were identified.95'122"124 XPV 

patients exhibit dermal sun sensitivity, but while NER competent, their cells are unable to 

perform translesion synthesis, the successful replication of DNA in the presence of a bulky 

DNA lesion encountered by DNA polymerases at the replication fork.125"127 XPV is the ma-

14 



jor translesion synthesis bypass polymerase eta (Pol n.) that accommodates error-free by­

pass of CPD (among other lesions) (reviewed in Gratchev 2003128). 

As indicated previously, cells from various XP patients were found to be sensitive 

to UV exposure.69, m Correction of UV-sensitivity through the expression of cDNAs per­

mitted identification of repair gene proteins. 

The nomenclature of NER proteins reflects this history. For example, the XPA-XPG 

and CSA and CSB proteins are named because DNA from their cells complemented the 

repair defect in the corresponding complementary group of XP or CS. Excision repair 

cross-complementary proteins (ERCC1 and ERCC4) are human proteins named because 

their respective DNA corrected UV-sensitivity of UV-sensitive CHO mutants in comple­

mentary groups 1 and 4. There is also historical overlap in names for the following: (CSB 

= ERCC6; CSA = ERCC6; XPB = ERCC2; XPD = ERCC3; etc.) (reviewed in Kraemer et al. 

2007129) (Table 2). 

1.6 Global Genomic NER 

GG-NER is a stepwise mechanism that can be sub-divided into: 1) lesion recogni­

tion; 2) verification of the presence of a lesion; 3) removal of DNA containing the dam­

aged bases; and 4) DNA synthesis. The sub-mechanisms of NER (GG-NER and TC-NER) 

differ only in the lesion recognition step (Figures 4A and 4B). 

Lesion recognition by GG-NER is initiated by the UV damage binding complex (UV-

DDB) comprising DNA binding protein 1 (DDB1) and 2 (DDB2 - also known as XPE/p48).130" 

138 UV-DDB binds CPDs and 6-4-PPs139"141 as well as a number of other bulky lesions 

15 



Figure 4A. Nucleotide Excision Repair. 

A simplified outline of NER. Lesions (A) are initially recognized, either by a translocating 

RNA polymerase (RNAPII) or through the binding of lesion sensor DNA damage-binding-2 

(DDB2) (B) — which forms a heterodimer with DDB1 to make up the DDB complex. XPC in 

a multimeric complex provides a site of nucleation for ensuing repair factors. The sub-

pathways converge on common steps to both pathways (C). TFIIH is recruited and stabi­

lized by XPG, joined by subunits XPD and XPB. Helicase activity stimulates opening of the 

DNA. RPA and XPA serve lesion-verification roles, protect the single-stranded DNA in the 

denatured bubble and stabilize the pre-incision complex (D). The XPF-ERCC1 endonucle-

ase complex is recruited and incises the damaged DNA strand at the 5' side of the bubble, 

whereas XPG incises on the 3' side (E). RFC loads PCNA to accommodate DNA poly­

merases 6 or e. The final ligation step can be carried out by DNA ligase-l (F). Reproduced 

with permission. 
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that are known to be repaired by NER, such as cisplatin121'130, m '1 4 2"1 4 4 and other chemi­

cally-induced lesions.135,145 The UV-DDB complex and specifically DDB2 is required for ef­

ficient removal of lesions from DNA during NER. DDB2 may act directly at the lesion site 

by binding and displaying the lesion for subsequent repair steps, while the DDB1 protein 

stabilizes this interaction146 and later regulates molecular turn-over of the complex. DDB1 

and Cullin 4 combine to form an E3-ubiquitin ligase that ubiquitinates DDB2, XPC and his-

tones.141,147"152 This is thought to initiate future steps in the repair process.150 The lesion-

bound UV-DDB is then hypothesized to dissociate from the DNA damage as another 

dimeric complex, XPC bound to the human homolog of Rad23B (XPC/hHRad23),153,154 lo­

cates and binds the lesion site.155 Upon ubiquitination, XPC interacts with transcription 

factor TFIIH through its carboxy terminus, likely recruiting it as a member of the subse­

quent repair machinery,156 thus fulfilling its hypothesized role of providing a nucleation 

site for the subsequent steps in the NER process.150 

A lesion verification step confirms the presence of a DNA lesion by high-specificity 

binding of XPA to the DNA lesion.139'157 162 The XPA protein is considered to be a major 

limiting factor of NER.163 It is thought to aid in recruiting other repair factors including 

excision repair cross-complementing protein 1 (ERCC1), replication protein A (RPA) and 

the TFIIH general transcription factor to the lesion.164"170 

The TFIIH transcription factor contains two helicases, XPB and XPD and this is 

thought to unwind DNA at the repair site.171"178 ERCC1/XPF and XPG are structure-specific 

endonucleases that incise the unwound DNA on the 5' and 3' sides of the lesion, respec­

tively.179 XPG incises six nucleotides to the 3' side of a photodimer and ERCC1/XPF incises 
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22 nucleotides to the 5' side of the lesion,58,142,179_181 releasing a thirty base pair contigu­

ous stretch of single stranded DNA containing the lesion site.182 The resulting gap is filled 

using the intact complementary strand as the template. DNA repair synthesis requires 

replicative DNA polymerases epsilon (e) and delta (6) in the presence of RPA, RFC and the 

proliferating cell nuclear antigen protein (PCNA). Here DNA ligase I (Ligl) seals the nick in 

the DNA along with a DNA polymerase (6 or s).183'184 

1.7 Evidence that NER can be Coupled to Transcription 

Early in the study of DNA repair defective cells from UV sensitive syndromes it was 

realized that human fibroblast cells isolated from Cockayne syndrome patients lack the 

ability to recover nascent RNA synthesis after UV-exposure, suggesting that CS cells have a 

defect in repairing expressed genes.185,186 In fact, CS cells are unable to transcribe mRNA 

from damaged templates and are significantly delayed or transcription-deficient even af-

87 18R 187 18Q 

ter extended periods of recovery time. ' ' 

It was found that CPD were repaired at a greater rate in the transcriptionally active 

template strand versus transcriptionally inactive or coding regions of genes.190"194 This 

was confirmed with the observation that UV lesions in matrix-associated DNA are prefer­

entially repaired, a phenomenon absent in CS cells.195 Additionally, this transcription-

dependent DNA repair requires on-going transcription but not translation,195 so meas­

urements of nascent mRNA synthesis will correlate with the capacity of this type of DNA 

repair.87'185, 187"189 Further linking repair to transcription, Tu et al. (1997) showed that 

strand preference for repair is detected in areas of genes where RNAPII is elongating.197 
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Importantly though, it was recognized that CS cells retain the ability to repair UV-

damage at the 'genome overall' rate (reviewed in Kantor et al. 1995198) and this was con­

sidered reflective of their retained ability to perform GG-NER. Indeed, transcription-

dependent repair, defective in CS cells but still intact in XP-C cells,195'199,200 is thus geneti­

cally separable from GG-NER. This heterogeneity of DNA repair, referring to the differ­

ences between NER capacity of XP and CS cells, justified the delineation of NER into two 

distinct sub-pathways, GG-NER and TC-NER (reviewed in Hanawalt 1991201). 

1.7.1 Mechanism of TC-NER 

Unlike GG-NER, TC-NER is poorly understood. It is thought that the processivity of 

RNAPII is required to locate lesions that block transcription elongation as a single UV- or 

cisplatin-induced DNA lesion can persistently stall transcription in the absence of TC-

NER202"206 (Figure 4B). Persistently stalled transcription results in an acute stress response 

potentially leading to apoptosis (reviewed in van den Boom et al. 2002207). It is thought 

that TC-NER allows for temporary displacement of the stalled RNAPII (or conformational 

changes allowing access to the lesion), repair of the lesion (by mechanisms common to 

GG-NER) and resumption of the transcription of the stalled transcript (reviewed in 

Fousteri and Mullenders 200883 and Hanawalt and Spivak 200885). When fluorescently-

tagged, CSB can be observed to intermittently interact with an elongating RNA poly­

merase complex but will associate more tightly when DNA damage is present.208 Cells de­

ficient in CSB do not ubiquitinate the large subunit of RNAPII in a normal fashion,209 an 

event that may be required for efficient TC-NER.210 CSB is known to associate with RNAPII 
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Figure 4B. Transcription-coupled Nucleotide Excision Repair. 

Simplified model of TC-NER. RNAPII translocates along the DNA (A). Transcription is ar­

rested when RNAPII encounters a lesion (B). CSB becomes tightly bound to the arrested 

RNAPII and recruits factors that are needed to accomplish transcription-coupled repair. 

TFIIH localizes to the arrested elongation complex with xeroderma pigmentosum (XP) 

complementation group G (XPG) and XPA along with XAB2 and RPA (C). The chromatin 

remodelling factors containing HMGN1 and p300 loosen the nucleosome structure behind 

the polymerase and RNAPII reverses direction, backtracking from the obstacle and de­

grading the nascent RNA product. TFIIH with associated XPG, XPA and RPA remain at the 

site of the obstacle. XPA and RPA bind the single-stranded DNA in the vicinity of the ob­

struction, providing lesion verification and strand specificity (D). Once RNAPII has back­

tracked, TFIIH extends the denatured region around the lesion to approximately 30 nu­

cleotides allowing DNA nicking by XPG and the XPF-ERRC1 complex. CSA, as a component 

of a cullin-containing ubiquitylation E3 ligase complex, might facilitate resumption of tran­

scription by removing or deactivating factors (E). Reproduced with permission. 
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both dynamically during transcription itself205,2n and in a DNA damage dependent man­

ner where the interaction becomes stabilized,208 while CSA does not interact with the 

transcription complex206 prior to DNA damage.212,213 CSB is thought to accomplish a tran­

scription-repair coupling role by restraining RNAPII while recruiting pre-incision TC-NER 

proteins and subsequently the core NER endonuclease complex.214 CSA is found in a ubiq-

uitin-ligase complex and although required for TC-NER, is not required for recruitment of 

NER incision factors.214 Based on a recent study, CSA appears to be required for chroma­

tin remodelling by recruiting XPA binding protein 2 (XAB2) and transcription factor IIS 

(TFIIS) as well as perhaps a role in signalling.214 Although phenotypically CS-A and -B cells 

and patients exhibit no difference in repair capacity and sensitivity to DNA damage, the 

CSA protein is not involved in assembling the core NER complex.83, 214 CSB is also sus­

pected to possess chromatin remodelling activity215 though it may instead be through its 

association and recruitment of histone acetyltransferase p300.214 

Like CSB, the XPG protein has also been shown to interact dynamically with RNAPII 

during normal transcription216 but also may play an important role in assembly of the TC-

NER repair complex downstream of CSB interactions with repair components.214 These 

interactions fit well with phenotypic observations that some XP-G patients, with a trun­

cated XPG protein, can exhibit CS-like characteristics without increased cancer risk.58 

XAB2 was identified as a binding protein of XPA in a yeast two hybrid screen217 and 

appeared to associate with CSA, CSB and RNAPII.217,218 XAB2 has since been shown to be 

an enigmatic component of several pathways, including pre-mRNA splicing, TC-NER and 

transcription itself.83,214,218,219 XAB2 deletion in mice results in embryonic lethality217 and 
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XAB2 is not known to be mutated in humans. When antiserum generated against XAB2 

was microinjected into cells, TC-NER function and not GG-NER function was severely im­

paired.217 XAB2 may associate with CSB and RNAPII and may also bind with XPA in a sta­

bilizing manner during DNA damage verification. Interestingly, its association with XPA is 

independent of XPA function in GG-NER since blocking XAB2 with antiserum does not in­

terfere with GG-NER capability. It has also been suggested that XAB2 plays an accessory 

role in transcription,218 an observation which may explain consequential embryonic lethal­

ity associated with loss of expression of XAB2. 

1.7.2 Detailed Characterization of CS proteins 

CSB is a key protein involved in TC-NER. It encodes a 1493 amino acid protein 

from chromosome 10 with seven sequential helicase domains and shares much homology 

with proteins involved in regulation of transcription, chromosome stability and DNA re­

pair.220 The CSB protein is encoded by 21 exons221 on chromosome 10 (qll-q21)222 form­

ing an mRNA transcript of approximately 4.7kb221 encoding a 1493 amino acid protein220 

that results in a 168kDa protein detectable by immunoblot analysis.223 A second tran­

script, of approximately 6.7kb encodes a differentially polyadenylated form that is 

thought to encode the same CSB protein as the 4.7kb transcript but containing approxi­

mately 2kb more 3' untranslated sequence.221 Structurally, the most striking aspect of the 

coding sequence is the presence of a long repeat region encompassing exons 7-15 that 

resembles a helicase domain.220,221 CSB was characterized as a member of the SNF2 fam­

ily of chromatin remodelling factors224 containing ATPase and helicase domains but no 
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helicase activity.225 In fact it is the ATPase domain that is important for functionality in 

TC-NER226 and when deleted, promotes UV-induced apoptosis, a hallmark of defective TC-

NER.227 CSB is responsible for chromatin remodelling by modulating the position of nu-

cleosomes in an ATP-dependent manner215 by physically wrapping and unwrapping 

DNA.228 Its interaction with transcription machinery is stabilized by UV-induced DNA 

damage.208 Additionally, RNAPII, stalled at a cisplatin lesion, acts as a nucleation site for 

repair factors and is able to proceed with transcription only in the presence of CSB.229 In 

fact CSB does this by recruitment of several key players involved in chromatin remodel­

ling, namely histone acetyltransferase p300, NER repair proteins (involved in lesion verifi­

cation) and CSA-DDB1 E3-ubiquitin ligase complex with the COP9 signalosome.214 A 

model emerged that described CSB as the main player in TC-NER, in a transcriptional regu­

latory role, not as a transcription factor, but in physically interacting directly with the RNA 

polymerase II (RNAPII) machinery in a UV-dependent manner.205'206'211'225'230 

CSA, also key to TC-NER was identified in a similar manner to CSB.231' 232 Subse­

quent to its cloning, CSA was found to bind CSB and a subunit of the TFIIH transcription 

factor, the first clear evidence that the CS proteins had some role in transcription regula­

tion.233 This concept became widely supported by work linking transcriptional defects to 

CS cells.177 '204 '209 '234 Fousteri et al. (2006) show elegantly that CSA is dispensable for re­

cruiting core NER factors but does associate with XAB2 and the TFIIS transcription compo­

nent (detailed below).214 

1.7.3 Role of TC-NER in the acute response to UV light and cisplatin 
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The precise manner by which stalled transcription is made known to repair ma­

chinery is unknown, however RNAPII remains a very sensitive detector of cisplatin and 

UV-lesions.235237 These transcriptional blocks occur by two different processes that have 

been recently shown for the first time by x-ray crystallography.238 In the presence of a 

CPD, the 5'-thymine of the lesion is brought into contact with the active site of RNAPII but 

due to the altered DNA base bond angles set up by the dimer (DNA kink), uracil mono­

phosphate (UMP) is mis-incorporated opposite the 5'-thymine, previously shown to be a 

very slow step and rate limiting.239 This results in a persistent stall as the mis-

incorporated UMP that does not form favourable bonds with any of the other dNTPs. 

Brueckner et al. (2009)238 argue that it is not the bulky CPD lesion but CPD-directed mis-

incorporation of UMP that causes stalling, as they show in an artificial template, RNAPII 

will bypass other monophosphates or 5'-dTTP:UMP replaced with 5'-dTTP:dATP.238, 239 

Therefore, it is hypothesized that stalled RNAPII blocks access to the lesion by shielding 

repair proteins from DNA lesions.239 This is supported by previous observations using 

foot-printing techniques that illustrate lesion-blocking characteristics of stalled RNAPII.230, 

240 

In partial contrast, cisplatin induces bulkier lesions as the Pt atom binds the N7 at­

oms of two adjacent guanines. Due to steric hindrance, the approaching RNAPII is physi­

cally impeded from receiving the lesion into its active site, thereby stalling transcrip­

tion.238 Nonetheless, both lesions are repaired with similar efficiency by TC-NER, demon­

strating the highly plastic nature of this repair process.241 
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Primary human cells cultured from CS and XP patients as well as UV-sensitive ro­

dent cells have been useful tools in deciphering the relative sub-pathway contributions to 

NER. Cells deficient in GG-NER are no more sensitive to UV- or cisplatin-induced apop-

tosis than wild type cells, while in contrast, TC-NER deficient cells are exquisitely sensitive 

to these agents.187,188'210,242~245 There is a strong inverse correlation between recovery of 

mRNA synthesis and apoptosis in cells treated with cisplatin.243 As observed following UV 

exposure, Andera and Wasylyk (1997) showed that TC-NER deficient fibroblasts were sen­

sitive to cisplatin, unlike the GG-NER deficient cells tested.246 This was confirmed by 

McKay et al. (2001) who also showed sensitivity of TC-NER deficient fibroblasts to cis­

platin-induced apoptosis was independent of p53.187 Similarly Furuta et al. (2002) and 

Bulmer et al. (2005) illustrated the same hypersensitivity of TC-NER deficient fibroblasts to 

cisplatin treatment, but their GG-NER deficient counterparts were unaffected.188'247 

Based on the acute apoptotic response of TC-NER deficient fibroblasts, TC-NER 

could be considered a relevant target in combined cisplatin therapy. Particularly CSB, 

whose interaction with RNAPII is thought to be the rate limiting step in TC-NER, could be 

an attractive candidate in tumour therapy. 

1.8 Programmed Cell Death as a Result of DNA Damage 

Apoptosis is orderly, programmed cell death, that occurs strategically during de­

velopmental processes of multi-cellular organisms as well as after cells are exposed to 

xenobiotics such as UV light or cisplatin (reviewed in Wyllie and Golstein 2001248). Cells 

undergoing apoptosis contract their membranes and nuclear envelopes (pyknosis) and 
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thus retract from their neighbours, bleb their membranes and disintegrate into contained 

vesicles known as apoptotic bodies.29, 249 These apoptotic bodies are consumed by 

phagocytes so the process does not leak cell contents, a process that can cause an in­

flammatory response associated instead with necrosis.249,25° During apoptosis, the cell's 

infrastructure fragments, while Golgi, endoplasmic reticulum and mitochondria disinte­

grate, followed by hydrolysis of DNA into internucleosomal fragments of approximates 

200 base pairs (karyorrhexis).29,251 

1.8.1 Initiation of Apoptosis 

Apoptosis is initiated through two main pathways, involving both extracellular sig­

nalling through death receptors (i.e. Fas) and their ligands (i.e. FasL) or internally, through 

activation of pro-apoptotic factors linked to mitochondria (i.e. BH3-only proteins) (re­

viewed in Zhivotovsky and Kroemer (2004)29). Both these pathways ultimately result in 

the activation of intracellular caspases, a group of cysteine proteases with aspartate-

directed cleavage activity, that coordinate apoptosis (reviewed in Earnshaw et al. 

1999252). The extrinsic pathway activates caspases directly, utilizing adapter proteins, 

while the intrinsic pathway involves mitochondrial membrane permeability (MMP). These 

two cascades are historically designated the intrinsic and extrinsic apoptosis pathways but 

there is significant crosstalk between them. For example, both can rely on mitochondrial 

membrane permeabilization (MMP) to generate the apoptotic end point. Interestingly, 

UV exposure prompts apoptotic responses through the extrinsic253,254 and also intrinsic 
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pathways ' depending on cell-type, the wavelength, dose and retention of function of 

JNK signalling cascades.257 

1.8.2 Intrinsic Apoptosis Pathway 

B-cell lymphoma-2 (BCL-2) protein is an anti-apoptotic protein that was found to 

rescue lymphoid cells from certain death after removal of necessary growth factors.258 

BCL-2 is the prototype of a family of proteins that have either pro- or anti-apoptotic prop­

erties that work together to regulate MMP. The three sub-families of BCL-2 proteins all 

contain loosely similar BCL-2 homology (BH) domains (BH1-BH4). The BH3-only sub-family 

are all pro-apoptotic and respond to different stress stimuli to promote the MMP process 

and release of cytochrome C from the mitochondria.249 The release of cytochrome C 

stimulates formation of a death promoting structure, the apoptosome, that is an assem­

bly of 7 molecules of apoptotic protease-activating factor-1 (APAF1) and the same num­

ber of caspase-9 homodimers.29 The assembled apoptosome activates caspases 3 and 7.29 

An ensuing cascade of caspase activation results in cleavage of hundreds of cellular sub­

strates, causing structural fragmentation of the cell (described above).29,249,259,260 

1.8.3 Extrinsic Apoptosis Pathway 

Cells may receive death signals from their neighbours or from immune cells via the 

tumour necrosis factor receptor family. For example, Fas ligand from an external source 

can bind Fas receptor on the target cell surface resulting in intracellular association of Fas 

with Fas associated protein with death domain (FADD). This association recruits inactive 
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monomeric caspase 8 and subsequently the formation of the oligomeric death-inducing 

signalling complex (DISC). Assembled DISC activates its component caspase 8 molecules, 

leading to a potent apoptotic caspase cascade (reviewed in Riedl and Shi 2004261). Cas­

pase 8 is considered the activator caspase and can initiate the MMP process or directly 

activate effector caspases 3 and 7, both potent activators of apoptosis (as described 

above).29'249'262 

1.8.4 DNA Damage Sensors 

The first responders to DNA damage are phosphoinositide 3-kinase-related kinases 

(PIKKs) acting primarily as sensors (reviewed in Roos and Kaina 2006263), that allow trans­

duction of the initial stress response. In earlier models, ataxia telangiectasia mutated pro­

tein (ATM) readily binds ionizing radiation-induced DSBs while the ATM and Rad3-related 

protein (ATR) senses single stranded DNA generated at stalled replication forks and bulky 

DNA cross links (reviewed in Zhivotovsky and Kroemer 200429). Additionally, DNA de­

pendent protein kinase (DNA-PK) is thought to be required for mediating NHEJ (reviewed 

in Durocher and Jackson 2001264). Interestingly, these PIKK family members all seem to 

require similar activation, through similar amino acid motifs, that result in similar signal­

ling cascades, which suggests an evolutionary conservation of structure and function. 

Specifically, conserved motifs on NBS1, ATRIP and Ku80 are required for ATM, ATR and 

DNA-PK sensory activity respectively, including activation, binding to damage and subse­

quent signalling.265 During initial characterization, ATM appeared important for the stress 

response following ionizing radiation while ATR seemed important for response to UV ex-
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posure. However recent work suggests significant sharing of roles with each responding 

to a broadly overlapping complement of DNA damage, with equivalent outcome: genera­

tion of a DNA damage signal.266 ATR-dependent phosphorylation of ATM can be detected 

independent of DSB, after UV treatment.266 ATM-dependent activation of ATR can be 

seen after ionizing radiation267 and ATR is regulated by ATM in response to DSB.268 In the 

presence of DSB both Ku70 and Ku80, components of the DNA-PK complex, regulate an 

ATM and ATR response, further linking all three members of the PIKK family269(as de­

scribed above). Additionally, a cooperative stress response was seen by Colton et al. 

(2006)270 where ATM is required for NER of cisplatin lesions. While cisplatin cross-links 

are ATR-sensed, ATR is not required for removal of cisplatin lesions.271 After autophos-

phorylation in the presence of DNA damage, ATM and ATR both activate cell cycle check­

points (through Chkl and Chk2 checkpoint kinases) and subsequent cell cycle arrest that 

may allow for either DNA repair or apoptosis (reviewed in Roos and Kaina 2006263). An 

additional substrate of ATM/ATR and of particular importance here is the activation of the 

p53 tumour suppressor that then exerts its effect on cell cycle regulation, DNA repair and 

apoptosis. Damage response described herein can be seen further simplified in Figure 5. 

1.8.5 Cancer Therapy by Induction of DNA Damage 

Cancer therapy often involves one or several of surgery, ionizing radiation (IR), 

conventional chemotherapeutics in sequential mono-therapy or in combinatorial cock­

tails, monoclonal antibodies or oncolytic viruses (as yet solely experimental). The choice 

of treatment regimen is governed by consideration of parameters such as the histopatho-
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Figure 5. DNA Damage Response. 

Summary of the main cellular responses after UV irradiation (further explained in text). 

DNA is the main target of UV irradiation forming CPDs and 6-4-PPs that block replication 

and transcription machineries. Activation of tumour suppressor proteins such as p53 can 

lead to cell death. UV light (mainly UVA and UVB) can directly activate membrane death 

receptors that may trigger apoptosis independently of DNA damage. Reproduced with 

permission. 
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logical stage, location and type of the malignancy and general health of the patient. 

Solid tumours are most successfully treated by surgery, where possible, often in combina­

tion with ionizing radiation and/or anti-neoplastic chemotherapy. Successful treatment of 

human cancer by chemotherapy and ionizing radiation depends predominantly on the 

concept that tumour cells succumb more readily than normal cells to the chosen treat­

ment since they are dividing rapidly. The most effective therapies both inhibit the growth 

and increase cell death of tumours and often do so by imparting a cytotoxic level of DNA 

damage or cell cycle perturbations in the more rapidly dividing cancerous tissue and rely 

on the greater rate of replication inherent to tumour cells that have deregulated growth 

control. Thus, regularly dividing normal tissue, such as haematopoietic, cardiac, hair folli­

cle and germ-line cells may also succumb. The accumulation of this therapeutic DNA 

damage is of real concern since it often leaves the patient reproductively sterile, tempo­

rarily immune suppressed, with cognitive deficits, at risk of future treatment-linked ma­

lignancies and often exhibiting a systemic acceleration of the ageing process.279"283 An 

additional drawback to any DNA damage-inducing treatment regimen is the potential for 

eventual recurrence of resistant disease through selective processes.276'284,285 Thus, a 

consideration of any chemotherapeutic regimen is the management of side effects while 

maximising efficacy, with the long-term goal of lowering rates of recurrence of disease. 

To combat recurrence patients receive the maximum tolerated dose of genotoxic drugs, 

often in the form of a combinatorial cocktail or in sequential monotherapy, possibly in 

concert with other interventions such as IR therapy and oncologic surgery, in a tissue-

specific manner.276,278 DNA repair capacity appears to affect tumour responses in some 
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clinical situations. For example, the high cure rate of early stage testicular cancer after 

cisplatin monotherapy is thought to be due to the low expression of certain DNA repair 

proteins within this tissue.285"287 Recently, cancer cell expression profiles have indicated 

that poor expression of certain DNA repair proteins may be both prognostic of positive 

outcome as well as indicate use of drugs whose mechanism is specifically linked to that 

repair pathway. For example, a deficit in homologous recombination due to breast cancer 

protein (BRCA) or Fanconi Anemia (FANC) family protein mutations increases the likeli­

hood of certain cancers but also sensitizes the subsequent tumours to ionizing radiation 

and multiple chemotherapeutics.288'289 Additionally, reduced ERCC1 expression combined 

with cisplatin in several solid tumour types can be linked to a favourable outcome com­

pared with normal expression.290"297 It is also recognized that a significant proportion of 

solid tumours exhibit some form of DNA repair defect.298 Taken together, these data sug­

gest that certain tumours, by nature of their individual DNA repair defect(s), may be sensi­

tive to specific forms of therapeutic DNA damage287'288'290'299"303 

1.9 Cisplatin Chemotherapy 

The bulky adducts induced by UV light are similar in size and in DNA repair re­

sponse they garner, to the inter- and intra-strand cross-links caused by cisplatin.304"306 If 

left unrepaired the bulky DNA adducts caused by both UV and cisplatin can result in tran­

scription blocks187,188,243'246 and replication stress307"309 that may lead to the formation of 

DSB, through replication fork collapse.42'263,310~312 DNA strand breaks can occur at the 
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replication fork, during mitosis and meiosis, as a normal step in immune cell development 

and as a result of DNA exposure to free-radicals.302 

Amongst all chemotherapeutic interventions, platinum-based anti-neoplastic 

drugs are by far the most ubiquitous for germ cell, gynaecologic and gastrointestinal tu­

mours.277, 313,314 Of these, cisplatin, discovered fortuitously as a potent inhibitor of bacte­

rial cell division,315 is the best studied and most frequently used clinically.316 Two unfor­

tunate drawbacks of clinical use of cisplatin are nephro- and neuro-toxicity and, as with all 

chemotherapeutic strategies, eventual resistance to the drug in previously sensitive tu­

mours.277, 313,317~319 These factors have driven the search for platinum compounds with 

similar anti-tumour properties but fewer toxicity-related side-effects. Two more recent 

clinically relevant platinum compounds are carboplatin, used predominantly in palliative 

instead of curative regimens,277, 320, 321 and oxaliplatin, which shows lower toxicity and 

better response in platinum resistant colorectal cancer treatment277,322, 323 (reviewed in 

Hartmann 2003317). Despite its long history of use, recent work suggests that the useful 

lifespan of cisplatin is being enhanced. Cisplatin treatment modalities, combination ther­

apy and patient dosing are constantly being refined suggesting that the extensive experi­

ence from decades of use is being distilled into new potential in the clinical setting.314 

1.9.1 DNA Repair and Cisplatin Response 

From early use of 'caustics' to treat visible tumour tissue to the latest modern 

chemotherapeutics, the major clinical concerns for patients undergoing cancer therapy 

have been both toxicity and the recurrence of resistant and often fatal disease.275,276,324, 
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325 Despite a patient's initial positive response to therapeutic platinum drugs, or even 

prolonged cancer-free status, advanced disease often follows that does not respond to 

initial or similar subsequent therapy.275,284,285 '319 Cells that escape therapeutic killing are 

often resistant to further rounds of the original therapy as well as being demonstrably 

more resistant to future therapeutic stress.275,285,326,327 The mechanisms by which small 

numbers of tumour cells evade cell death resultant of the original treatment are complex 

and thus far not fully understood. However, there is evidence that cisplatin treatment 

selects for: enhanced detoxification of the drug,277,284,319, 326, 328 avoidance of apoptosis 

through loss or mutation of this multi-step mechanism277,285,329~334 and abnormalities in 

DNA repair.130,188,277,284,293,294, 313,318, 326, 328,335"347 Conversely, there is significant evi-

dence to suggest that certain nucleotide excision repair (NER) defects sensitize cells to 

cisplatin.187,188, 247 ,277 ,288 ,299 ,301 ,302 , 311, 348"350 It is therefore not surprising that amongst 

the many strategies to increase the efficacy of cisplatin, selectively manipulating DNA re­

pair or devising tumour sensitivity profiling techniques could represent improved out-

come for countless patients.223,288,289,30°-303,349"355 

1.9.2 Prognostic Implications of NER capacity: Cisplatin Response and NER protein ex­

pression 

In addition to repairing bulky DNA adducts, UV lesions and cross-links, NER is im­

plicated in generation of resistance to cisplatin treatment284,285,296,297,319,328,337,344,356"359 

while the absence, impairment or lowered expression of NER factors may play a role in 

cisplatin sensitivity.285,290,294,296,297,319,344,348,354,357,358 

34 



Early in the characterization of DDB2, a correlation between in vitro resistance of 

tumour cells to cisplatin and increased expression of DDB2, absent in XPE cell lines, was 

reported.130 DDB2 recognizes and binds cisplatin lesions360 and is necessary for their re-

moval from the genome, ' ' observations that accompanied the first suggestion that 

heightened NER could contribute to tumour cell resistance.132 Further exhibiting the im­

portance of GG-NER in recognizing cisplatin lesions, the completely NER deficient XPA cell 

line was found to remove one fifth of cisplatin lesions compared to normal fibroblasts.336 

This was followed shortly by recognition that the XPA protein binds and recognizes cis­

platin lesions as part of the lesion verification step of NER.157 Examining proteins involved 

in both sub-pathways (lesion verification step and onwards in NER), it is clear there are 

links between over-expression and cisplatin resistance. For example, increased expres­

sion of XPA and ERCC1 is linked to cisplatin resistance in ovarian tumour cells,361 while in­

creased expression of XPF-ERCC1 is also thought to be a determinant of cisplatin resis­

tance in vitro.344 This relationship is also seen for both XPA and XPD where increased lev­

els of transcript measured from biopsies can predict cisplatin resistance in non-small cell 

lung cancer.359 

Patients with XP are deficient in NER of UV-induced DNA lesions and are at a 

greatly increased risk of skin cancer and other malignancies. As such, XP-E patients have 

an increased risk of UV-induced tumour development.59,143' 362 XPE patients, the most 

numerous XP group, are considered GG-NER impaired but exhibit the mildest form of XP, 

due to retention of repair of 6-4-PP while remaining deficient in repair of CPD.145'363~365 
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In the context of tumour cells, GG-NER likely repairs cisplatin lesions, so is a de­

terminant of cisplatin resistance,366 while efficient TC-NER would seem to predict resis­

tance to or effective recovery from potentially apoptotic blockages in transcription.187,188' 

367 The corollary, that NER deficient tumour cells are sensitive to cisplatin, has also been 

suggested where NER capacity is indicative of outcome, specifically where positive out­

come is correlated with reduced NER capacity.296,349,366,368 

Conversely, low expression of NER factors XPA, ERCC1 and XPF in the typically cis­

platin responsive testicular cancer is indicative of the prognostic potential of determining 

NER capacity in tumour cells.286, 287 Under-expression of ERCC1 is thought to predict 

chemosensitivity and positive outcome in several human tumour types.287,291, 293,294,296, 

311,369 Similarly, certain XPG polymorphisms predict better outcome after cisplatin treat­

ment.358 However, the role of CSB in therapeutic outcome has not been investigated to 

date. 

1.9.3 Targeting NER as a Therapeutic Strategy 

TC-NER is known to protect primary human fibroblasts from cisplatin-induced 

apoptosis. There is clinical data supporting a role for TC-NER proteins, including XPA, 

ERCC1 and XPF, in therapeutic response.286,287 '291,292,294,297,361,366,37° Based on this, we 

suggest that impaired TC-NER may sensitize tumour cells to cisplatin. As CSB is similarly 

crucial to functional TC-NER, it represents a potential novel target in combined cisplatin 

therapy. As these proteins are all required for TC-NER, it is possible that TC-NER deficient 

tumours may respond well to cisplatin treatment. If so, impairing TC-NER by targeting re-
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pair proteins would provide the basis for a clinical strategy. As a key protein in GG-NER, it 

has been suggested that DDB2 is required for appropriate regulation of p53-meditated 

apoptosis.371 This is the only GG-NER protein that may represent a therapeutic target in 

tumour cells. If this relationship can be confirmed, it is possible that over-expression of 

DDB2 could sensitize tumour cells to apoptosis. 

1.10 Hypothesis 

TC-NER is required for tumour cells to recover from UV- and cisplatin-induced DNA 

damage. 

1.11 Specific Aims 

i) Determine the role of DDB2 in the sensitivity to UV-induced apoptosis 

ii) Determine the importance of CSB, XAB2 and XPA to recovery from UV- and cisplatin-

induced DNA damage in several human tumour cell lines 

iii) Establish a xenograft tumour model of impaired TC-NER in vivo 
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2.0 The Anti-apoptotic Role for p53 Following Exposure to Ultraviolet 
Light does not Involve DDB2. 

The following chapter has been published as a manuscript in the journal Mutation 

Research/Fundamental and Molecular Mechanisms of Mutagenesis. 

All experiments were designed and performed by the first author, except where 

the co-authors assisted as follows: Jennifer Smith assisted with the caspase 3 assays, 

preparation of the adenoviruses, in experimental design and editing the manuscript. Jef­

frey Hamill provided assistance in performing cell counting experiments, flow cytometry 

and western immunoblot analyses. Tanya Arcand provided assistance in performing the 

caspase 8 and caspase 9 experiments. Assistance with experimental design, data analysis 

and manuscript preparation was provided by the senior author, Bruce McKay. 
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Abstract 

The p53 tumour suppressor is a transcription factor that can either activate or re­
press the expression of specific genes in response to cellular stresses such as exposure to 
ultraviolet light. The p53 protein can exert both pro- and anti-apoptotic effects depend­
ing on cellular context. In primary human fibroblasts, p53 protects cells from UV-induced 
apoptosis at moderate doses but this is greatly affected by the nucleotide excision repair 
(NER) capacity of the cells. The damage-specific DNA binding protein 2 (DDB2) is involved 
in NER and is associated with Xeroderma pigmentosum subgroup E (XP-E). Importantly, 
DDB2 is also positively regulated by the p53 protein. To study the potential interplay be­
tween DDB2 and p53 in determining the apoptotic response of primary fibroblasts ex­
posed to UV light, the expression of these proteins was manipulated in primary normal 
and XP-E fibroblast strains using human papillomavirus E6 protein (HPV-E6), RNA interfer­
ence and recombinant adenoviruses expressing either p53 or DDB2. Normal and XP-E fi­
broblast strains were equally sensitive to UV-induced apoptosis over a broad range of 
doses and disruption of p53 in these strains using HPV-E6 or RNA interference led to a 
similar increase in apoptosis following exposure to UV light. In contrast, forced expression 
of p53 or DDB2 did not affect UV-induced apoptosis greatly in these normal or XP-E fibro­
blast strains. Collectively, these results indicate that p53 is primarily protective against 
UV-induced apoptosis in primary human fibroblasts and this activity of p53 does not re­
quire DDB2. 
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Introduction 

Ultraviolet light (UV light) induces DNA damage that poses a block to the progres­

sion of both DNA and RNA polymerases.185,372 These DNA lesions are repaired by two re­

lated but genetically separable subpathways of nucleotide excision repair (NER) termed 

transcription-coupled repair (TCNER) and global genomic repair (GGNER). TCNER is re­

quired for the selective removal of transcription-blocking UV lesions from the template 

strand of active genes.373 In contrast, GGNER is responsible for the removal of UV lesions 

from the bulk of the genome and does not require ongoing transcription.373 Through the 

concerted action of these repair processes, cells are able to survive genotoxic challenges 

and restore the integrity of genomic DNA. 

The p53 transcription factor is activated by diverse cellular stresses.374,375 In re­

sponse to UV light, p53 is activated and accumulates in the nuclei of cells where it either 

increases or decreases the expression of target genes, including DNA repair genes like 

DDB2.374"376 Also prominent among p53 targets, are genes encoding proteins involved in 

inducing apoptosis through the intrinsic mitochondrial cell death pathway.377"380 Apopto-

sis plays a critical role in suppressing carcinogenesis in sun exposed skin so the tumour 

suppressive activity of p53 is in part dependent on the regulation of apoptosis. 381, 382 

TCNER-deficient fibroblasts accumulate p53 and undergo apoptosis in response to lower 

doses of UV light compared to repair proficient controls so there is a very tight correlation 

between the induction of p53 and UV-induced apoptosis in primary human fibroblasts.242, 

383-387 | n j t j a | | v t n j s |ecj t o t n e assumption that UV-induced apoptosis was p53-mediated in 

primary human fibroblasts.242,383,386,387 However, this view has been challenged because 
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inhibition of p53 activity in primary human fibroblasts did not protect these cells from UV-

induced apoptosis.187,388 In fact, loss of p53 in TCNER-proficient strains increased their 

sensitivity to moderate doses of UV light.187,367,389 Therefore, p53 has both pro-apoptotic 

and anti-apoptotic activities depending in large part on the DNA repair capacity of the 

cells.390'391 

Xeroderma pigmentosum is a UV-sensitive syndrome associated with defects in 

the repair of UV-induced DNA lesions along with a concomitant increase in risk of sun­

light-induced skin cancers.129 There are eight known XP complementation groups: XP-A 

through XP-G and the variant form XP-V. Each is caused by mutations in a single pro­

tein.129 Mutations in the damage-specific DNA binding protein 2 (DDB2) are associated 

with XP-E.362,392 DDB2 is not required in vitro for NER183 but is required in vivo for GGNER 

of cyclobutane pyrimidine dimers (CPD).376 DDB2 is associated with a large cullin 4A 

(Cul4A)-dependent ubiquitin ligase E3 complex (DDBl-Cul4A-DDB2).213 DDBl-Cul4A-DDB2 

activity appears to be required for the recruitment of other NER proteins to bind UV le­

sions.147, 152,393395 There is also considerable evidence suggesting that DDB2 loss could 

impact various DNA damage responses, largely independent of its role in GG-NER. For ex­

ample, DDB2 is a transcriptional coactivator of E2F1396 '397 and DDB2 binds the histone 

acetyltransferase p300/CBP.398 Furthermore, it has been reported that XP-E fibroblasts 

express very little p53 and that this results in decreased susceptibility to UV-induced 

apoptosis.371 

Here, p53 and DDB2 levels were manipulated in normal and XP-E fibroblasts using 

HPV-E6 expression, siRNA targeting p53 and recombinant adenoviruses expressing either 
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p53 or DDB2. We found that DDB2 expression had no effect on the sensitivity of primary 

fibroblasts to UV-induced apoptosis. Similarly, forced expression of p53 had very little 

effect on the sensitivity of these cells to UV-induced apoptosis. Conversely, disruption of 

p53 in normal and XP-E fibroblasts led to similar increases in the sensitivity of these 

strains to UV-induced apoptosis, suggesting that p53 protects fibroblasts from cell death 

in a DDB2-independent manner. Taken together, we found no evidence to support a role 

for DDB2 in regulating p53 function in these cells. 
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Materials and Methods 

Cell Culture and UV-irradiation 

Normal neonatal foreskin fibroblasts (NF) were obtained from Dr. Mats Ljungman 

(University of Michigan). Normal (GM00038 and AG1522) and XP-E (GM01389 and 

GM02415) fibroblasts were obtained from Coriell Repositories (Camden, NJ). GM01389 

carry a missense mutation (L350P) in one allele and a 3 bp in frame deletion (N349Del) in 

the second allele of DDB2.392 GM02415 (XP2RO) is homozygous for a missense mutation 

(R273H).392 Normal and XP-E fibroblasts expressing HPV-E6 were described previously.187, 

399 Cells were maintained in DMEM supplemented with either 10 or 15% fetal bovine se­

rum (Wisent, St. Bruno, QC), as recommended by Coriell Repositories. Medium was sup­

plemented with gentamicin (5 |ig/ml, Sigma-Aldrich Canada Ltd, Oakville, ON). 

To UV irradiate cells, medium was removed and cells were exposed to UV light at a 

dose rate of 1 J/m2/s, at room temperature using a germicidal bulb (Philips) emitting UV 

predominantly at 254 nm. A hand held UV-radiometer was used to estimate fluence prior 

to each experiment (UVX Radiometer, UVP Inc, Uplands, CA). Following UV exposure, 

fresh pre-warmed medium was replaced and cells were returned to the incubator for the 

indicated period of time. 

Adenovirus infections 

Virus was propagated and titer was determined using standard methods.400 Cells 

were seeded in 10 cm tissue culture dishes in order to obtain cultures approximately 70% 
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confluent at the time of infection. Cells from one plate were collected with trypsin and 

the number of cells was determined using a cell counter (Vi-Cell XR, Beckman Coulter). 

Unless otherwise stated, infections were performed at a multiplicity of infection of 25 

plaque-forming units (pfu) per cell. To infect cells, DMEM was removed and replaced with 

1 mL of serum free DMEM with the required amount of virus. Virus was allowed to ad­

sorb for 1 hr at 37°C in the virus suspension, while dishes were rocked every 15 min to 

ensure even distribution of virus. Fresh pre-warmed medium was added and cells were 

returned to the incubator. To prevent cells from reaching confluence, infected cells were 

split 1:2 six hours following infection and again returned to the incubator for the indicated 

time. 

The adenovirus expressing DDB2 was generated by standard methods using the 

AdMax vector system (Microbix, Toronto, ON). The coding region of the DDB2 cDNA was 

subcloned from pBJ5 (kind gift from Dr. Gilbert Chu) into the pDC316 adenoviral shuttle 

vector. The pDC316-DDB2 plasmid was co-transfected into 293 cells along with pBHGCre-

loxdeltal,3 along with a Cre recombinase expressing plasmid. The resulting virus 

(AdDDB2) was plaque purified, expanded and the integrity of the DDB2 cDNA was con­

firmed by DNA sequencing. Infection of primary fibroblasts with AdDDB2 led to the over-

expression of DDB2 protein (Supplementary Figure 1). 
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Apoptosis 

Three conceptually different methods were used to assess apoptosis. First, 

changes in forward light scatter, side light scatter and membrane integrity of unfixed cells 

were used to discriminate early stages of apoptosis from late apoptosis and secondary 

necrosis using flow cytometry.401"403 Briefly, control and UV-irradiated cells were collected 

at various times following UV treatment, rinsed in PBS and then were resuspended in PBS 

containing propidium iodide (PI, 18 u.g/ml, Sigma-Aldrich Canada Ltd, Oakville, ON). The 

early apoptotic cells were identified as the population with low forward light scatter, high 

side light scatter and low red fluorescence,401"403 using a BD LSRII Flow cytometer (Becton 

Dickenson, Mississauga, ON). Data was analyzed using FCS Express 3.0 (De Novo Soft­

ware, Los Angeles, CA). 

Second, internucleosomal DNA fragmentation that occurs during apoptosis was 

detected as an increase in the proportion of ethanol fixed cells with sub-diploid DNA con­

tent. Briefly, control and UV-irradiated cells were collected 72 hours following UV treat­

ment, washed twice with PBS, fixed with 70% ethanol and stored at -20°C for a minimum 

of 30 minutes. The fixed cells were rinsed twice in PBS and then incubated in phosphate 

buffered saline (PBS, Hyclone) with RNase A (40 u.g/ml, Sigma-Aldrich Canada Ltd, Oak­

ville, ON) and PI for a minimum of 30 minutes. The proportion of sub-diploid cells was 

identified using a BD LSRII flow cytometer (Becton Dickenson, Mississauga, ON). Data was 

analyzed using FCS Express 3.0 (De Novo Software, Los Angeles, CA). 



Third, fluorometric immunosorbent enzyme assays for caspase 3 (Roche Canada, 

Mississauga, ON), 8 and 9 (Clontech, BD Biosciences, Mississauga, ON) activity were per­

formed according to the supplier's instructions using cell lysates collected at various times 

between 0 and 48 hours following UV treatment. Cells were counted at the time of col­

lection using a ViCell XR automated cell counter (Beckman Coulter, Mississauga, ON) and 

caspase activity is expressed as units of activity per 106 cells. 

Cell viability 

Viable cell number was assessed by trypan blue dye exclusion. Adherent cells 

were collected at the indicated times, rinsed and resuspended in PBS. Viable cell number 

was determined using a ViCell XR automated cell counter (Beckman Coulter) and is ex­

pressed relative to the number of viable cells at the time of irradiation. 

Western Blotting 

Whole cell lysates were collected with either 1% SDS or RIPA buffer. Samples were 

sonicated for 10s using a microtip (Branson Sonifier, VWR International Ltd., Mississauga, 

ON) and protein concentrations determined using the BioRad Protein Assay (BioRad, Mis­

sissauga, ON). Proteins (20 u.g per lane) in LDS NuPAGE sample buffer were separated us­

ing 10 or 12% Bis-Tris NuPAGE pre-cast gel (Invitrogen, Burlington, ON). Proteins were 

then transferred to Hybond-C Extra nitrocellulose membranes (Amersham, Baie d'Urfe, 

QC), stained with Ponceau S Red (5 mg/ml Ponceau S Red, 2% glacial acetic acid) and 
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blocked for a minimum of 1 hr at room temperature in PBSMT-A (PBS, 5% nonfat dry milk 

powder, 0.05% Tween 20). Membranes were incubated with primary antibody directed 

against p53 (Ab-6, 1:250, Calbiochem, Cambridge, MA), p21W A F 1 (Ab-1, 1:250, Calbio-

chem), DDB2 (AF3297, 1:1000, R&D Systems, Minneapolis, MN) or B-actin (clone AC-74, 

1:15000, Sigma-Aldrich Canada Ltd, Oakville, ON) for 1.5 hr at room temperature in 

PBSMT-B (PBS, 0.5% nonfat dry milk powder, 0.05% Tween 20). SuperSignal West Pico 

Chemiluminescent Substrate (Pierce, Rockford, IL) in combination with either Kodak film 

(Rochester, NY) or a gel documentation system (Gene Gnome, Synoptics, Bristol, UK) was 

used to detect bands. Multiple proteins were detected using the same blots using Re­

store Western Blot Stripping Buffer (Pierce, Rockford, IL). 

RNA interference 

Transfection of siRNAs was performed as previously described 3 " . Briefly, cells 

were maintained in antibiotic-free media at least 48 hours prior to transfection. Cells at 

50-80% confluence in 10 cm culture dishes were transfected with SmartPool siRNA dup­

lexes targeting p53 or control duplex (Dharmacon Inc., Lafayette, CO) at 50 nM final con­

centration using Oligofectamine Reagent and Opti-MEM I (Invitrogen, Burlington, ON) ac­

cording to manufacturer's instructions. Cells were split 1:2, 24 hours following transfec­

tion and treated with the indicated doses of UV light 72 hours following transfection. 
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Results 

UV induced apoptosis in normal and XP-E fibroblasts 

Normal and XP-E fibroblasts were exposed to 10 J/m2 of UV light and cell lysates 

were collected for immunoblot analysis. The p53 protein levels were low in untreated 

cells and p53 was induced in both fibroblast strains following exposure to UV light (Figure 

1A). The proportion of cells undergoing apoptosis was assessed using three independent 

indicators of apoptosis. Apoptosis was not significantly increased in any normal fibroblast 

strain in response to 10 J/m2 of UV light (Figure 1B-D). Despite heterogeneity in the pro­

portion of normal fibroblasts undergoing apoptosis following exposure to high doses, 30 

J/m2 of UV light induced apoptosis in all three normal fibroblast strains (Figure 1B-D). 

Both XP-E fibroblast strains were similarly insensitive to the induction of apoptosis follow­

ing exposure to 10 J/m2 of UV light but apoptosis was again detectable in response to 30 

J/m2 (Figure 1B-D). Similar results were obtained when viability was assessed by trypan 

blue dye exclusion (Figure IE). These results support a model in which GGNER capacity 

does not impact the sensitivity of primary fibroblasts to UV-induced apoptosis.187,242'383' 

386 

Disruption ofp53 leads to increased sensitivity of XP-E fibroblasts to UV-induced apoptosis 

HPV-E6 was used to target p53 for proteasome-mediated degradation in XP-E fi­

broblasts. The expression of p53 was induced following UV-irradiation in normal and XP-E 

fibroblasts and HPV-E6 expression prevented the UV-induced accumulation of p53 in 

normal and HPV-E6 (Figure 2A). Targeting p53 in this way led to a significant increase in 
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Figure 1. Ultraviolet Light-induced Apoptosis in Normal and XP- E Fibroblasts. 

(A) Normal and XP-E fibroblasts were exposed to 10 J/m2 of UV light and cell lysates were 

collected for immunoblot analysis. (B-E) Normal (NF, GM00038 and AG1522) and XP-E 

fibroblasts (GM01389 and GM02415) were exposed to the indicated dose of UV light and 

cell death was assessed 72 hours later by subdiploid DNA content (B) and Pl-negative ear­

ly apoptosis (C). Similarly, caspase 3 activity was assessed 48 hours following exposure to 

the indicated dose of UV light (D). Viable cell number was determined by trypan blue ex­

clusion up to 3 days following exposure to 10 Jm~2 of UV light (E). Each value in B, C, D and 

E represents the mean (+ SEM) determined from a minimum of 3 independent experi­

ments. Significant differences (* P < 0.05, ** P < 0.001 in E) were determined using stu­

dent t-tests. 
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Figure 2. The Effect of HPV-E6 on UV-induced Apoptosis in Normal and XP-E Fibroblasts. 

(A) Cell lysates were collected from primary human fibroblasts and derivative HPV-E6 ex­

pressing sublines 24 hours following exposure of cells to either 10 or 30 Jm"2 of UV light, 

as indicated. (B) Normal (GM00038) and XP-E (GM01389) and their respective HPV-E6 

expressing sublines were exposed to the indicated dose of UV light and 72 hours later cell 

death was measured by assessing subdiploid DNA content (B) and Pl-negative early apop­

tosis (D). (C) Other normal (NF) and XP-E (GM2415) fibroblasts and their respective HPV-

E6 expressing sublines were exposed to 0 or 10 Jm"2 of UV light and apoptosis was meas­

ured 72 hours later by assessing subdiploid DNA content. (E) Trypan blue exclusion was 

determined up to 3 days following exposure to 10 Jm"2 of UV light. Each value in B to E 

represents the mean (± SEM) determined from a minimum of 3 independent experiments. 

Significant differences (* P < 0.05, * * p < 0.001) between the indicated value and its re­

spective control collected at the same time was determined using a student t-test. 

51 



GM00038 GM00038E6 
0 10 30__0__1i)_.3.0.. 

p53 P53l 

actinh 

GM01389 GM01389E6 
0 10 3Q_...Q...10..30. 

D. 

Q. 
O 
a. 
> 

10 20 30 
UV light (J/m2) UV light (J/m2) 

GM00038 
—A—Con 
—£r- E6 

* y 

GM01389 
A Con 

-£r-B6 

* 
* -A 

9 " t * i 
0 10 20 30 0 10 20 30 

UV light (J/m2) UV light (J/m2) 

50 

£ 
U 25" 

3 

0 
UV 

** 
{ 

** 
I 

nfl II i\i\ I 
- + - + - ~ - + _£§. 

NF GM02415 

Time (days) Time (days) 



the sensitivity of normal and XP-E fibroblast strains to UV-induced apoptosis (Figure 2B-

D). Furthermore, UV light led to a more substantial decrease in viable cell number in both 

HPV-E6 expressing strains compared to their respective controls (Figure 2E). Therefore, 

these results suggest that XP-E fibroblasts retain anti-apoptotic p53 activity. 

Small inhibitory RNAs (siRNA) were used to target p53 as an alternative means of 

inactivating p53. Transient transfection of these siRNAs significantly decreased p53 pro­

tein levels before and after UV treatment (Figures 3A and B). Consistent with the results 

obtained in HPV-E6 expressing strains, transient knockdown of p53 increased the sensitiv­

ity of normal and XP-E fibroblast strains to UV-induced apoptosis (Figure 3C and D). Taken 

together, the expression of wildtype p53 protected primary human fibroblasts against UV-

induced apoptosis, in a DDB2-independent manner. 

Caspases 3 and 9 are activated in a p53- and DDB2-independent manner following UV ex­

posure 

Caspases are highly specific cysteine proteases involved in the execution of apop­

tosis.3, 404 The activity of caspases 3, 8 and 9 was assessed at various times following ex­

posure to several doses of UV light because the activity of these caspases is frequently 

used to discriminate between the intrinsic (caspase 3- and 9-dependent) and extrinsic 

(caspase 3- and 8-dependent) apoptotic pathways 3'404. The activity of caspase 3 and cas­

pase 9 increased in a dose-dependent manner between 24 and 48 hours following UV ex­

posure and this increase correlated with the induction of apoptosis in these primary hu­

man fibroblasts 
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Figure 3. The effect of targeting p53 by RNA interference on UV-induced apoptosis in 

normal and XP-E fibroblasts. 

Normal (GM00038 in A) and XP-E (GM01389 in B) fibroblasts were transfected with con­

trol non-targeting (NT) or anti-p53 siRNAs. At 0, 6 or 24 hours following exposure to 10 

J/m2 of UV light, cell lysates were subjected to immunoblot analysis. Similarly, normal 

and XP-E fibroblasts were transfected with siRNAs described in A and B and apoptosis was 

measured by assessing subdiploid DNA content (C) and PI negative early apoptosis (D). 

Each value in (C) and (D) represents the mean (± SEM) determined from a minimum of 3 

independent experiments. Significant differences (* P < 0.05, * * P < 0.001) between the 

indicated value and its respective control exposed to the same dose of UV light was de­

termined using a student t-test. 
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Figure 4. Ultraviolet light-induced apoptosis is associated with increased activity of cas-

pases 3 and 9 but not caspase 8. 

(A) GM00038, GM01389 and their respective HPV-E6 expressing sublines were exposed to 

the indicated dose of UV light and the activity of caspases 8 and 9 was determined 48 

hours later. (B) The indicated fibroblast strains and their respective HPV-E6 expressing 

sublines were exposed to 20 J/m2 of UV light and the activity of caspases 3, 8 and 9 was 

determined at the indicated time following UV exposure. Each value represents the mean 

(± SEM) determined from a minimum of 3 independent experiments. Significant differ­

ences (* P < 0.05, * * p < 0.001) between the indicated value and its respective control ex­

posed to the same dose of UV light were determined with a student t-test. 
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(Figures 1 and 4A and B). Importantly, the activity of caspase 9 was greater in both HPV-

E6 expressing sub-lines compared to isogenic controls (Figure 4A and B). In contrast, cas­

pase 8 activity was very low in all fibroblast strains and changes in caspase 8 activity fol­

lowing UV exposure did not correlate with apoptosis (Figure 4A and see Supplementary 

Figure 2). Therefore, UV-induced apoptosis was associated with increased activity of cas-

pases 3 and 9 but not caspase 8, suggesting that cell death was mediated through the in­

trinsic mitochondrial cell death pathway. 

The effect of DDB2 and p53 overexpression on UV-induced apoptosis 

Primary human fibroblasts carrying mutations in DDB2 exhibited a normal dose-

response for the induction of apoptosis following UV exposure (recall Figure 1). To de­

termine whether overexpression of DDB2 altered the sensitivity of primary fibroblasts to 

UV-induced apoptosis, AdDDB2 was used to express DDB2 in normal and XP-E fibroblasts. 

Infection of normal and XP-E cells with AdDDB2 24 hours prior to UV-irradiation yielded 

readily detectable DDB2 protein that peaked 24 hours following infection (Figure 5A and 

B). Exogenously expressed DDB2 was detectable in both fibroblast strains for several days 

(Figure 5A and B Supplementary Figure 1). Consistent with the fact that XP-E fibroblasts 

exhibited a normal UV dose-response relationship, overexpression of DDB2 did not signifi­

cantly alter the sensitivity of normal or XP-E fibroblasts to UV-induced apoptosis meas­

ured through two independent methods (Figure 5C and D). Our results indicate that nei­

ther DDB2 mutations nor over-expression of DDB2 altered the sensitivity of fibroblasts to 

apoptosis following UV exposure. 
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Supplementary figure 1. Expression of p53 and DDB2 from recombinant adenoviruses. 

(A) Normal (GM00038) and XP-E (GM01389) fibroblasts were infected with adenoviruses 

expressing lacZ, DDB2 or p53 at a MOI of 25, 24 hours prior to UV exposure, as indicated. 

Immunoblot analysis indicates that expression of p53 and DDB2 is maintained for at least 

3 days following exposure to 10 J/m2 of UV light. (B) The normal and XP-E fibroblast 

strains were infected with AdDDB2, 24 hours prior to cell treatment. DDB2 levels were 

reduced approximately 4 fold within 3 hours following UV exposure when translation was 

blocked with simultaneous cycloheximide. UV-induced degradation of DDB2 is required 

for GG-NER so the UV-induced decrease in DDB2 protein is indicative of functional DDB2 

protein. 
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Figure 5. Forced expression of DDB2 did not alter the sensitivity of normal or XP- E fi­

broblasts to UV-induced apoptosis. 

Normal (GM00038) and XP-E (GM01389) fibroblasts were infected with the adenoviruses 

expressing either lacZ or DDB2, 24 hours prior to UV exposure. Cell lysates were collected 

for immunoblot analysis from normal (A) and XP-E (B) fibroblasts at 0, 24 and 48 hours 

following exposure to 0 or 10 Jrrf2 of UV light. Similarly, subdiploid DNA content (C) and 

by Pl-negative early apoptosis (D) were assessed 72 hours following exposure to the indi­

cated dose of UV light. Each value in C and D represents the mean (± SEM) determined 

from a minimum of 3 independent experiments. 
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Supplementary figure 2. Ultraviolet light-induced apoptosis does not correlate with in­

creased activity of caspase 8. 

Caspase 8 activity data presented in Figure 4B is plotted over a narrower range to high­

light small changes in activity following UV exposure. (A) GM00038, GM01389 and their 

respective HPV-E6 expressing sublines were exposed to the indicated dose of UV light and 

the activity of caspase 8 was determined 48 hours later. (B) The indicated fibroblasts 

strains and their respective HPV-E6 expressing sublines were exposed to 20 Jm"2 of UV 

light and the activity of caspase 8 was determined at the indicated time following UV ex­

posure. Changes in caspase activity did not correlate with the dose-dependent differences 

in UV-induced apoptosis. Each value represents the mean (± SEM) determined from a 

minimum of 3 independent experiments. Significant differences (* P < 0.05) between the 

indicated value and its respective control exposed to the same dose of UV light were de­

termined with a student t-test. 
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In many model systems, p53 contributes strongly to DNA damage-induced apoptosis and 

the overexpression of p53 can be sufficient to induce apoptosis in many cell types.378,379, 

391,405 | n p r j m a r y human fibroblasts, p53 appears to be primarily protective against UV-

induced apoptosis because disruption of p53 by mutation,367, 389 HPV-E6187 and present 

study, pharmacological inhibitors of p53388 or siRNA (present study) increased the sensi­

tivity of primary fibroblasts to UV-induced apoptosis. To complement these loss of func­

tion experiments, a recombinant adenovirus expressing wildtype p53 (Adp53) was used to 

determine if forced expression of p53 could drive p53-dependent apoptosis alone or in 

combination with UV light in these cells. Adp53 infection of normal and XP-E fibroblasts 

led to a large increase in p53 levels that were further increased following UV exposure 

(Figure 6A). Surprisingly, Adp53 did not induce significant apoptosis alone. Adp53 did not 

protect fibroblasts from UV-induced apoptosis but appeared to stimulate cell death mar­

ginally (Figure 6B and C). This only approached statistical significance in XP-E fibroblasts 

following exposure to 30 J/m2 of UV light. Unlike the disruption of p53, the overexpres­

sion of p53 had very little effect on the sensitivity of primary human fibroblasts to UV-

induced apoptosis. We interpret these results to indicate that primary human fibroblasts 

are relatively insensitive to p53-mediated apoptosis. 
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Figure 6. The effect of p53 overexpression on UV-induced apoptosis in primary human 

fibroblasts. 

Normal (GM00038) and XP-E (GM01389) fibroblasts were infected with control or p53 ex­

pressing adenoviruses 24 hours prior to mock- or UV-irradiation. (A) Cell lysates were col­

lected for p53 immunoblot analysis at the indicated times following exposure to either 0 

or 10 Jm"2 of UV light. Subdiploid DNA content (B) and PI negative early apoptosis (C) 

were measured in normal and XP-E fibroblasts exposed to the indicated dose of UV light 

infected with the indicated adenovirus. Each value in (B) and (C) represents the mean (+ 

SEM) determined from a minimum of 4 independent experiments. Significant differences 

(* P < 0.05) between the indicated value and its respective control exposed to the same 

dose of UV light was determined using a student t-test. 
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Discussion 

The relationship between nucleotide excision repair and UV-induced apoptosis 

The relationship between DNA repair capacity and apoptosis has important impli­

cations for DNA damage responses. We, and others, have reported that TCNER-deficient 

XP and CS fibroblasts are hypersensitive to the induction of apoptosis following exposure 

to low doses of UV light.187 '242,244,383 '386 '405 By contrast, GGNER defects in XP-C strains do 

not increase the susceptibility of these cells to apoptosis.187,242,244' 383,386, 406 There is a 

very tight inverse correlation between the ability of primary fibroblasts to recover tran­

scription and their sensitivity to UV-induced apoptosis.187,242,243 Collectively these results 

indicate that the initial amount of DNA damage does not determine the apoptotic re­

sponse because there is time to recover from damage before commitment to cell death. 

Furthermore, it is primarily unrepaired lesions in the template strand of active genes (i.e. 

transcription-blocking DNA lesions) that trigger the apoptotic response following UV ex­

posure. In the present work, XP-E fibroblast strains exhibited normal responses for cas-

pase activation and apoptosis following UV exposure. The response of these GGNER defi­

cient XP-E fibroblasts is similar to that of other GGNER-deficient fibroblast strains (i.e. XP-

C cells). The present work reaffirms previous observations indicating that TCNER-

deficiency alters the apoptotic response to UV light whereas GGNER-deficiency has little 

effect.187,242,383,386 Furthermore, these results imply that the DNA repair phenotype of 

XP-E fibroblasts contributes more to their apoptotic response than the proposed role of 

DDB2 in regulating apoptosis through p53.371,407 
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Anti-apoptotic activity ofp53 in primary human fibroblasts 

The p53 protein is a central player in the regulation of DNA damage-induced apop-

tosis in many cell types.405 However, it is also well-established that p53 has anti-apoptotic 

activities in some contexts.390, 391 Here we report that normal and XP-E fibroblasts acti­

vated caspases 3 and 9 and underwent apoptosis following UV exposure but that expres­

sion of HPV-E6 or targeting p53 by RNA interference increased the sensitivity of these f i ­

broblast strains to UV-induced apoptosis. A similarly protective effect provided by p53 

was reported in normal187' 357 '386 ' 389' 408 and TCNER-proficient fibroblasts187 but not in 

TCNER-deficient strains.187 The increased sensitivity to UV-induced apoptosis in the ab­

sence of functional p53 was associated with a delay in the recovery of mRNA synthesis 

following UV exposure.187,243,367 Taken together, p53 contributes to the recovery from 

UV-induced transcriptional arrest and this plays a significant role in determining the apop-

totic response of primary human fibroblasts. 

Although persistently blocked transcription is clearly one important determinant 

of the sensitivity of fibroblasts to UV-induced apoptosis,187,242,243,375 a sustained blockage 

of transcription is not sufficient to trigger cell death.244 There is also a requirement for 

cells to enter S phase prior to apoptosis.244,409,410 Briefly, nascent DNA can be detected in 

fibroblasts undergoing apoptosis following exposure to UV light244 and blocking the entry 

of UV treated cells into S phase significantly inhibits apoptosis despite prolonged inhibi­

tion of transcription.244,409,410 Entry of cells in S phase is regulated in large part by the E2F 

family of transcription under control of pRb. Interestingly, DDB2 binds the transactivation 

domain of E2F1 and stimulates E2Fl-dependent transcription.396 In addition, forced ex-
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pression of E2F1 can increase the sensitivity of primary fibroblasts to UV-induced apopto-

sis.383 Despite the link among DDB2, E2F1 and UV-induced apoptosis,383, 396 XP-E fibrob­

lasts exhibited a normal apoptotic response following UV exposure. 

Persistently stalled replication forks can be converted to replication-associated 

DNA double strand breaks (DSB) and these DNA lesions form predominantly in the ab­

sence of functional p53.3 0 8 , 3 0 9 , 3" The p53 tumour suppressor prevents DNA DSB forma­

tion in response to other replication stressors.411 We recently reported that loss of p53 in 

normal and XP-E fibroblasts led to a dramatic UV-induced S phase arrest that was asso­

ciated with the accumulation of y-H2AX foci, consistent with DNA DSB formation in p53-

deficient cells.399 These S phase abnormalities may contribute to the increased sensitivity 

of p53-deficient fibroblasts to UV-induced apoptosis. Taken together, a model is emerg­

ing whereby p53-independent UV-induced apoptosis is triggered indirectly by DNA DSB 

formation, resulting from a combination of transcription and replication abnormalities. 

p53 overexpression in primary human fibroblasts 

Overexpression of p53 typically triggers either apoptosis378, 412, 413 or Gi arrest412, 

414 in a cell type specific manner. In some model systems, UV light can shift the outcome 

of p53 overexpression from Gi cell cycle arrest to apoptosis.391 Here, the massive overex­

pression of p53 failed to induce apoptosis in primary human fibroblasts regardless of UV 

dose. These results indicate that primary human fibroblasts are relatively unresponsive to 

apoptosis triggered by p53. This explains, in large part, why pro-survival activities of p53 

63 



are readily observed in primary human fibroblasts while they may not be detected in oth­

er cell lines or model systems. 

DDB2 and UV-induced apoptosis 

Certain aspects of the present work contrast a previous report. 371 Whereas we 

find that XP-E fibroblasts exhibit a normal sensitivity to UV-induced apoptosis, it was re­

ported that XP-E fibroblasts were significantly more resistant to UV-induced apoptosis 

than normal fibroblasts due to decreased expression of p53.371 Although the precise rea­

son for the disparity is not entirely clear, the control fibroblast strains used in the prior 

publication underwent apoptosis faster and at lower doses of UV light than observed by 

other laboratories.187'242'244'367'383'386' 387<389' 406<410'415"420 A precise reason for the dispari-

ty remains elusive. Nonetheless, our work indicates that XP-E fibroblasts exhibit normal 

sensitivity to UV-induced apoptosis. 

Two independent laboratories have generated DDB2 targeted mice.407,421 Disrup­

tion of the DDB2 gene was associated with a small decrease in GG-NER while overexpres-

sion of DDB2 enhanced repair in UV-treated embryonic fibroblasts and keratinocytes.50,421 

In both mouse models, the resulting DDB2-nullizygous mice were susceptible to UVB-

induced skin cancers compared to wildtype litter mates while DDB2 heterozygous mice 

exhibited an intermediate susceptibility.50'407,421 Transgenic mice overexpressing DDB2 

under control of the keratin 14 promoter were markedly resistant to UVB-induced skin 

cancer.421 Both strains clearly indicate that DDB2 is anti-neoplastic in mouse skin exposed 

to UV light. However one group reported that DDB2-/- mouse embryonic fibroblasts were 
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resistant to UV-induced apoptosis while the other group reported a normal apoptotic 

response in both embryonic fibroblasts and keratinocytes from DDB2 nullizygous and 

DDB2 transgenic mice.421 Our work with primary XP-E fibroblasts and fibroblasts overex-

pressing DDB2 are fully consistent with this latter report.421 Therefore, we conclude that 

DDB2 does not affect the sensitivity of primary human or mouse cells to UV-induced 

apoptosis. 

In summary, DDB2-deficient fibroblasts derived from patients affected with XP 

group E exhibit a normal sensitivity to UV-induced apoptosis and overexpression of DDB2 

had no effect on the sensitivity of these cells to this form of cell death. Furthermore, UV-

induced apoptosis was largely p53-independent and occurred through the intrinsic mito­

chondrial cell death pathway. In fact, p53 was primarily protective against UV-induced 

apoptosis, even in the absence of functional DDB2 protein. Our results suggest that the 

susceptibility of XP-E patients to solar carcinogenesis is more likely a consequence of their 

GG-NER defect and not the consequence of a combined defect in DNA repair and p53-

dependent apoptosis. The present work has important implications for understanding the 

anti-neoplastic role of DDB2 in solar carcinogenesis. 
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3.0 Targeting Cockayne Syndrome Group B Protein Sensitizes Tumour Cells to Ultraviolet 
Light and Cisplatin Independent of p53 and MLH1 

The following manuscript chapter is currently under editorial review at the journal 

Neoplasia. This work represents our efforts in establishing a role for TC-NER in human 

cancer therapy, specifically in combination with platinum chemotherapy. 
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67 



Targeting Cockayne syndrome group B protein sensitizes tumour cells to ultraviolet light 
and cisplatin independent of p53 and MLH1 

Stubbert U, Cancer Therapeutics Program, Ottawa Health Research 
Institute and the Department of Cellular and Molecular Medicine, University of 
Ottawa, Ottawa, K1H 8L6, Canada 

Smith JM, Cancer Therapeutics Program, Ottawa Health Research 
Institute and the Department of Cellular and Molecular Medicine, University of 
Ottawa, Ottawa, K1H 8L6, Canada 

McKay BC, Cancer Therapeutics Program, Ottawa Health Research 
Institute, and the Departments of Radiology and Cellular and Molecular Medicine, 
University of Ottawa, Ottawa, K1H 8L6, Canada 

Corresponding author: 

Bruce C. McKay 
Cancer Therapeutics Program 
Ottawa Hospital Research Institute 
501 Smyth Rd, Box 926 
Ottawa, ON K1H 8L6 
Canada 
Phone: 613-737-7700 x70338 
Fax: 613-247-3524 
bmckay@ohri.ca 

Keywords: apoptosis, CSB, MLH1, XAB2 XPA and transcription-coupled nucleotide excision 
repair 
Running title: MLH1, TC-NER and apoptosis 

68 

mailto:bmckay@ohri.ca


Abstract 
Transcription-coupled nucleotide excision repair (TC-NER) removes a variety of 

DNA adducts from the template strand of active genes, including those induced by UV 
light and cisplatin. Fibroblasts with a specific defect in TC-NER are exquisitely sensitive to 
apoptosis induced by UV light and cisplatin. In contrast, TC-NER does not greatly affect 
the acute response of murine embryonic stem cells to UV light. Therefore, it was unclear 
whether TC-NER contributed to the decision of tumour cells to die in response to these 
agents. We used RNA interference (RNAi) to target the Cockayne syndrome group B (CSB) 
in several colon and prostate cancer cell lines. Decreased expression of CSB in these cell 
lines led to a decrease in TC-NER capacity and led to a significant increase in the sensitivity 
of cells to UV- and cisplatin-induced apoptosis, independent of p53 and DNA mismatch 
repair capacity. RNAi against XAB2 (XPA binding protein 2) and XPA (xeroderma pigmen­
tosum group A protein) required for TC-NER and both TC-NER and GG-NER, respectively, 
similarly led to increased sensitivity to cisplatin treatment. Our results suggest that TC-
NER proteins are potential targets for cancer therapy and may be important to overcom­
ing cisplatin resistance in the clinic. 
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Introduction 

Cisplatin [c/'s-diammine-dichloroplatinum (II)] has been used in the treatment of 

neoplastic diseases for over 30 years.319 The effectiveness of cisplatin is dependent on its 

interaction with DNA. This drug forms a variety of DNA adducts but more than 99% of 

these are intrastrand DNA adducts, predominantly intrastrand DNA adducts involving ad­

jacent purines with only a very small number of interstrand-crosslinks and monoad-

ducts.305 These lesions are repaired by the nucleotide excision repair (NER) pathway so 

the response of tumours to cisplatin and other platinum-based drugs may be affected by 

nucleotide excision repair capacity of tumour cells.319 

The vast majority of what is known about nucleotide excision repair (NER) stems 

from studies using the model DNA damaging agent UV light but NER of cisplatin-induced 

DNA adducts is thought to occur through an identical mechanism.188,210,335, 422~424 The 

rate-limiting step in NER is lesion recognition and this occurs through two distinct mecha­

nisms yielding two interrelated yet genetically separable subpathways of NER.425 Global-

genomic nucleotide excision repair (GG-NER) is responsible for the removal of the vast 

majority of UV and cisplatin-lesions throughout the genome whereas transcription-

coupled nucleotide excision repair (TC-NER) is responsible for the selective removal of 

only those lesions that are present in the template strand of expressed genes.193,197'422' 

423, 426 

Cockayne syndrome (CS) and xeroderma pigmentosum (XP) are heterogeneous 

disorders characterized by clinical photosensitivity.416 Based on cell fusion and comple­

mentation studies, patients with CS were classified into two groups (CS groups A and B) 
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whereas XP patients were grouped into 8 groups (XP groups A through G and V). CS and 

XP cells (with the exception of the variant form, XP-V) have defects in NER. These defects 

can be specific to TC-NER, GG-NER or both sub-pathways of NER. Therefore, fibroblasts 

derived from patients with these UV-sensitive syndromes have been instrumental in iden­

tifying proteins involved specifically in TC-NER and GG-NER and provided a model system 

to study the relative contribution of GG-NER and TC-NER to cisplatin response. 

All TC-NER-deficient and completely NER-deficient fibroblasts are exquisitely sensi­

tive to apoptosis induced by UV light and cisplatin.187 '210 '242 '246 '367 '383 '386 A similar rela­

tionship was subsequently confirmed in mouse embryonic fibroblasts, murine keratino-

cytes and mouse skin exposed to UV light427"429 but intriguingly, TC-NER deficiency does 

not appear to affect the acute response to UV light in murine embryonic stem cells.428 

Therefore, the effect of targeting TC-NER on the acute response of tumour cells to UV 

light and cisplatin could not be accurately predicted. 

Notably, CS-B fibroblasts have a specific defect in TC-NER but not GG-NER, sup­

ported by the observation that CS-B fibroblasts are exquisitely sensitive to cisplatin.187,243, 

246 Here, we report that consistent with previous work in primary fibroblasts but in con­

trast to the situation in embryonic stem cells, decreasing CSB levels by RNA interference 

increased the sensitivity of a variety of tumour cells to UV light and cisplatin. Importantly, 

cell death under these conditions was largely independent of the p53 tumour suppressor 

and the DNA mismatch repair (MMR) capacity of the tumour cells. These results suggest 

that TC-NER plays a role in determining the sensitivity of tumour cells to cisplatin and fur­

ther suggests that TC-NER represents a potential therapeutic target for cancer therapy. 
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Materials and Methods 

Cell Culture and UV-irradiation 

HCT116, DU145 and PC-3 cells were obtained from the American Tissue Type Col­

lection (Camden, NJ). HCT116 was established from a colon adenocarcinoma,430 DU145 

was established from a brain lesion of a patient with metastatic prostate cancer 431 while 

PC-3 was established from a bony metastasis of a prostate cancer patient.432 All three of 

these cell lines are considered MMR deficient due to varying degrees of inefficient repair 

of specific DNA mismatches in an in vitro repair assay.433 Although mRNA transcripts of all 

relevant MMR gene products can be detected in each of these three cell lines,433 neither 

HCT116 nor DU145 cells express hMLHl protein,433"435 DU145 cells also express very low 

levels of hMSH2 and hPMS2,433 while PC-3 cells are considered mismatch repair deficient 

due to low expression of both hMLHl and hPMS2.433 The MLHl-corrected HCT116 strain 

(HCT116+chr3) was described previously.434 HCT116 and HCT116+chr3 cells were cultured 

in McCoy's media (Wisent, St. Bruno, QC) while DU145 cells were grown in DMEM (Hy-

clone, Logan, UT). McCoy's and DMEM used for tumour cell culture was supplemented 

with 10% fetal bovine serum (Wisent, St. Bruno, QC). GM00739 (CS-B), GM00671 (XP-C), 

GM05509 (XP-A) human fibroblasts were obtained from National Institute of General 

Medical Sciences Mutant Cell Repository (Camden, NJ) and maintained in DMEM (Hy-

clone, Logan, UT) supplemented with 15% fetal bovine serum (Wisent). All cell lines were 

grown in humidified incubators at 37°C and 5% C02. Where indicated, cisplatin (Mayne 
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Pharma Canada Inc., Montreal, QC) was added to fresh, pre-warmed media at the indi­

cated final concentration. 

To UV-irradiate cells, media was removed and cells were irradiated with the indi­

cated dose using a germicidal bulb emitting predominantly at 254 nm at D/m2/s as meas­

ured with a hand-held UV dosimeter (UVX Radiometer, UVP Inc., Uplands, CA). Fresh, pre-

warmed media was replaced and dishes were returned to an incubator for the indicated 

period of time. 

RNA interference 

Sub-confluent cells were transfected with the indicated siRNA (Dharmacon, Lafay­

ette, CO) using OptiMEM II and Oligofectamine (Invitrogen, Burlington, ON). The target 

sequences for CSB, XPA and XAB2 were GTGTGCATGTGTCTTACGA, AGAATTGCGGCGAG-

CAGTA and TAGCGACTAAACACATCAA, respectively. These RNA duplexes were used at a 

final concentration of 100, 50 and 50 nM for CSB, XPA and XAB2, respectively. A non-

targeting siRNA (TAGCGACTAAACACATCAA) was used as a negative control. 

Real-time RT-PCR 

Cells were transfected with siRNA and collected at indicated time points. Samples 

analyzed by RT-PCR had RNA purified using an RNeasy kit (Qiagen, Mississauga, ON) and 

then reversed transcribed using the First Strand cDNA Synthesis kit (Stratagene, La Jolla, 

CA ). CSB transcript was quantified using a Lightcycler 2.0 PCR instrument (Roche, Missis­

sauga, ON) with primers to CSB (CCAAGGAACAGAGCAATGAC and AAGAGTGAGGAG-
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GAAGCGAG) with quantification compared to B-actin (GGGCATGGGTCAGAAGGAT and 

GTGGCCATCTCTTGCTCGA). 

Preparation of nuclear lysates 

Crude nuclear lysates were prepared by sucrose centrifugation as follows (modi­

fied from http://home.ncifcrf.gov/ccr/flowcore/nuclei.pdf). Cells were rinsed with PBS 

then trypsinized and collected by centrifugation. Cell pellets were resuspended in nuclear 

extraction buffer (320mM sucrose, lOmM HEPES, 5mM MgCI2, 1% triton-X-100, pH 7.4), 

incubated on ice and then collected by centrifugation at 2500xg. The resulting pellets 

were rinsed twice with nuclear wash buffer (320mM sucrose, lOmM HEPES, 5mM MgCI2, 

pH 7.4) and collected by centrifugation at 2500xg then resuspended in RIPA buffer (50mM 

Tris-HCI pH6.8,150mM NaCI, I m M EDTA, 1% Triton-X-100,1% sodium deoxycholate, 0.1% 

SDS). Pellets were disrupted using a sonicator equipped with a chilled microtip (Thermo 

Fisher Scientific, Ottawa, ON) and protein quantified using the Bradford assay (Bio-Rad, 

Mississauga, ON). 

Immunoblotting 

Two hundred micrograms of nuclear protein per well was subjected to gel electro­

phoresis using NuPAGE 3-8% gradient polyacrylamide gels (Invitrogen), to visualize CSB 

protein (predicted at 168 kDa) and Ku86 (86 kDa) whereas MLH1, XAB2, XPA and R-actin 

were resolved using NuPAGE 4-12% gradient polyacrylamide gels (Invitrogen). Proteins 

were transferred to Hybond-C nitrocellulose (GE Healthcare, Baie d'Urfe, QC) and blots 
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were stained with Ponceau S Red (5 mg/ml Ponceau S Red, 2% glacial acetic acid) to visu­

alize total transferred proteins. Blots were then blocked in PBSMT-A (PBS, 5% nonfat milk 

powder, 0.05% Tween 20) proteins were detected using antibodies against XPA (FL-273), 

CSB (E-18) and Ku86 (M-20) (Santa Cruz Biotech, Santa Cruz, CA), against XAB2 (Pab-

10266, Orbigen, San Diego, CA), against G-actin (AC-74, Sigma-Aldrich, Oakville, ON) and 

against MLH-1 (clone G168-15, BD Biosciences, Mississauga, ON) diluted in PBSMT-B (PBS, 

0.5% nonfat milk powder) and were visualized using SuperSignal West Pico Chemillumi-

nescent Substrate (Thermo Fisher Scientific) in combination with X-ray film (Kodak, Roch­

ester, NY). Multiple proteins were detected using the same blots using Restore Western 

Blot Stripping Buffer (Thermo Fisher Scientific). 

The recovery ofRNA synthesis 

Sub-confluent cells were transfected with siRNA and subsequently grown in media 

supplemented with 5u.Ci/ml_ of [14C] thymidine (GE Healthcare) to uniformly label DNA. 

Seventy-two hours later, cells were treated with 10 Jrrf2 UV-C. One hour before indicated 

collection time, the media was replaced with fresh media containing 50u.Ci/mL [3H] 

uridine (GE Healthcare) to label nascent RNA. Samples were rinsed in PBS containing 0.2% 

sodium azide (PBS-Z), collected by trypsin in PBS-Z, rinsed with PBS-Z and cell pellets were 

stored at -80°C. Samples were lysed in 1% SDS and nucleic acids were precipitated in 10% 

trichloroacetic acid (TCA)/0.1M sodium pyrophosphate and precipitated nucleic acids 

were collected on glass fiber filters (Thermo Fisher Scientific). Incorporation of [3H] and 

[14C] was determined using a scintillation counter and [3H] counts were normalized to 
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[ C] counts to control for cell number. RNA synthesis is expressed as the proportion of 

[3H] uridine incorporated in UV-treated samples compared to unirradiated controls. 

Host cell reactivation 

Recombinant adenovirus expressing the lacZ gene under control of the murine cy­

tomegalovirus promoter (AdCA35-l, hereafter referred to as AdlacZ, a kind gift from Dr. 

Frank Graham, McMaster University, Hamilton, ON), was suspended in a minimal volume 

of PBS and was subsequently irradiated with the indicated dose of UV light on ice, as pre­

viously described.436 Cells were infected with UV- or mock-treated AdlacZ at a multiplicity 

of infection (MOI) of 20 for primary cells or an MOI of 5 for tumour cells. Forty-eight 

hours following infection, media was removed and monolayers were incubated with 1 

mM chlorophenolred-B-D-galactopyranoside (Fluka Biochemika, Buchs, Switzerland) in 

0.01% Triton X-100, 1 mM MgCI2, and 100 mM phosphate buffer (pH 8.3).437 Absorbance 

at 570 nm was determined using a Thermo Multiskan Ascent microplate photometer 

(Thermo Fischer Scientific). B-galatosidase activity from the indicated dose is expressed 

relative to the activity obtained by infection with un-irradiated virus. 

Flow cytometry 

Cells were treated with indicated dose of UV light or cisplatin, 72 hours following 

transfection of the indicated siRNA. Detached and adherent cells were collected 48 hours 

following treatment, fixed in 70% ethanol for a minimum of 2 hours at -20° C and stained 

in 30u,M propidium iodide (Sigma-Aldrich) in PBS with 40 p.g/mL of RNAse A (Sigma-
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Aldrich). Samples were analyzed by fluorescence activated cell sorting using a Becton 

Dickenson LSR II Facstation and CellQuest software (Becton Dickinson, Franklin Lakes, NJ) 

and data files were analysed using FCS Express (De Novo Software, Los Angeles, CA). 

Apoptosis was quantified as the proportion of cells with subdiploid DNA content (sample 

histograms, Appendix 1, Figure 1). Where indicated, Z-VAD-fmk (Bio-Rad) was added to 

the medium to a final concentration of 10 \iM at the time of UV-C irradiation or treatment 

with cisplatin. 

Caspase activity assays 

Cells were transfected with the indicated siRIMA and treated with either UV light or 

cisplatin. Twenty four hours following treatment, cells were collected with trypsin, rinsed 

thoroughly with PBS and cell number was determined using an automated cell counter 

(Vi-Cell XR, Beckman Coulter, Mississauga, ON). Caspase 3, 8 and 9 activities were deter­

mined from 106 cells using ApoAlert caspase-3/8 or ApoAlert capase-9/6 Fluorescent As­

say Kits as per manufacturer's instructions (Clontech, Mountain View, CA). Fluorescence 

was measured using a Thermo Fluoroskan Ascent microplate fluorometer (Thermo Fisher 

Scientific). 

Results 

RNA interference against CSB in prostate cancer cells inhibits transcription-coupled nucleo­

tide excision repair 
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Prostate cancer cells, PC-3 and DU145, were transfected with control or two dif­

ferent anti-CSB siRNAs. Cells were collected for RNA and nuclear protein extraction 72 

hours later. Using quantitative real-time reverse transcriptase PCR, the relative expres­

sion of CSB mRNA was determined. One targeting siRNA (CSB1) reduced mRNA levels by 

approximately 50%, while the second siRNA (CSB2) was less effective (Figure 1A and C). 

Immunoblot analysis indicated that the more effective siRNA (CSB1) reduced CSB protein 

levels by over 75% while the second siRNA was relatively ineffective. Therefore, the CSB1 

siRNA was used in subsequent experiments. As described later, siRNAs against other pro­

teins involved in TC-NER were also used to control for potential off target effects of the 

single effective CSB siRNA. 

A single UV-induced dimer in the template strand of an active gene is sufficient to 

block its expression.372,438,439 This principal forms the conceptual basis of host cell reacti­

vation assays that are commonly used to measure the repair of transcription-blocking 

DNA lesions.436'439,440 In this assay, exposure of a recombinant adenovirus expressing the 

lacZ gene to UV light results in decreased B-galactosidase activity, in a dose-dependent 

manner.441 The dose required to block B-galactosidase activity is greatly affected by the 

capacity of the host cell to repair transcription-blocking DNA lesions.441 Here, DU145 and 

PC-3 cells exhibited a similar capacity to repair the UV damaged reporter gene (Figure 2A). 

Transfection of siRNAs directed at CSB led to a significant decrease in host cell reactiva­

tion of the UV-damaged reporter gene in both prostate cancer cell lines (Figure 2A). The 

dose of UV light required to reduce B-galactosidase activity to 50% (D50) was significantly 

lower in CSB1 siRNA-transfected cells compared to control transfected cells (Figure 2B). 
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Figure 1. Expression of CSB in PC-3 and DU145 cells. 

The expression of CSB was assessed in PC-3 (A and B) and DU145 (C and D) cells in which 

CSB has been targeted with siRNA. Indicated cells were transfected with control (NT) or 

CSB siRNA (CSB1 and CSB2) and collected 72 hours later for purification of mRNA and nu­

clear extracts. RNA was purified, then reversed transcribed and cDNA was amplified using 

real-time quantitative PCR. CSB transcript abundance was compared to B-actin expres­

sion and data shown represents the mean (± SEM) of at least 3 independent experiments 

and * represents statistical significance compared to NT by student's t-test where P < 

0.05. For nuclear extracts, two hundred micrograms of nuclear proteins were separated 

on 3-8% tris-acetate SDS-PAGE gels and immunoblotted with antibodies recognizing CSB 

(B and D). Immunoblots were stripped and re-probed with an antibody to Ku86 to serve 

as a loading control. CSB and Ku86 migrated with apparent molecular weights of ap­

proximately 170 and 85 kDa, respectively. 
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These results indicate that the ability of these cell lines to repair transcription-blocking 

DNA lesions was significantly reduced following transfection of CSB siRNAs. The specific­

ity of the CSB knockdown on TC-NER was tested in primary human fibroblasts with known 

NER defects. Targeting CSB did not affect HCR of the UV-damaged reporter gene in CS-B 

or XP-A fibroblasts that are unable to perform TC-NER (Figure 2C). In contrast, targeting 

CSB in TC-NER-proficient XP-C fibroblasts decreased HCR to a level comparable to that ob­

served in completely NER-deficient XP-A fibroblasts (Figure 2C). Therefore, siRNAs against 

CSB effectively reduced the TC-NER capacity of primary human fibroblasts. Furthermore, 

our results suggest that PC-3 and DU145 cells are TC-NER-proficient cell lines and that 

transfection of the siRNA against CSB reduced their ability to perform TC-NER. 
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Figure 2. Host cell reactivation of a UV-damaged reporter gene. 

Host cell reactivation (HCR) of B-galactosidase (B-gal) activity was determined two days 

following infection with AdlacZ irradiated with the indicated dose of UV light, B-gal activ­

ity is expressed relative to unirradiated controls. B-gal activity over a range of UV doses 

was measured in PC-3 and DU145 cells (A, left and right panels, respectively) transfected 

with control (closed symbols) or CSB siRNA (open symbols). Data shown is mean (± SEM) 

from 5-7 individual experiments, each done in 8 replicate wells. In (B) the D50 was calcu­

lated from (A) and represents the dose at which 50 percent reduction of B-gal activity oc­

curred, compared to controls. In (C), indicated primary fibroblast cell lines were trans­

fected with non-targeting or CSB siRNA. Host cell reactivation D50 values were assessed 

as in (B) from at least 3 inde-pendent experiments. * indicates statistical significance of 

compared to NT control by student's t-test where P < 0.05. 
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RNA interference against CSB sensitizes prostate cancer cells to cisplatin 

As discussed already, TC-NER-deficient fibroblasts and keratinocytes are very sen­

sitive to UV- and cisplatin-induced apoptosis whereas TC-NER-deficient murine embryonic 

stem cells are not.187 '210 '242 '246 '367 '383 '386 '427"429 Therefore, it was unclear whether target­

ing CSB in cancer cell lines would increase their sensitivity to cisplatin-induced apoptosis. 

To address this issue, CSB was again targeted by RNAi in PC-3 and DU145 cells and the 

sensitivity of targeted cells to cisplatin-induced apoptosis was assessed as the proportion 

of cells with sub-diploid DNA content. Targeting CSB in this way led to a large increase in 

the sensitivity of DU145 cells and to a smaller increase in the sensitivity of PC-3 cells (Fig­

ure 3). Tumour cells frequently express mutant forms of DNA response proteins that may 

influence their sensitivity to therapeutic agents like cisplatin. For example, DU145 cells 

carry point mutations in both alleles of p53 and do not express MLH1.433 '435 Similarly, PC-

3 cells do not express detectable p53 and they exhibit a defect in MMR.433'435 Loss of p53 

and MMR have been associated with resistance to cisplatin,329"331' 442~444 therefore the 

sensitization of these cells lines suggests that targeting CSB may have therapeutic applica­

tions. 
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Figure 3. The effect of RNAi against CSB on the sensitivity of DU145 and PC-3 cells to cis-

platin-induced apoptosis. 

Indicated cell lines were transfected for 72h with control (NT- closed symbols) or CSB tar­

geting (open symbols) siRNA. Apoptosis was assessed as the proportion of cells with sub-

diploid DNA content 48 hours following exposure to the indicated dose of cisplatin. All 

data points are mean (± SEM) from at least 3 individual experiments and * indicates statis­

tical significance compared to NT control by student's t-test where P < 0.05. 
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Targeting CSB in HCT116 colon cancer cells 

Given the effect of targeting CSB in p53 and MMR-deficient prostate cancer cell 

lines, we decided to use an isogenic series of cell lines derived from HCT116 colorectal 

cancer cells to better test the impact of p53- and MMR-deficiency under conditions in 

which CSB is targeted by RNAi. HCT116 cells express wildtype p53 but do not express 

MLH1 and are considered MMR-defective.434 Again, the anti-CSB siRIMA was highly effec­

tive at reducing CSB levels in HCT116 cells (Figure 4A) and led to a decrease in HCR of the 

UV-damaged reporter gene (Figure 4B). As a second measure of TC-NER, we assessed the 

ability of cells to recover nascent RNA synthesis (RRS) following UV exposure. Exposure of 

HCT116 cells to 10 J/m2 of UV light reduced the incorporation of [3H] uridine by 40 to 50 % 

immediately following UV exposure (Figure 4C). Whereas mock and control siRNA trans-

fected cells recovered nascent RNA synthesis within 8 hours, CSB siRNA-transfected did 

not recover RNA synthesis within 24 hours (Figure 4C). Consistent with the results in 

prostate cancer cell lines, targeting CSB in HCT116 cells increased their sensitivity to cis-

platin-induced apoptosis (Figure 4D) and this was associated with increased activity of 

caspases 3, 8 and 9 (Figure 4E-G). So despite the absence of MLH1 in these cells, RNAi 

against CSB greatly increased the sensitivity of these cells to cisplatin and UV-induced 

apoptosis. Taken together, HCT116 cells are TC-NER proficient and RNAi against CSB re­

duced the capacity of these cells to perform this repair. 

Similar experiments were performed in MLHl-corrected HCT116 cells 

(HCT116+chr3) (Figure 5A and B). No significant difference in TC-NER capacity as assessed 

by host cell reactivation or the recovery of nascent RNA synthesis was detected in these 
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Figure 4. Measuring the effects of RNAi against CSB in HCT116 cells. 

RNAi of CSB was measured by protein expression (A) and HCR of 3-gal activity (B) as de­

scribed in Figure 1. Synthesis of nascent RNA synthesis was assessed between 0 and 24 

hours following exposure to 10 Jm~2 of UV light. RNA synthesis is expressed relative to 

unirradiated control samples collected simultaneously where each point represents the 

mean (± SEM) determined from a minimum of 3 independent experiments (C). (D) Apop-

tosis was assessed by measuring sub-diploid proportion of cells as in Figure 3. Abun­

dances of capases 3, 8 and 9 (E, F, G, respectively) were measured 24h after treatment 

with indicated doses of cisplatin in cells that had been transfected 96h previously with 

siRNA, as indicated. All data points are mean (± SEM) from at least 3 individual experi­

ments and * indicates statistical significance compared to NT control by student's t-test 

where P < 0.05. 
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Figure 5. Measuring the effects of RNAi against CSB in HCT116+chr3 cells. 

HCT116+chr3 cells were either mock-transfected or transfected with the indicated siRNA, 

72 hours before collection for immunoblotting (A and B) or measurements of HCR of P-gal 

activity (C), recovery of nascent RNA synthesis (D), sub-Gl apoptosis (E) and abundance 

of caspases 3, 8 and 9 (F, G, H), all as previously described (Figure 4). For immunoblots, 

levels of hMLHl protein were measured in HCT116 and HCT116+chr3 using an antibody to 

human MLH1. t represents a non-specific band that appears in all samples, regardless of 

MLH1 status. All data points are mean (± SEM) from at least 3 individual experiments and 

* indicates statistical significance compared to NT control by student's t-test where P < 

0.05. 
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cells compared to the parental strain (Figures 5C and D). Again, targeting CSB by RNAi in 

HCT116+chr3 cells inhibited TC-NER (Figures 5C and D) and increased their sensitivity to 

cisplatin- and UV-induced apoptosis (Figures 5C-H and Supplementary Figure IB). There­

fore, MLH1 expression had no effect on the response of HCT116 cells to UV light or cis­

platin under the present conditions and targeting CSB by RNAi was similarly effective at 

increasing the sensitivity of this cell line to cisplatin-induced apoptosis. The apoptotic re­

sponse was confirmed in parental cells by showing that the sub-diploid fraction of cells 

could be decreased by treating cells with a pan-specific caspase inhibitor (Supplementary 

Figure 2). 

CSB was also targeted by RNAi in HCT116 cells in which p53 was disrupted by ho­

mologous recombination (HCT116p53-/-) (Figure 6A). These p53 null cells appeared to be 

reduced in their capacity to repair the UV damaged reporter gene compared to parental 

cells so host cell reactivation of the UV-damaged reporter gene could not be further re­

duced by siRNA against CSB (Figure 6B). Nonetheless, these cells recovered nascent RNA 

synthesis within 8 hours following UV exposure (Figure 6C). Decreased expression of CSB 

prevented the recovery of nascent RNA synthesis even 24 hours following UV exposure in 

these p53-/- cells (Figure 6C). Despite these differences in the repair of episomal and ge­

nomic DNA, the present results suggest that these HCT116p53-/- can perform TC-NER and 

that RNAi against CSB again abrogated this repair process. Importantly, decreased ex­

pression of CSB was associated with increased sensitivity of cells to cisplatin- and UV-

induced apoptosis (Figure 6D and Supplementary figure 1C) that was again associated 

with activation of caspases 3, 8 and 9 (Figures 6E-G). Overall, there was little difference 
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Supplementary Figure 1. UV-C induced apoptosis in HCT116 parental and derivative cell 

lines. 

HCT116 parental (A), HCT116+chr3 (B) and HCT116p53-/- (C) were either mock-

transfected or transfected with the indicated siRNA, 72 hours before exposure to indi­

cated doses of UV-C. Cells were returned to incubator for a 48h recovery period and then 

apoptosis as measured by sub-diploid DNA content was determined. All data points are 

mean (± SEM) from at least 3 individual experiments. 
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Supplementary Figure 2. Assessment of apoptosis in the presence of a pan-specific cas-

pase inhibitor in HCT116 cells. 

Cells, as indicated, were either mock-transfected or transfected with the indicated siRNA, 

72 hours before exposure to indicated doses of cisplatin or UV-C. Apoptosis was assessed 

as the proportion of cells with sub-diploid DNA content 48 hours following DNA damage 

treatment. Z-VAD-fmk was added upon exposure to 0 or 10 Jm"2 UV-C (A) or addition of 0 

or 10 \iM cisplatin (B). Each value in represents the mean (± SEM) from a minimum of 3 

independent experiments. * represents statistical significance between Z-VAD-fmk treat­

ments while t represents statistical significance between NT and CSB values. 
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between the apoptotic response of any of the three HCT116 derived cell lines to DNA 

damage after targeting CSB by RNAi, except that the p53-deficient cells exhibited slightly 

lower rates of apoptosis after all treatments. This is likely due to the well described pro-

apoptotic activity of p53. However, the present work suggests that p53 is not absolutely 

required to sensitize tumour cells to cisplatin by targeting TC-NER. 

RNA interference against XPA and XAB2 sensitizes cancer cells to UV light and cisplatin 

The CS proteins have been known to participate in TC-NER for many years,445 

however, the CSB protein may play an additional role in regulating transcription more di­

rectly.234, 446,447 Therefore, we decided to target two other proteins required for TC-NER. 

First, XPA is a DNA damage binding protein required for both TC-NER and GG-NER to 

which no additional functions have been ascribed.373 XPA protein levels were reduced by 

RNA in HCT116 cells and the sensitivity of the targeted cells to UV- and cisplatin-induced 

apoptosis was assessed (Figures 7A and B). Decreased expression of XPA was associated 

with an increase in the sensitivity of HCT116 cells to UV- and cisplatin-induced apoptosis 

(Figure 7B). Similar results were obtained in HCT116p53-/- cells (Appendix 1, Figure 3). 

Second, the XPA-binding protein 2 (XAB2) is involved in TC-NER and perhaps pre-

mRNA splicing.214'217"219 RNAi against XAB2 efficiently reduced protein levels in HCT116 

cells (Figure 8A). RNAi against XAB2 led to an increase in apoptosis in HCT116 cells in the 

absence of DNA damage (Figure 8B). The targeted cells exhibited an increase in their sen­

sitivity to cisplatin- and UV-induced apoptosis but this was complicated by the cytotoxic 

effect of the siRNA alone. Strikingly, RNAi against XAB2 did not induce apoptosis in 
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HCT116p53-/- alone yet effectively increased the sensitivity of these p53 null cells to cis-

platin- and UV-induced apoptosis (Figure 8C). These results suggest that targeting XAB2 

induced p53-dependent apoptosis alone and sensitized cells to cisplatin. Taken together, 

our results indicate that the MMR-defective HCT116, PC-3 and DU145 cells and p53 null 

HCT116 cells appear to have a functional TC-NER pathway that can be abrogated using 

siRNAs targeting CSB, XPA and XAB2. 
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Figure 6. Measuring the effects of RNAi against CSB in HCT116p53-/- cells. 

Experiments described in Figure 4 are repeated here using the p53 null HCT116p53-/-

cells. 
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Figure 7. Targeting XPA sensitizes colon cancer cells to DNA damage. 

HCT116 cells were either mock-transfected or transfected with the indicated siRNA at 

50nM, 48 hours before collection for immunoblotting (A) or treatment with UV-C or cis-

platin for measurement of sub-Gl apoptosis (B). XPA migrates with an apparent molecu­

lar weight of approximately 38 kDa. All data points are mean (± SEM) from at least 3 indi­

vidual experiments. * represents statistical significance as measured by student's t-test 

where P < 0.05. 
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Figure 8. Targeting XAB2 sensitizes colon cancer cells to DNA damage. 

HCT116 cells were either mock-transfected or transfected with the indicated siRNA at 

50nM, 48 hours before collection for immunoblotting (A) or treatment with UV-C or cis-

platin for measurement of sub-Gl apoptosis (B and C). HCT116 parental cells were used 

in (B) while HCT116p53-/- cells were used in (C). XAB2 migrates with an apparent molecu­

lar weight of approximately 98 kDa. All data points are mean (± SEM) from at least 3 indi­

vidual experiments. 
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Discussion 

Link between nucleotide excision repair and sensitivity to cisplatin 

Cells with defects in NER are sensitive to cisplatin. For example, Cockayne syn­

drome fibroblasts have a specific defect in TC-NER and are more sensitive to cisplation-

induced apoptosis than GG-NER deficient XP-C fibroblasts.187'188'243,246 A similar relation­

ship exists for UV light in primary human fibroblasts, mouse embryonic fibroblasts, murine 

keratinocytes but not murine embryonic stem cells.187 '210 '242 '246 '367 '383 '386 '427"429 There­

fore, it was unclear whether TC-NER deficiency would affect the response of tumour cells 

to these agents. 

The CSB protein is required for a rate limiting step of TC-NER.83'214,448 Therefore, 

we targeted this protein in a variety of tumour cell lines and found that disruption of TC-

NER increased the sensitivity of tumour cells to this important chemotherapeutic agent. 

Similarly, targeting downstream proteins in the same repair pathway (XPA and XAB2) in­

creased the responsiveness of these tumours to cisplatin-induced apoptosis. There are 

several important interpretations of these results. First, the tumour cells tested must 

have been TC-NER proficient. Second, targeting TC-NER was an effective means of in­

creasing the responsiveness of tumour cells to this drug. 

Role ofMMR protein in TC-NER 

As indicated above, our data clearly indicate that the tumour cell lines tested were 

TC-NER proficient because disruption of this DNA repair pathway similarly resulted in de­

creased repair and enhanced the sensitivity of all cell lines to UV- and cisplatin-induced 
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apoptosis. As described already, HCT116, HCT116p53-/-, DU145 and PC-3 cells are all 

MMR-deficient. The MMR system is critical for the recognition and repair of post-

replicative errors including DNA base mismatches442 however, these proteins have been 

reported to play a role in TC-NER.449 

In this previous paper,449 TC-NER was measured using a Southern blot method that 

detects the removal of T4 endonuclease V sensitive sites (cyclobutane pyrimidine dimers 

(CPD)) from the transcribed strand of the DHFR gene.449 Mellon and co-workers found 

that MMR-deficient tumour cells, including HCT116 cells, were TC-NER-deficient and that 

the hMLHl-corrected sub-line (HCT116+chr3) were repair proficient.449 These cells were 

therefore considered to be more resistant to UV light compared to parental lines.449 The 

initial findings of Mellon and co-workers449 have not been reproduced in studies using the 

same DNA repair assay450,451 or a ligation-mediated PCR based repair assay that similarly 

measures DNA repair at T4-endonuclease sensitive sites.452 Similarly, mouse embryonic 

fibroblasts derived from MSH2-knockout mice displayed no difference in their ability to 

remove CPD from the transcribed region of active genes compared to wild type cells.451 

The reason for the disparity among studies remains unclear, however, MMR-deficient 

cells exhibit microsatellite instability434, 453, 454 and secondary mutations in both DNA re­

pair genes and other DNA damage response genes have been reported298, 455 so altera­

tions in DNA repair phenotype may reflect additional mutations in the cell lines used. In 

the present work, transient transfection of siRNAs against CSB, XPA and XAB2 eliminates 

the risk of secondary mutation contributing to differences in TC-NER capacity. Our data 

clearly indicate that all tested tumour cell lines were capable of repairing UV- and cis-
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platin-induced DNA lesions by TC-NER and this is unaffected by hMLHl and hMSH2 defi­

ciency. 

Role ofp53 in TC-NER 

The tumour cells examined here included PC-3 cells that are considered effectively 

p53 null, DU145 that carry inactivating mutations in both alleles of p53 and HCT116p53-/-

that are nullizygous for p53. By contrast, the HCT116 and the chromosome 3 comple­

mented derivative cell lines express functional p53. RNAi against CSB reduced HCR of the 

UV-damaged reporter gene in DU145 and PC-3 and the recovery of nascent RNA synthesis 

DU145 in DU145 (Supplementary Figure 3) indicating that these p53-deficient cells were 

able to perform TC-NER. In partial contrast, HCT116p53-/- cells exhibited a reduced ca­

pacity to support the repair of the UV-damaged reporter and RNAi against CSB did not re­

sult in a further decrease in HCR. Nonetheless, RNAi against CSB decreased the ability of 

these p53 nullizygous cells to recover RNA synthesis and increased their sensitivity to UV-

and cisplatin-induced apoptosis. The present data suggest that TC-NER is intact in these 

p53-deficient cell lines even though there may be some subtle differences in the repair of 

transcription-blocking DNA lesions that were only apparent in HCR experiments. 
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Supplementary Figure 3. Recovery of RNA synthesis after UV-C in DU145 cells. 

DU145 cells were either mock-transfected or transfected with the indicated siRNA, 72 

hours before exposure to 10 Jm"2 UV-C. RRS was measured as previously described. Each 

value in represents the mean (± SEM) from a minimum of 3 independent experiments. * 

represents statistical significance by student's t-test where P < 0.05. 
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MMR proteins and p53 in cisplatin resistance 

A major drawback of the platinum family of chemotherapeutics is the recurrence 

of resistant disease.275 '276 '285 '313 '316 '317 '319 '326 '456 This can in some cases be attributed to 

increased DNA repair response285'313'327' 337 '342 '344 ' 456' 457 but may also result from de­

creased death signalling in response to this form of DNA damage. Two key genetic 

changes that have been associated with resistance to cisplatin are: p53- and MMR-

deficiency.329' 330' 442~444' 456' 458~460 Despite the association of p53 and MMR defects with 

cisplatin resistance, RNAi against CSB, XPA and XAB2 in our panel of tumour cell lines defi­

cient in p53 (PC-3, DU145 and HCT116p53-/-) and MMR (PC-3, DU145, HCT116 and 

HCT116p53-/-) resulted in defects in TC-NER and hypersensitivity to cisplatin. The present 

results indicate that targeting TC-NER sensitizes tumour cells to cisplatin independent of 

p53and MMR. 

In summary, we found that both p53 and MMR-deficient colorectal and prostate 

cancer cells retain the ability to perform TC-NER and targeting TC-NER in these cells in­

creases their sensitivity to UV light and cisplatin. These results have important implica­

tions for platinum-based therapies, where the therapeutic DNA lesion is recognized by 

NER. CSB may represent a rational target to augment cisplatin responsiveness of tu­

mours, independent of MMR or p53 capacity. Our work, coupled with recent clinical evi­

dence that ERCC1 levels predict response to platinum based therapies in non-small cells 

lung cancer,294, 319' 368' 461 small cell lung cancer,462 esophageal cancer,463 head and neck 

cancer,464 bladder cancer465 and testicular cancer,287 supports the concept that TC-NER 

capacity may be a predictor of therapeutic response in diverse tumours. Further, these 
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data support the concept that targeting TC-NER as a therapeutic option is a promising ap­

proach for cancer therapy. 
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4.0 Targeting TC-NER Sensitizes Human Tumour Cells in an In Vivo Xenograft Model 

In the previous chapter we targeted three key proteins in the TC-NER pathway and 

sensitized tumour cells to cisplatin and UV-induced DNA damage, in cell culture. The fol­

lowing chapter describes our preliminary efforts to test the therapeutic potential of tar­

geting TC-NER in vivo. The chapter has been written as a short report. 

I am grateful for the assistance of Jeffrey Hamill, Jennifer Smith, Brian Melanson 

and Christine MacKinnon-Roy in the measurement of xenograft tumours in the experi­

ments described herein. Reetesh Bose contributed data for Figures 2D-E. 
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Abstract 

We have previously shown that targeting the Cockayne syndrome B (CSB) protein using 
siRNA is effective at impairing the transcription-coupled nucleotide excision repair (TC-
NER) pathway in a variety of tumour cell lines. RNAi against CSB greatly increased the 
sensitivity to UV light and cisplatin-induced apoptosis. In order to test the effect of inhib­
iting TC-NER on tumour response in vivo, we generated shRNA expressing retrovirus con­
structs that permitted stable knockdown of CSB. Using this viral construct, we were able 
to generate stable TC-NER deficient tumour cells. These CSB targeted cells remained tu-
mourigenic in nude mice. Exposure of CSB-targeted tumours to cisplatin significantly de­
layed tumour growth. These results suggest that CSB and potentially other TC-NER pro­
teins may represent targets for combined cancer therapy. 

Abstract Word Count: 121 
Manuscript Word Count: 3743 
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Introduction 

Platinum-based chemotherapeutics are important in the treatment of human can­

cer and have seen some success in the treatment of gastrointestinal and reproductive tu­

mours.275, 313 Curiously, in some germ-cell testicular cancer, cisplatin is almost always 

successful in treatment with little recurrence of disease. 466~468 it has since been sug­

gested that this may be due to inherent low levels of nucleotide excision repair (NER) pro­

teins287 a pathway also known to correct cisplatin lesions.304, 360 Conversely, recurrent 

cisplatin resistant tumours can also have increased NER.284, 326, 327, 337, 456 Together, NER 

capacity appears to be an important determinant of cisplatin response. 

NER can be subdivided into both global-genomic (GG-) NER and transcription-

coupled (TC-) NER, that differ only in their DNA lesion recognition step.75, 85 We have 

shown previously that human fibroblast cells, deficient in TC-NER are exquisitely sensitive 

to cisplatin and that this was independent of p53.187 Similarly, transient transfection of 

siRNAs targeting a series of proteins required for TC-NER (CSB, XAB2 and XPA) sensitized a 

variety of colon and prostate cancer cell lines. Importantly, this was largely independent 

of DNA mismatch repair and p53, that when genetically altered have been associated with 

cisplatin resistance.223,329,331,338,341'443,469,470 Here we constructed a retroviral CSB shRNA 

expression construct that was effective at reducing CSB protein, inhibiting TC-NER and 

sensitizing tumour cells to cisplatin. Cells stably expressing shRNA targeting CSBs formed 

subcutaneous tumours in CD-I nude mice. Inhibition of CSB expression resulted in a sig­

nificant delay in tumour growth in mice treated with cisplatin. 
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Materials and Methods 

Cell Culture and UV-irradiation 

HCT116 cells were obtained from the American Tissue Type Collection (Camden, 

NJ) and the RetroPack™ PT67 cell line was purchased from Clontech (Mountainview, CA). 

HCT116 were established from a colon adenocarcinoma430 while PT67 are an NIH 3T3-

derived cell line containing the Moloney murine leukemia virus gag, pol and env genes 

(Clontech). Parental HCT116 and cells derived from this cell line were cultured in McCoy's 

media (Wisent, St. Bruno, QC). McCoy's media was supplemented with 10% fetal bovine 

serum (Wisent, St. Bruno, QC). All cell lines were grown in humidified incubators at 37°C 

and 5% C02. Where indicated, cisplatin (Mayne Pharma Canada Inc., Montreal, QC) was 

added to fresh, pre-warmed media at the indicated final concentration. 

To UV-irradiate cells, media was removed and cells were irradiated with the indi­

cated dose using a germicidal bulb emitting predominantly at 254 nm at U/m2/s as meas­

ured with a hand-held UV dosimeter (UVX Radiometer, UVP Inc., Uplands, CA). Fresh, pre-

warmed media was replaced and dishes were returned to an incubator for the indicated 

period of time. 

Construction of retrovirus vectors and shRNA expressing cell lines 

The pLXSN retroviral vector (Clontech, Mountain View, CA) was modified for use as 

a retroviral delivery for shRNA according to Hao et al. (2005).471 Briefly pLXSN was double 

digested with Xbal and Nhel (New England Biolabs, Pickering, ON) and resulting large 

fragments re-ligated to form pXSN.471 Based on our CSB targeting sequence used previ-
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ously and the validated green fluorescence protein (GFP) targeting sequence (Dhar-

macon), we inserted synthetic DNA oligonucleotides with appropriate linkers, into the 

pSUPER plasmid, a kind gift from Dr. Thomas Tuschl (Rockefeller University). The follow­

ing oligos were annealed and ligated into pSUPER under control of the H I RNA poly­

merase III promoter between the restriction sites Bglll and Hindlll: 

CSB1+ 

GATCCCCGTGTGCATGTGTCTTACGATTCAAGAGATCGTAAGACACATGCACACTTTTTGGAAA, 

CSB1-

AGCTnTCCAAAAAGTGTGCATGTGTCTTACGATCTCTTGAATCGTAAGACACATGCACACGGG; 

GFP+ 

GATCCCCGGCTACGTCCAGGAGCGCACCTTCAAGAGAGGTGCGCTCCTGGACGTAGCCTTTTTGG 

AAA, 

GFP-

AGCTTTTCCAAAAAGGCTACGTCCAGGAGCGCACCTCTCTTGAAGGTGCGCrCCTGGACGTAGCC 

GGG. Subsequently, the Hl-shRNA expression cassette from pSUPER-CSBl was removed 

at BamHI and Xhol and ligated into pXSN, creating the new vector pXSN-Hl-shRNA. The 

shRNA sequences were validated by DNA sequencing. 

PT67 cells were then transfected with pXSN-Hl-shRNA constructs and placed un­

der G418 (Sigma-Aldrich, Oakville, ON) selection as per manufacturer's instructions472. 

Individual cell colonies were amplified and characterized by protein immunoblotting to 

assess the effectiveness of the integrated shRNA (Figure 1). The clones selected for future 

use were designated HCT116-shCSBl and HCT116-shGFP. 
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Construction of adenovirus vectors and infections with AdshRNA viruses 

The adenoviruses expressing shRNA were generated by standard methods using 

the AdMax vector system (Microbix, Toronto, ON). The Bglll-Hindlll fragment of pSUPER-

shRNA was cloned into the promoter-less pDC311 adenoviral shuttle vector. The pDC311-

Hl-shRNA plasmid was co-transfected into 293 cells along with pBHGCreloxdeltal,3. The 

resulting virus (AdshRNA) was plaque purified, expanded and the integrity of the H l -

shRNA cDNA was confirmed by DNA sequencing. To infect cells, media was removed and 

virus was adsorbed for thirty minutes in one millilitre of serum-free media, with regular 

gentle rocking in a humidified incubator at 37°C and 5% C02. Infection of HCT116 cells 

with AdshCSBl led to the knockdown of the CSB protein (Figure 3). 

Preparation of nuclear ly sates 

Crude nuclear lysates were prepared by sucrose centrifugation as follows (modi­

fied from http://home.ncifcrf.gov/ccr/flowcore/nuclei.pdf). Cells were rinsed with PBS 

then trypsinized and collected by centrifugation. Cell pellets were resuspended in nuclear 

extraction buffer (320mM sucrose, lOmM HEPES, 5mM MgCI2, 1% triton-X-100, pH 7.4), 

incubated on ice and then collected by centrifugation at 2500xg. The resulting pellets 

were rinsed twice with nuclear wash buffer (320mM sucrose, lOmM HEPES, 5mM MgCI2, 

pH 7.4) and collected by centrifugation at 2500xg then resuspended in RIPA buffer (50mM 

Tris-HCI pH6.8,150mM NaCl, I m M EDTA, 1% Triton-X-100,1% sodium deoxycholate, 0.1% 

SDS). Pellets were disrupted using a sonicator equipped with a chilled microtip (Thermo 
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Fisher Scientific, Ottawa, ON) and protein quantified using the Bradford assay (Bio-Rad, 

Mississauga, ON). 

Immunoblotting 

Nuclear extracts were resuspended in RIPA buffer after being purified as indicated. 

Samples were sonicated for 10 s using a microtip (Branson Sonifier, VWR International 

Ltd., Mississauga, ON) and protein concentrations determined using the BioRad Protein 

Assay (BioRad, Mississauga, ON). Two hundred micrograms of nuclear protein per well 

was subjected to gel electrophoresis using NuPAGE 3-8% gradient polyacrlyamide gels (In-

vitrogen) to visualize CSB protein (predicted at 168 kDa) or Ku86 (86 kDa). Proteins were 

transferred to Hybond-C nitrocellulose (GE Healthcare, Baie d'Urfe, QC) and blots were 

stained with Ponceau S Red (5 mg/ml Ponceau S Red, 2% glacial acetic acid) to visualize 

total transferred proteins. Blots were then blocked in PBSMT-A (PBS, 5% nonfat milk 

powder, 0.05% Tween 20) proteins were detected using antibodies against CSB (E-18) and 

Ku86 (M-20) (Santa Cruz Biotech, Santa Cruz, CA) diluted in PBSMT-B (PBS, 0.5% non-fat 

milk powder) and were visualized using SuperSignal West Pico Chemilluminescent Sub­

strate (Thermo Fisher Scientific) in combination with X-ray film (Kodak, Rochester, NY). 

Multiple proteins were detected using the same blots using Restore Western Blot Strip­

ping Buffer (Thermo Fisher Scientific). 
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The recovery ofRNA synthesis 

Sub-confluent cells were grown in media supplemented with 5u.Ci/mL of [14C] 

thymidine (GE Healthcare) to uniformly label DNA. As indicated some HCT116 cells were 

infected at an MOI of 5 just prior to the labelling period. Seventy-two hours later, cells 

were treated with 10 Jm 2 UV. One hour before indicated collection time, the media was 

replaced with fresh media containing 50|iCi/mL [3H] uridine (GE Healthcare) to label nas­

cent RNA. Samples were rinsed in PBS containing 0.2% sodium azide (PBS-Z), collected by 

trypsin in PBS-Z, rinsed with PBS-Z and cell pellets were stored at -809C. Samples were 

lysed in 1% SDS and nucleic acids were precipitated in 10% trichloroacetic acid (TCA)/0.1M 

sodium pyrophosphate (NaPPi) and preciptiated nucleic acids were collected on glass fiber 

filters (Thermo Fisher Scientific). Incorporation of [3H] and [14C] was determined using a 

scintillation counter and [3H] counts were normalized to [14C] counts to control for cell 

number. RNA synthesis is expressed as the proportion of [3H] uridine incorporated in UV-

treated samples compared to unirradiated controls. 

Host cell reactivation 

Recombinant adenovirus expressing the lacZ gene under control of the murine cy­

tomegalovirus promoter (AdCA35-l, hereafter referred to as AdlacZ, a kind gift from Dr. 

Frank Graham, McMaster University, Hamilton, ON), was suspended in a minimal volume 

of PBS and was subsequently irradiated with the indicated dose of UV light on ice, as pre­

viously described.436 Cells were infected with UV- or mock-treated AdlacZ at a multiplicity 

of infection (MOI) of 20 for primary cells or an MOI of 5 for tumour cells. Forty-eight 
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hours following infection, media was removed and monolayers were incubated with 1 

mM chlorophenolred-B-D-galactopyranoside (Fluka Biochemika, Buchs, Switzerland) in 

0.01% Triton X-100, 1 mM MgCI2, and 100 mM phosphate buffer (pH 8.3).437 Absorbance 

at 570 nm was determined using a Thermo Multiskarv Ascent microplate photometer 

(Thermo Fischer Scientific). B-galatosidase activity from the indicated dose is expressed 

relative to the activity obtained by infection with un-irradiated virus. 

Flow cytometry 

Cells, as indicated were treated with indicated dose of UV light or cisplatin. In the 

case of AdshRNA infections, HCT116 were treated with indicated dose of UV light or cis­

platin 72 hours following infection with the indicated AdshRNA virus at an MOI of 5. De­

tached and adherent cells were collected 48 hours following treatment, fixed in 70% 

ethanol for a minimum of 2 hours at -20° C and stained in 30u.M propidium iodide (Sigma-

Aldrich, Oakville, ON) in PBS with 40 u.g/mL of RNAse A (Sigma-Aldrich).391 Samples were 

analyzed by fluorescence activated cell sorting using a Becton Dickenson LSR II Facstation 

and CellQuest software (Becton Dickinson, Franklin Lakes, NJ) and data files were analysed 

using FCS Express (De Novo Software, Los Angeles, CA). Apoptosis was quantified as the 

proportion of cells with sub-diploid DNA content. Where indicated, Z-VAD-fmk (Bio-Rad) 

was added to the medium to a final concentration of 10 u.M at the time of irradiation or 

treatment with cisplatin. 
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Animal Experimentation 

All animal experimentation was approved by the University of Ottawa Animal Re­

search Ethics Committee, conducted at the University of Ottawa Animal Care Facilities and 

supervised by the veterinary research technicians. Animals were given food and water ad 

libidim and wellness was monitored daily. Our experimental protocol has been previously 

described.473 Briefly, ten million parental HCT116 or HCT116-shCSBl were injected subcu-

taneously into the flanks of 8 week-old athymic male nude mice (Jackson Laboratories, 

Bar Harbour, ME). Once palpable tumours formed (approximately 50mm3 in one to two 

weeks), mice were treated 3 times over a 5 day period (day 0, day 2 and day 4) at 0, 1 or 

4mg/kg cisplatin (Mayne Pharmaceuticals, Montreal, QC) in phosphate buffered saline, by 

intraperitoneal injection. Tumours were then measured using callipers every 2-3 days 

over a four week period and this experiment was completed 3 times. Mice were sacri­

ficed at either humane endpoints as per University of Ottawa Animal Research Ethics 

guidelines, or termination of the studies. During the ensuing necropsy, cells from the 

subcutaneous tumours were removed and established in cell culture using no selective 

media. In several cases, cell lines were amplified and protein immunoblotting done to de­

termine the state of CSB expression. All tumours tested in this way yielded CSB expres­

sion that was identical to the original HCT116-shCSBl cell line prior xenograft (see Figure 

2C). 



Results 

Targeting CSB with stably expressed shRNA sensitizes tumour cells to DNA damage 

We recently reported that targeting CSB by RNAi was effective at increasing sensi­

tivity to cisplatin-induced apoptosis in a variety of tumour cell lines in vitro.223 Here we 

used RNAi to target CSB by stably inserting an shRNA into HCT116 colon carcinoma cells 

by retrovirus integration. After selecting for stable integration, individual clones were 

grown and the expression of CSB was assessed by western blotting (Figure 1A). Several 

clones were identified with decreased CSB expression and their response to UV-C and cis-

platin was assessed (Figure 1A and IB). Decreased expression of CSB was associated with 

increased sensitivity to UV- and cisplatin-induced apoptosis in 3 of 4 clones selected. 

Clone 15-16 (clone 6 in Figure 1A) exhibited a pronounced TC-NER defect as evidenced by 

decreased HCR of a UV-damaged reporter gene (Figure 1C) and in their ability to recover 

nascent RNA synthesis (Figure ID). Together, this clone (henceforth referred to as 

HCT116-shCSB) exhibited the expected decrease in TC-NER and increased sensitivity to 

UV- and cisplatin-induced apoptosis. 

RNAi against CSB increases responsiveness of a tumour xenograft to cisplatin 

HCT116 colon carcinoma, HCT116-shGFP and TC-NER deficient HCT116-shCSB cells, 

were injected subcutaneously in the flank of CD-I nude mice. All three cell lines formed 

tumours at similar rates (Figure 2A, Omg/kg plots). Tumours were allowed to reach a 

minimum volume of 50mm3 prior to treatment. The time required for tumours to reach 

treatment volume and mean tumour volume prior to treatment were not significantlydif-
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Figure 1. Generation and Characterization of Stably Expressed shRNA Targeting CSB. 

Cell lines stably expressing shRNA to CSB were assessed for CSB expression by im-

munoblotting (A) using Ku86 as a loading control. From these cell lines (clone numbers 

from 1A), sensitivity to DNA damage-induced apoptosis was determined by assessing the 

sub-diploid fraction of the cell cycle after treatment with cisplatin (B, left panel) or UV-C 

(B, right panel). TC-NER capacity was then measured by host cell reactivation (HCR) of B-

galactosidase (B-gal) activity, determined two days following infection with AdlacZ irradi­

ated with the indicated dose of UV light. B-gal activity is expressed relative to unirradi­

ated controls. 3-gal activity over a range of UV doses was measured in indicated cells (ei­

ther parental HCT116 or clone 6, HCT116-shCSB). Data shown is mean (± SEM) from 3 in­

dividual experiments, each done in 8 replicate wells (C). Recovery of RNA synthesis (RRS) 

was determined in HCT116 and HCT116-shCSB cells. Synthesis of nascent RNA synthesis 

was assessed between 0 and 24 hours following exposure to 10 Jm"2 of UV light. RNA syn­

thesis is expressed relative to unirradiated control samples collected simultaneously 

where each point represents the mean (± SEM) determined from a minimum of 3 inde­

pendent experiments (D). * indicates statistical significance compared to controls deter­

mined by student t-test where P < 0.05. 
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ferent. Cisplatin (1 or 4 mg/kg/day) was administered three times over a five day period 

for a total of 3 or 12mg/kg cisplatin per mouse. Tumour volume was measured three 

times per week. 

As expected, cisplatin delayed the growth of all tumour xenografts to some extent. 

In response to both doses, HCT116-shCSB tumours were significantly smaller than control 

tumours (Figure 2A). This was noticeable within 2 days of the first treatment (Figure 2B). 

These results are consistent with the rapid onset of apoptosis in HCT116-shCSB tumours. 

The shCSBl-expressing cells that were tested maintained their original low level expres­

sion of CSB (Figure 2C). During necropsy, cells were recovered from tumours and estab­

lished in culture. To determine the long-term expression status of CSB, immunoblotting 

was done. All tumours re-established in culture that were tested maintained their original 

low level expression of CSB (Figure 2D). Targeting CSB by stably expressing shRNA ap­

pears to yield- long-term knockdowns and in xenograft studies exhibit sensitivity to cis­

platin. 
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Figure 2. Tumour Xenografts From Cells Deficient in CSB are Sensitive to Cisplatin. 

HCT116 parental, HCT116-shGFP and HCT116-shCSBl cells were established as subcuta­

neous tumours in nude mice. Mice were treated on day 0, 2 and 4 with indicated doses of 

cisplatin then tumour volumes were measured with callipers. Data in 2A-B represents 

pooled results from three independent experiments with a total of 6-17 animals per 

group. Each point represents the mean (± SEM). Figure 2B shows just the first 7 days af­

ter treatment. After necropsy, individual tumours were excised and re-established in cell 

culture. Nuclear extracts were analysed by immunoblotting, as indicated, from three tu­

mours treated with and compared to transient RNAi from cell culture to verify that 

knockdown was stable (C). * represents statistical significance compared to control by 

one-way ANOVA and Bonferonni post-testing, where P < 0.05. In 2D, parental cells 

(square symbols) and post-xenograft cells established in culture after necropsy (triangles) 

were treated with cisplatin andsub-diploid fraction of cells was determined. In 2E, post-

xenograft cells (triangles from 2D) expressing shGFP and or shCSB maintained their sensi­

tivity to DNA damage-induced apoptosis after re-establishment in cell culture, t repre­

sents statistical significance between pooled shNT values compared to pooled shCSB val­

ues by student's t-test where P < 0.05. There was no evidence that cisplatin treatment in 

vivo selected for cells with low shCSB expression. 
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Discussion 

Platinum-based chemotherapeutic agents, while being a common component of 

many therapies, are curative in only a few tumour types 275,276,313,350,467. The more likely 

outcome is a period of progression-free survival with modest increases in lifespan.313 Re­

cently, clinical trials suggest combining platinum therapies with other agents to further 

increase efficacy, however without dramatic differences in survival.275, 313 The mecha­

nisms for recurrence of resistant disease are complex but include various aspects of cell 

survival culminating in a selective advantage for the remaining tumour cells that escape 

initial therapy.276,284,285,313, 316 Hence the call for novel and targeted approaches to im­

prove the clinical outcome and increase the useful life of platinum-based therapy.275 

Low expression levels of NER proteins are known to be positively predictive of out­

come of cisplatin chemotherapy.286, 292,293,296, 355 Alternatively, where NER proteins are 

found to be expressed at higher than normal levels, there is evidence for poorer out­

come292, 355,356,366,369 and in some of these cases cisplatin therapy may be discouraged.355 

Taken together, NER may represent a therapeutic target in combined cisplatin therapy. 

We recently reported that RNAi against a variety of proteins required for TC-NER 

resulted in increased cisplatin responsiveness in cell culture.223 As a preliminary experi­

ment to determine the contribution of TC-NER to tumour response in vivo, we have stably 

introduced shRNA targeting CSB in colon cancer cells. The targeted cells generated here 

exhibited the same TC-NER deficiency as cells treated with siRNAs against CSB.223 These 

cells remained tumourigenic in nude mice and the resulting tumours grew at a similar rate 

to tumours from parental HCT116 cells and cells expressing shRNA against GFP. 
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Using these TC-NER-impaired tumour cells, we generated CSB deficient tumours in 

nude mice that we then treated with cisplatin. We were not able to cure any of the mice, 

a difficult task in this model due to short tumour doubling time (see Figure 2A, first panel), 

yet we suggest that TC-NER is indeed important for tumour cell growth after cisplatin 

therapy in vivo. There is a clear difference between the tumour volumes of parental, 

HCT116-shGFP and HCT116-shCSB treated with 1 mg/kg and 4 mg/kg cisplatin (Figure 2A-

B). This suggests that CSB-targeted tumours respond more rapidly and at apparently 

lower doses. 

Eventually all tumours grew. To better understand the re-growth of the tumours, 

cells lines were established at endpoint. Re-established cell lines, examined for CSB ex­

pression, showed very low levels of CSB protein and retained their sensitivity to cisplatin-

induced apoptosis (Figure 2C-D). Collectively our results support the concept that CSB 

may be an attractive therapeutic target. Future strategies to disrupt CSB could include 

the use of biologicals or small molecule inhibitors. We constructed an adenovirus ex­

pressing shRNA against CSB under control of the same RNA polymerase III H I promoter. 

Infection at low low MOI was sufficient to inhibit expression of CSB (Supplementary Figure 

1A). Decreased CSB expression was associated with impaired TC-NER and hypersensitivity 

to UV light and cisplatin (Supplementary Figure 1B-C). These results suggest that virally 

expressed shRNAs can functionally inhibit TC-NER. These strategies will need to be com­

bined with tumour-specific methods of delivery to be therapeutically useful. 



Supplementary Figure 1. Adenovirus-delivered shRNA Targets CSB and Impairs TC-NER 

in Colon Cancer Cells. 

Adenovirus constructs were used to infect HCT116 cells for 72 h after which nuclear ex­

tracts were used for immunoblotting (A). RRS (B) and HCR (C) were assessed as previously 

described, after HCT116 cells were infected with indicated virus for 72 h. Results plotted 

in (B) and (C) are the mean (± SEM) of three individual experiments. HCT116 cells were 

infected with indicated virus for 72 h then treated as indicated with cisplatin or UV-C. 

Apoptosis, as the sub-diploid content of the cell cycle, was assessed and representative 

experiments are shown (D). 
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5.0 General Discussion 

5.1 MMR and cisplatin resistance 

Mismatch repair (MMR) is a post-replicative DNA repair mechanism that recog­

nizes small loops generated by DNA base substitution mismatches and insertion-deletion 

mismatches (IDL) due to replication errors that escape the proofreading function of DNA 

polymerases.474,475 MMR is highly conserved between species with E.coli, S.cerevisiae and 

humans utilizing essentially homologous mechanisms.476 Loss of any one component, 

such as MLH1, results in a crippling of MMR capacity.444, 477 MMR deficiency is most 

commonly associated with colorectal cancer,434, 478, 479 but ovarian, uterine, prostate and 

gastric cancers are frequently associated with defects in MMR.75,435,454 MMR mutant cells 

exhibit genomic and microsatellite instability and are assigned to a mutator phenotype.453 

Loss of MMR in cancer is positively correlated with acquired cisplatin resistance338,340,343, 

"69,480 ( r e v i e w e d i n stewart et al. 2007285 and Pani et al. 2007481). In fact an enrichment 

for MMR deficient cells has been seen in vitro, with xenograft tumour models and when 

examining patient-derived tissue after clinical treatment with cisplatin.442,480 

The reported MMR-associated resistance to DNA damaging chemotherapeutic 

agents stems from the observation that MMR-deficient cells are unable to properly signal 

for programmed cell death, or apoptosis263,443,444,474, 482 and this has been attributed to 

MMR-dependent roles in apoptosis signalling through the p53 tumour suppressor.263,443, 

483485 and perhaps S-phase arrest.486 

In the work presented here, we do not detect significant cisplatin resistance in 

MMR-deficient cell lines compared to controls. Specifically, HCT116 (MMR deficient) and 
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HCT116+chr3 (MMR proficient) cells responded identically to cisplatin in a battery of as­

says (Chapter 2, Figures 4 and 5, Supplementary Figures 1 and 2). We also tested the 

clonogenic survival of these cells after treatment with cisplatin and UV-C and also saw no 

difference (Appendix 1, Figure 2), though the same paired cell lines have been reported to 

exhibit up to a 2-fold difference in sensitivity to cisplatin.338 While MMR-deficient tu­

mours may exhibit resistance to chemotherapeutics, this may not always be observed in 

cell culture. Importantly, our data from both cell culture and in vivo experiments indicate 

that we can indeed measure significant cisplatin responsiveness in CSB-targeted cell lines 

despite inherent MMR defects. 

5.2 MMR and Reported Links to TC-NER 

It has been suggested that components of MMR participate in TC-NER of UV-

induced DNA damage.437'449'487'488 More specifically, Mellon and Champe (1996) 487 con­

firmed that there was indeed a link between MMR and TC-NER in E. coli that had been 

previously suggested by Feng et al. (1991)489 and Skandalis et al. (1994).490 However, a 

concurrent study, acknowledging this link in bacterial repair mechanisms, dismissed this 

same possibility in yeast where no MMR requirement for TC-NER was detected.491 This 

assertion was partially challenged by Yang et al. (1996) who showed that a protein re­

quired for yeast TC-NER increased the efficiency of MMR.488 Mellon et al. (1996) then 

suggested a dependency of TC-NER on functional MMR since they reported an increase in 

TC-NER after correcting MMR in paired cell lines of parental HCT116 and the MMR-
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corrected HCT116-chr3. Unfortunately, this high profile work, published in the journal 

Science, remains to be supported by others. 

No deficiency in TC-NER has been seen in the same paired human tumour cell 

lines452 or MMR deficient cells derived from mice.451 Additionally, others have reported 

that HCT116 cells are indeed proficient in performing TC-NER.450 Kobayashi er al. (2004) 

introduced an MMR deficiency into XPC cells (GG-NER deficient yet TC-NER proficient) but 

this had no effect on their capacity to remove CPD from transcribed strands.492 

Despite overwhelming evidence dissociating the processes of TC-NER and MMR, 

the controversial link between the two is still referenced in discussion of mechanisms of 

human skin cancer.36 Here we found that RNAi against CSB decreased the repair of tran­

scription-blocking DNA lesions. This clearly indicates that MMR-deficient cells were TC-

NER proficient and this was CSB, XPA and XAB2 dependent, as expected. 

5.3 p53 and Apoptosis 

A significant hurdle to effective tumour therapy is the often abnormal expression 

of the p53 tumour suppressor, an important transcriptional regulator of many genes in­

volved in cellular stress responses. p53 expression and function is limited by the human 

double minute 2 protein (hDM2) that ubiquitinates and targets it for proteasome degra­

dation (reviewed in Lahav et al. 2004493). After DNA damage, p53 is stabilized post-

translationally by DNA damage sensors (i.e. ATM and ATR) through phosphorylation of 

serine residues, thus causing dissociation of hDM2 (reviewed in Perry et al. 2004494). p53 

can then transcriptionally activate pro-apoptotic BH3 family members such as p53 
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upregulated modulator of apoptosis (PUMA),495 DNA repair genes,(reviewed in Ford 

2005496) and cell cycle regulators such as p21.497 The complex balance between these 

pro- and anti-apoptotic factors determines the ultimate cellular outcome (reviewed in 

Helton and Chen 2007498). 

Mutated in over half of all human tumours, aberrant function or loss of p53 func­

tion is associated with transformation of normal cells (reviewed in Harris and Hollstein 

1993499). p53 status can be predictive in some clinical settings. For example, mutations in 

p53 positively predict clinical resistance to cisplatin329"331 such that p53-deficient tumour 

cells are more resistant to apoptosis, a relationship we see here. Although, cisplatin resis­

tance can also be associated with enhanced drug efflux, increased expression of multi­

drug resistance genes, alteration of cellular pH and mutations in DNA repair genes.285 

The cellular mechanisms by which p53 regulates survival versus apoptosis is not 

completely understood. As reviewed in Helton and Chen (2007) there are accounts that 

confound current models of p53 function.498 Inhibition of the E3-ubiquitin ligase hDM2 

activates p53 function without inducing phosphorylation at key serines,500 while mutation 

of perceived stability promoting C-terminal lysines, failed to alter p53 protein stability.501 

This is in addition to a recent report that necessitates the review of the mechanistic roles 

of certain internal regions involved in transactivation of p53 target genes.379 Due to its 

apparent ubiquity in cellular processes, p53 function is likely specific to its cellular con­

text. However, in the context of UV-induced DNA damage, the greater the dose, the 

greater the likelihood that the p53 response will follow an apoptotic program.498 In fact, 

we reported a similar dose-response relationship and this was associated with a shift in 
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the spectrum of p53-induced genes, enriched for pro-apoptotic BH3 family members. We 

attributed this shift to a passive mechanism whereby smaller, pro-apoptotic p53 target 

genes with fewer and shorter introns evaded DNA damage and were expressed at the ex­

pense of larger anti-apoptotic p53 targets and genes encoding proteins involved in p53 

negative feedback. This passive mechanism of gene regulation acts as a molecular do­

simeter, thereby eliminating cells sustaining irreparable transcription-blocking DNA dam­

age.380 We have shown that p53 is required to protect cells from the generation of y-

H2AX loci, that indicate generation of DSBs, after exposure to low doses of UV irradiation. 

We also see an S-phase arrest in cells lacking p53 which is consistent with the notion that 

cells, after generation of UV-induced DSBs in S-phase, are unable to complete the cell cy­

cle due to replication blocking, catastrophic accumulation of DNA damage.399 This data is 

consistent with previous reports that show that in the absence of p53, UV irradiated cells 

undergo an S-phase arrest.391 

Persistently stalled RNPII at a UV- or cisplatin-induced DNA lesion results in a po­

tent apoptotic response (reviewed in van den Boom et al. 2002207). It has previously been 

well-established that stalled RNPII evokes a strong p53-dependent apoptotic response.243, 

367, 502 consistent with previous work in human fibroblasts187 however, p53 is not abso­

lutely required for an apoptotic response when transcription is blocked by UV or cisplatin 

lesions because HPV-E6 expression or RNAi against p53 does not inhibit UV or cisplatin-

induced apoptosis.187'367'503 As expected, p53-deficient prostate cancer cells (DU145 and 

PC-3) and HCT116p53-/- cells (p53 deleted) were relatively resistant to UV- and cisplatin-

induced apoptosis. However, RNAi targeting essential components of TC-NER, increased 
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the sensitivity of these p53 deficient cells to DNA damage-induced apoptosis (Chapter 2, 

Figures 1, 2, 6, 8 and Appendix 1, Figure 3). Therefore we suggest that TC-NER shares a 

significant yet separable role with p53 in determining apoptotic response in tumour cells, 

consistent with a p53-independent role for persistently stalled RNA polymerase II in the 

apoptotic response. These results indicate that abrogation of TC-NER could render cis-

platin-resistant, p53-deficient tumours sensitive to platinum therapy. 

5.4 Involvement of p53 in NER 

The p53 tumour suppressor is an important part of the cellular response to DNA 

damage (reviewed in Ford 2005496 and Roos and Kaina 2006263). The p53 response to DNA 

damage activates a G l checkpoint and the ensuing Gl-S phase arrest allows time for DNA 

repair (reviewed in Lane 1992504). 

Proper function of GG-NER requires the p53 protein, as first discovered in cells 

from a patient with the p53-deficiency (Li Fraumeni syndrome).505 The p53 tumour sup­

pressor regulates the expression of DNA repair proteins such as DDB2506 and XPC,507 in 

response to DNA damage, thereby regulating NER directly. After inactivating p53 with the 

human papilloma virus E6 protein, CPD were found to be repaired more slowly in untran-

scribed regions of the genome.399'508'509 

There is some evidence for a role of p53 in the regulation of TC-NER as well.510"512 

The p53 protein may directly regulate NER-mediated DNA repair by interacting with the 

TFIIH complex513 and by regulating XPB and XPD helicase activities.514 Consistent with a 

role for p53 in regulation of TC-NER, HCT116p53-/- cells exhibited a defect in repair of UV-
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damaged reporter gene (Chapter 2, Figure 6). Conversely, these cells did not exhibit a de­

crease in the ability to recover nascent mRNA synthesis after UV-induced DNA damage 

(Chapter 2, Figures 1 and 6). Importantly, RNAi against CSB, XPA and XAB2 resulted in de­

creased TC-NER and increased sensitivity to UV- and cisplatin-induced cell death. There­

fore, our results suggest that these HCT116p53-/- cells retain some ability to perform TC-

NER and this is CSB, XPA and XAB2-dependent. 

5.5 Anti-apoptotic Role for p53 

In primary human fibroblasts, p53 is primarily protective against UV- and cisplatin-

induced apoptosis.187,367'515 Cell death in this context requires S-phase progression244 and 

seems to be associated with a variety of S-phase defects including prolonged S-phase ar­

rest,399 increased formation of replication-associated DSB399 and unscheduled expression 

of cyclin E.516 

Surprisingly, it was reported that XP-E cells were resistant to cell death due to ab­

normal regulation of p53.371 Given the fact that p53 is primarily protective against UV-

and cisplatin-induced apoptosis, this report seemed to be inconsistent with previous lit­

erature. Given the conflicting reports, we explored the relationship between DDB2 and 

p53 in the context of UV damage in primary human fibroblasts. Contrary to the reports by 

the Linn group however, we found that disruption of p53 by RNAi or HPV-E6 expression 

increased resistance of fibroblasts to UV light. We concluded that p53 is primarily anti-

apoptotic in this model system and this may be due to the accumulation of DSB due to 

defects in S-phase progression following UV exposure. 
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5.6 Future Directions 

Future work pursued in the lab will address the therapeutic potential in targeting 

TC-NER in combined cisplatin cancer therapy. We propose to screen a library of small 

molecules to discover inhibitors of TC-NER. A method using an enhanced HCR technique 

to screen such a chemical library would allow high throughput analysis of existing chemi­

cal compounds to detect perturbed TC-NER, possibly reflective of inhibition of repair. 
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7.0 Tables 

Table 1: Nucleotide Excision Repair Defects and Associated Clinical Manifestations 

Clinical 
disease 
XP 

CS 

UVSS 

TTD 

Implicated 
gene 
XPA 

XPB 

XPC 

XPD 

XPE 

XPF 

XPG 

CSA 

CSB 

XPB 

XPD 

XPG 

ERCC1 

CSB 

Unknown 

XPB 

XPD 

TTDA 

TTDN1 

Hugo nomen­
clature 

XPA 

ERCC3 

XPC 

ERCC2 

DDB2 

ERCC4 

ERCC5 

ERCC8 

ERCC6 

ERCC3 

ERCC2 

ERCC5 

ERCC1 

ERCC6 

Unknown 

ERCC3 

ERCC2 

GTF2H5 

C7or f l l 

Overlap with other 
diseases3" 
DSC 

CS and TTD 

Unknown 

CS, TTD and COFS 

Unknown 

Unknown 

CS and COFS 

Unknown 
UVSS, COFS and 
DSC 

XP and TTD 

XP and TTD 

XP 

COFS 

CS, COFS and DSC 

Unknown 

XPandCS 

XPandCS 

Unknown 

Unknown 

NER Sub-pathway 

TC-NER 
-

-
+ 
-

+ 
-

-

-

-

-

-

-

-

-

-

-

-

+ 

GG-NER 
-

-
-

-

-

-
-

+ 

+ 
-
-

-
-

+ 
+ 
-

-
-

+ 

Cancer 
prone 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
-

+ 
+ 
+ 
Unknown 
-

-

-

-

-

Unknown 
Table modified from Hanawalt and Spivak (2008) with additional data incorporated from 

Lehmann 2000.84 
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Table 2: NER Genes, their Roles and Homologous Versions 

Human 
Gene Role 

Additional Com­
ments Rodent 

Saccharomyces 
cerevisiaeE 

Escherichia 
com 

GG-NER Genes 

XPE (DDB2) 

DDB1 

XPC 

RAD23B 

Centrin-2 

GG-NER and 

XPB 

XPD 

XPA 

RPA 

XPF 

ERCC1 

XPG 

PCNA 

RFC1 

Unknown 
DNA pol 6 / 
e 

DNA pol K 

DNA ligase-
1 

DNA ligase-
111 

XRCC1 

Lesion recognition 

Lesion recognition 

Lesion recognition 

Lesion recognition 

Lesion recognition 

Recruits XPC and is 
p53 inducible 
Forms a complex 
with DDB2 

Opens DNA and is 
p53 inducible 
Forms a complex 
with XPC 

Forms a complex 
with XPC 

Ddb2(Xpe) 

Ddbl 

Xpc 

Rad23b 

Unknown 

Unknown 

Unknown 

RAD4 

RAD23 

Unknown 

Unknown 

Unknown 

UvrA 

Unknown 

Unknown 

TC-NER genes 
Helicase and AT-
Pase 
Helicase and AT-
Pase 

Lesion verification 

ssDNA binding 

Structure-specific 
endonuclease 
Forms a complex 
with XPF 
Structure-specific 
endonuclease 
DNA replication 
sliding clamp 

Loads PCNA on 
DNA 
Removal of incised 
oligo 
DNA replication 
and repair 

Bypass polymerase 

Ligase 

Ligase complex 

Ligase complex 

TFIIHsubunit 

TFIIHsubunit 
Stabilizes pre-
incision complex 

Binds to XPA 

3' incision 

3' incision 
5' incision and stabi­
lization of TFIIH 

3 subunits; docking 
sites for DNA pol 

RFC large subunit 

None 

None 

None 

None 

Ercc3 (Xpb) 

Ercc2 (Xpd) 

Xpa 

Rpa 

Ercc4 (Xpf) 

Erccl 

Ercc5 (Xpg) 

Pcna 

Rfcl 

Unknown 
DNA pol 6 or 
£ 

DNA pol K 

Unknown 

Unknown 

Xrccl 

RAD25 

RAD3 

RAD 14 

R FA-1-3 

RAD1 

RADIO 

RAD2 

PCNA 

CDC44 

Unknown 

DNA pol 6 ore 

DNA pol K 

CDC9 

Unknown 

Unknown 

UvrB 

UvrB 

Unknown 

Ssb? 

UvrC 

Unknown 

UvrC 

B-clamp 

Unknown 

UvrD|| 

DNA pol 1 

Dinbl 

Ligase 

Ligase 

Unknown 
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TC-NER genes 

CSA 

CSB 

XAB2 

TFIIS 

HMGN1 

p300 

Ubiquitin-ligase 
complex 

TCR coupling factor 
and chromatin re­
modelling 

Transcription factor 

RNAPII elongation 
factor? 
Chromatin relaxa­
tion 
Chromatin remod­
elling 

WD repeat 

Transcription elon­
gation factor 

Link between XPA 
and RNAPII 
Stimulates tran­
script cleavage by 
RNAPII? 

Nucleosome re­
moval? 

Nucleosome re­
moval? 

Ercc8 (Csa) 

Ercc6 (Csb) 

Unknown 

Unknown 

Unknown 

Unknown 

RAD28 

RAD26 

Unknown 

Unknown 

Unknown 

Unknown 

Unknown 

Mfd 

Unknown 

GreAand 
GreB 

Unknown 

Unknown 

Table modified from Hanawalt and Spivak (2008) with additional data from Cleaver 

2008 , Lehmann 2003 , Fousteri and Mullenders 2008 
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8.0 Appendix 1 Supplementary Figures 

Figure 1 Flow Cytometric Histograms of Cisplatin-treated siRNA 
Targeted HCT116 Tumour Cells 
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HCT116 cells, transfected as indicated then collected after 48h continuous treatment with 
cisplatin. Cells are fixed in ethanol then stained with the DNA stain propidium iodide then 
analysed by flow cytometry. Cell cycle distribution histograms are shown where marker 
indicates sub-diploid fraction of cells (percent apoptosis). 
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Appendix 1 Supplementary Figures 

Figure 2 Colon Cancer Cells Exhibit Similar Clonogenic Survival 

after Cisplatin Treatment, Independent of MMR Status 
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Cells as indicated were transfected with siRNA and 72h later re-plated at various densities 

after treatment for 12h with indicated dose of cisplatin or with indicated dose of UVC. 

After colonies formed, cells were fixed and stained in methylene blue in methanol and 

colonies were counted. Plots were normalized to 0 dose and error bars represent mean 

of normalized (± SEM) from 2-3 experiments. 
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Appendix 1 Supplementary Figures 

Figure 3 Targeting XPA by siRNA Sensitizes HCT116p53-/- Colon Cancer Cells 
to DNA Damage 
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HCT116p53-/- cells were treated with UV and cisplatin after transient transfection with 

indicated siRNA (NT or XPA). Sub-diploid fraction of the cell cycle was measured as an in­

dicator of apoptosis (as described previously). Data points represent means from at least 

3 experiments (± SEM). 
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9.0 Appendix 2 Published Manuscripts 

I was fortunate to be involved in a variety of peripheral projects that have 

resulted in journal publications that do not form an integral part of this thesis but which 

are presented here. 



Regulation of ultraviolet light-induced gene 
expression by gene size 
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UV light induces the expression of a wide variety of genes. At 
present, it is unclear how cells sense the extent of DNA damage and 
alter the expression of UV-induced genes appropriately. UV light 
induces DNA damage that blocks transcription, and the probability 
that a gene sustains transcription-blocking DNA damage is pro­
portional to locus size and dose of UV light. Using colon carcinoma 
cells that express a temperature-sensitive variant of p53 and 
undergo p53-dependent apoptosis after UV irradiation, w e found 
that the number of p53-induced genes identified by oligonucleo­
tide microarray analysis decreased in a UV dose-dependent man­
ner. This was associated with a statistically significant shift in the 
spectrum of p53-induced genes toward compact genes wi th fewer 
and smaller introns. Genes encoding proapoptotic proteins in­
volved in the initiation of the mitochondrial apoptotic cascade 
were prominent among the compact p53 target genes, whereas 
genes encoding negative regulators of p53 and the mitochondrial 
apoptotic pathway were significantly larger. We propose that the 
shift in spectrum of UV-responsive gene expression caused by 
passive effects of UV lesions on transcription acts as a molecular 
dosimeter, ensuring the elimination of cells sustaining irreparable 
transcription-blocking DNA damage. 

DNA damage | microarray | p53 | transcription | stress responses 

The human genome contains between 26,000 and 39,000 genes 
distributed throughout «*3 billion base pairs of DNA (1). The 

coordinated regulation of this many genes presents a daunting 
task. Superimposed upon the complexity of transcriptional 
regulation is the fact that many DNA damaging agents can 
induce damage that inhibits elongation by RNA polymerase II 
(2). These transcription-blocking DNA lesions pose an obvious 
difficulty to the coordinated regulation of gene expression in 
those cells that have sustained sufficient damage. It is not 
fortuitous that highly conserved DNA repair pathways coupling 
transcription to DNA repair have evolved and that mechanisms 
exist to eliminate cells with excessive transcription-blocking 
lesions. 

Transcription-coupled nucleotide excision repair (TC-NER) 
preferentially removes transcription-blocking lesions from the 
transcribed strand of active genes, facilitating the recovery from 
DNA damage-induced transcriptional arrest (3-5). Much of 
what is known about TC-NER and DNA damage-induced 
transcriptional stress stems from studies using the model DNA 
damaging agent, UV light. Cyclobutane pyrimidine dimers 
(CPDs) and 6-4 photoproducts (6-4PPs), the most common 
lesions induced by short-wavelength UV light, block transcrip­
tion and are substrates for TC-NER (6, 7). After exposure to 
cytotoxic doses of U V light, cells fail to recover transcription and 
undergo apoptosis (4, 8), and this is thought to occur primarily 
through the mitochondrial pathway involving cytochrome c, 
Apafl, and caspase 9 (9-11). There is a very tight correlation 
between the sustained inhibition of transcription and UV-
induced apoptosis, indicating that cells sense sustained tran­
scriptional stress as an indicator of irreparable DNA damage (4, 
8, 12, 13). 

UV light activates signaling cascades that ultimately result in 
the activation of transcription-factors such as AP-1 and the p53 
tumor suppressor (14,15). However, UV-induced DNA damage 
also inhibits transcription by posing a physical impediment to 
elongation by RNA polymerases (2). The likelihood that a gene 
sustains DNA damage after UV irradiation is proportional to 
gene size because the induction of UV photoproducts is a 
stochastic event (16). A moderate dose of 10 J/m2 of UV light 
that induces apoptosis in <20% of UV-irradiated primary 
human fibroblasts or most other DNA repair-proficient human 
cell lines (4, 13, 17-20) yields »=2.4 lesions per strand of an 
average gene (Fig. 4, which is published as supporting informa­
tion on the PNAS web site) (1, 7, 21-25). This high lesion 
frequency led us to hypothesize that transcription-blocking UV 
lesions could dramatically effect the expression of UV-induced 
genes. Here we report that the spectrum of genes induced by UV 
light or by p53 in the presence of UV-induced DNA damage is 
significantly altered in a dose-dependent manner. The genes 
induced at cytotoxic doses of UV light were compact, with fewer 
and smaller introns, and were enriched for initiators of apoptosis 
acting through the mitochondrial pathway. We propose that cells 
use this passive mechanism of gene regulation to ensure that cells 
sustaining irreparable DNA damage are eliminated by apoptosis. 

Materials and Methods 
Cell Culture and UV Treatment. The HT29-tsp53 colorectal carci­
noma cells expressing a temperature-sensitive variant of p53 and 
HT29-neo vector control cells (26) were obtained from Mats 
Ljungman and Jon Maybaum (University of Michigan, Ann 
Arbor). Cells were grown at the restrictive temperature (38°C) 
in 10-cm tissue culture dishes in DMEM supplemented with 10% 
FCS (GIBCO/BRL) and 5 ixg/m\ gentamicin (Sigma). Growth 
medium was removed before UV iradiation, and fresh medium 
was immediately replaced after treatment. Fluence was deter­
mined with a UV radiometer (Ultraviolet Products) to deliver 
= 1 J/m2 /s from a germicidal bulb (Philips) emitting predomi­
nately at 254 nm. 

RNA Isolation. Cells were seeded 48 h before treatment. At the 
time of treatment, cells were irradiated with the indicated doses 
of UV light and were either returned immediately to the 
restrictive temperature (38°C) or switched to the permissive 
temperature (32°C). Cells were harvested 6 h after treatment. 
Total RNA was isolated by using the RNeasy RNA isolation kit 
(Qiagen, Valencia, CA) according to manufacturer's specifica­
tions. The yield of total cellular RNA was not dramatically 
affected by UV dose by this time. 

Quantitative RT-PCR. Five micrograms of total RNA was reverse-
transcribed by using first-strand cDNA synthesis kit (MBI Fer-
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mentas). Quantitative RT-PCR was performed by using the Sybr 
green fluorescent DNA stain (Molecular Probes), a LightCycler 
2 quantitative PCR machine (Roche Diagnostics) and LIGHT-
CYCLER software version 3 (Roche Diagnostics). The primers 
used were CR YAB (AGCCGCCTCTTTGACCAGTTCTT and 
GCGGTGACAGCAGGCTTCTCTTC), p21WAF-l/CDK-
N1A (CCTCAAATCGTCCAGCGACCTT and CATTGTGG-
GAGGAGCTGTGAAA), FAS (CTCATCTTAATGGCCTA-
ATGCA and GCTTCAGTTTATAACTATCTTCAC), DDB2 
(CCACCTTCATCAAAGGGATTGG and CTCGGATC-
TCGCTCTTCTGGTC), serpinB5/maspin (CTTTTCTGTG-
GATGCCGATT and CCTGCCAGGGCTTAACATAA), 
XP-C (AAGTTCACTCGCCTCGGTTGC and TTCTTTCCT-
GATTTTAGCCTTTTT), SMAD-3 (AGGCGTGCGGCTC-
TACTACATC and GGGCGTTTCTGGTTGGACTG) , 
EFNB1 (GGAGGCAGACAACACTGTCA and GAACAAT-
GCCACCTTGGAGT), LOC254531 (CCGAATGTGAGT-
TTGTAGG and TTTGGTGTCTGGGAGGTG) , MAX 
(CTCTCGTGGTATGTATGGG and AGTAGGAAAG-
GAAGTGGGATG), MYB (AACTCCTACACCATTCAAAC 
and CTGCTCCTCCATCTTTCC), PMAIP1/NOXA (TA-
AAGCAAGAATGGAAGAC and GACCGAAGAAATCAA-
CAC), and ACTIN (GGGCATGGGTCAGAAGGAT and GT-
GGCCATCTCTTGCTCGA). 

Microarray. Twenty micrograms of each RNA sample was 
labeled by using the Super Script II (Invitrogen) and the Enzo 
BioArray High Yield RNA transcript labeling kit (Affymetrix). 
Labeled complementary RNA was hybridized to the Affy­
metrix U95A microarrays containing 12558 probe sets accord­
ing to the specifications of the manufacturer (Affymetrix) at 
the Affymetrix gene expression facility at the Ottawa Hospital 
Research Institute (Ottawa). Affymetrix MICROARRAY SUITE 
5.0 software was used to compare each sample to mock-
irradiated controls maintained at the restrictive temperature. 
A nonparametric Wilcoxon signed rank test was used to 
determine whether statistically meaningful differences in 
probe cell intensities were detected between samples (change 
calls were determined by using yjH and 71L values of 0.0025). 
We considered genes to be differentially expressed under a 
given condition if and only if they were statistically (P < 
0.0025) increased or decreased 2-fold in all experiments 
compared to samples collected from cells maintained at the 
restrictive temperature. The NetAffx database was used to 
determine the identity of differentially expressed genes (27). 

The National Centre for Biotechnology Information Lo-
cuslink database (www.ncbi.nlm.nih.gov/LocusLink) was used 
to obtain detailed information regarding the physical makeup of 
all differentially expressed genes. The size of genes, mRNAs, and 
introns did not fit a Gaussian distribution, so statistical analysis 
was performed on log-transformed data by using the PRISM 
software package (GraphPad, San Diego). However, similar 
results were obtained with nontransformed data by using a 
nonparametric Mann-Whitney U test. 

Chromatin Immunoprecipitation. The chromatin immunoprecipi-
tation assay was performed as described by Kallesen and Rosen 
(http://public.bcm.tmc.edu/rosenlab/protocols/ChIP.pdf), 
which represents a minor modification of the method of Boyd 
and Farnham (28). Briefly, proteins and DNA were crosslinked 
with 1% formaldehyde in growth medium. Chromatin was 
isolated and sonicated to an average length of 700 bp with a 
microtip sonifier (Branson Sonifier) in 20-sec bursts. Debris was 
cleared by centrifugation, and the resulting supernatants were 
frozen in liquid nitrogen and stored at -80°C. 

Upon analysis, the chromatin was diluted 5-fold and pre-
cleared with protein A-agarose (Roche Diagnostics) for 50 min 
at 4°C. Twenty percent of the precleared chromatin was retained 
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Fig. 1. The effect of UV light on expression of genes induced at the 
permissive temperature. (A) Fold increase in gene expression at the permissive 
temperature was determined by real-time RT-PCR. Known p53-regulated 
genes are denoted with asterisks. (B) The mean size of genes induced or 
repressed at the permissive temperature compared to the size of randomly 
selected genes. The effect of the UV light onthe number (Q and expression (D) 
of genes induced or repressed at the permissive temperature. Expression in D 
for each gene was determined and normalized to the induced level of expres­
sion of that gene at the permissive temperature alone and is expressed as the 
mean level of expression determined from all genes in the group. (£) Genes 
were grouped by behavior to UV light: induced at 0 (inverted triangle), 0 and 
10 (triangle), or 0,10, and 30 (circle) J/m2. Relative expression was determined 
as indicated in D. (F) The mean size of loci (circles), mean size of mRNA 
(triangles), and the total intron size (inverted triangles) are indicated for each 
group in E. (G) Genes were sorted into three groups by gene size (£10 kb, 
11-30 kb, and >30 kb, n - 28, 26, and 27, respectively) and the mean effect of 
UV light on gene expression in each group was determined. Error bars in A and 
D-G indicate the 95% confidence interval of the indicated mean. ThePvalue 
in 0 was determined by one-way ANOVA. 
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Table 1. Effect of UV light on the expression of known p53-responsive genes 

Expression 

Random* 
p53 induced 

UV, J/m2 

NA 
All 

0 
10 
30 

n 

132 
43 
33 
32 
18 

Median gene 
size, bp 

29,104 
13,751 
23,036 
11,934 
8,176 

mRNA size, 
log2 bp 

11.1 ± 0 . 1 
11.1 ± 0 . 1 
11.1 ± 0 . 1 
11.1 ± 0 . 1 
10.8 ± 0.2 

Gene size, 

log2 bp 

14.6 ± 0.2 
14.0 ± 0.2 
14.1 ±0 .3 
13.7 ± 0.3* 
13.2 ± 0 . 3 * * 

Gene size. 
bp ' 

24,800 
16,500 
17,600 
13,300 
9,400 

Total intron 
size, log2 bp 

14.4 ± 0.2 
13.7 ± 0.3 
13.8 ± 0.3 
13.5 ± 0.3* 
12.8 ± 0.3** 

Asterisks indicate that the indicated value is significantly different from randomly selected genes using a Student's f test at *, P s 0.05 
o r " , P < 0.005. NA, not applicable. 
'For clarity, mean gene size is presented in a linear form but was determined from the mean of transformed values by using the following 
formula: (mean gene size = 2meanl°92 9ene size). 

*A random number generator was used to generate a random series of Locuslink accession numbers. 

as a positive control for PCR amplification. The remainder of the 
solution was divided into equal aliquots and incubated overnight 
at 4°C, either without antibody or with 5 jxg of p53 antibody 
(Ab-1 antibody, Oncogene Science, or phospho-Ser-15 antibody, 
Cell Signaling Technologies). Immune complexes were collected 
overnight at 4°C with the addition of 60 /il of protein A-agarose 
(Roche Diagnostics). 

Crosslinks were reversed by addition of NaCl to a final 
concentration of 0.3 M with RNase A and incubated at 65°C for 
4-5 h. DNA was precipitated in 70% ethanol, collected by 
centrifugation, and proteinase K treated for 2 h at 45°C. DNA 
was purified by using QiaQuick spin columns (Qiagen) and was 
eluted in 10 mM Tris, pH 8.0. Semiquantitative PCRs were 
performed by using a GenAmp PCR System 9700 (Applied 
Biosystems). The binding of p53 to the serbinB5 (maspin), 
CDKN1A (p21WAF1), and FAS p53 response elements was 
determined by using the following primer pairs: CTTTTCTGT-
GGATGCCGATT and CCTGCCAGGGCTTAACATAA, 
GTGGCTCTGATTGGCTTTCTG and CTGAAAACAG-
GCAGCCCAAG (29), and GGGACCCCGGTTGGAGAG 
and CTGCTTCGGTGCTGACTTATTTC, respectively. Am­
plification of upstream sequences of the GAPDH (GTATTC-
CCCCAGGTTTACAT and TTCTGTCTTCCACTCACTCC; 
ref. 29), XAB2 (AACGAGCTGGGACCCTCAGT and TAT-
CAGTTTTTGGGGGCCGAGT) and KiSS-1 (CCTGGGGC-
CCGCACTTAGC and CCCCCGCACCTTCTCCATTTG) 
promoters and enhancers served as negative controls. 

Results and Discussion 

To evaluate the inhibitory affect of UV photoproducts on DNA 
damage-induced gene expression in a well controlled model 
system, we examined gene expression profiles in a human 
colorectal carcinoma cell line harboring a temperature sensitive 
allele of p53 (26). At the restrictive temperature (38°C), this 
variant of p53 is in a mutant conformation and cytoplasmic, but 
becomes nuclear and functional at the permissive temperature 
(32°C) (30). This variant is ideal for these studies because 
conditional expression of active p53 does not require de novo 
transcription of the transgene nor does it require a DNA damage 
signal. Statistically significant changes in gene expression were 
determined for each individual experiment by using the MI-
CROARRAY SUITE 5.0 software (Affymetrix). We found 83 genes 
were induced at least 2-fold at the permissive temperature in 
each of four independent experiments. Thirty-three of these 
genes have previously been reported to be p53-induced (31-38). 
By similar criteria, 33 genes were repressed at the permissive 
temperature. The differential expression of several gene prod­
ucts was confirmed by using real-time RT-PCR (Fig. 1A). In all 
instances, RT-PCR data confirmed the differential expression 
detected by microarray analysis. 

We obtained information regarding the physical makeup of all 
differentially expressed genes (Tables 3-5, which are published 

as supporting information on the PNAS web site). For statistical 
purposes, detailed information regarding the physical makeup of 
132 randomly selected genes was also obtained (Table 6, which 
is published as supporting information on the PNAS web site). 
As expected, the average size of the randomly selected genes 
closely approximated that reported by the human genome 
project (1). Overall, the mean size of the genes induced at the 
permissive temperature was not significantly different from the 
size of randomly selected genes (Fig. LB). 

We determined the effect of UV light on the spectrum and 
expression of these p53 target genes. Of the 83 genes induced at 
the permissive temperature, only 29 were still induced after 
exposure to 30 J/m2 (Fig. 1C). In contrast, the number of 
repressed genes was not dramatically altered by UV light (Fig. 
1C). Whereas the expression of p53-induced genes was also 
strongly inhibited by U V light (P < 0.0001), the expression of the 
p53-repressed genes remained largely unaffected (Fig. ID). 
Thus, UV irradiation dramatically altered the spectrum and 
expression of p53-induced but not p53-repressed genes. 

Genes induced at the permissive temperature were grouped by 
behavior after exposure to UV light (i.e., induced at "0 J/m2 only," 
"0 and 10 J/m2," or "0, 10, and 30 J/m2") (Fig. IE). There was a 
significant UV dose-dependent decrease in the size of genes 
induced but not repressed at the permissive temperature (Fig. IF, 
P < 0.0001, ANOVA). This was associated with a decrease in the 
number and average size of introns, but mRNA size was not 
significantly different from that of randomly selected genes (P = 
0.005, 0.004, and 0.17, respectively). The p53-induced genes were 
sorted into groups based on gene size, and the effect of UV light 
on the expression of each group of genes was determined. The 
expression of large genes was strongly inhibited, whereas the 
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Fig. 2. The effect of UV dose on p53 binding and p53 target gene expression. 
(A) Representative chromatin immunoprecipitation experiments demon­
strate an interaction of p53 and ser15 phosphorylated p53 (asterisk) with the 
SERPINB5 p53-response element at all doses of UV light. KiSS-1 served as a 
negative control. +, antibody; - , the no-antibody control; I, input DNA. (8) 
The effect of UV light on representative p53 target genes was determined by 
real-time RT-PCR. Values are expressed relative to the corresponding mean 
determined for p53 target genes induced at the permissive temperature 
alone. Values represent the mean ± standard error. 
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expression of small genes was not (Fig. 1G). Because many of these 
putative p53-regulated genes identified through our microarray 
analysis have not been independently confirmed to be p53-
regulated, we performed a similar analysis on the 43 previously 
reported target genes (31-40) (Table 5). Again, genes induced at 
higher doses of UV light were significantly smaller (Table 1), and 
this was associated with a significant decrease in the average 
number and size of introns (P < 0.005, t test). Thus, UV light 
inhibits the p53 response in a dose-dependent manner, resulting in 
the preferential induction of compact p53 target genes with fewer 
and smaller introns. 

To ensure that p53 was associated with consensus response 
elements in vivo at high doses of UV light, we performed chromatin 
immunoprecipitation experiments. An interaction between p53 and 
the SERPINB5 (maspin, Fig. 2A), CDKN1A (p21WAF1, data not 
shown), and TNFRSF6 (Fas, data not shown) p53-response ele­
ments in vivo by chromatin immunoprecipitation was detected even 
though UV light inhibited the expression of SERPINB5 and 
TNFRSF6 (Fig. IB). The interactions were apparent for all three 
promoters using two different p53 antibodies. We interpret these 
results to indicate that dose-dependent variation in the spectrum of 
p53-induced genes cannot be explained by a decrease in the binding 
of p53 to its response elements. 

We have previously reported that the HT29-tsp53 cells used 
here undergo extensive apoptosis at the permissive temperature 
after exposure to 30 but not after exposure to 0 or 10 J/m2 of UV 
light (20). Of the 43 known p53 target genes differentially 
expressed in our microarray experiments, 17 have been reported 
to regulate the induction of apoptosis. Of these, five are inducers 
of apoptosis through the mitochondrial apoptotic pathway (Fig. 
3) important for both p53- and UV-induced apoptosis (9-11,32, 
33, 41-45). All five genes implicated in the p53-mediated 
mitochondrial pathway were highly resistant to inhibition by UV 
light (Fig. 3 A-C), whereas the expression of genes known to 
inhibit p53-mediated apoptosis was strongly blocked by U V light 
(Fig. 3 A-C). The proapoptotic genes were significantly smaller 
than the prosurvival genes (Fig. 3D). The large size of MDM2 
and PPM1D genes ensures that feedback inhibition is blocked at 
higher doses, permitting cells to be eliminated by apoptosis. 
Taken together, UV irradiation resulted in the expression of a 
restricted set of small p53-responsive genes at the expense of 
larger p53 targets, and this coincides with the induction of 
apoptosis in a dose-dependent manner. 

To determine whether gene size had an effect on the p53-
independent induction of UV-responsive genes, we assessed the 
effect of UV light on gene expression at the restrictive temper­
ature, as well. We found that the size of genes induced after 
exposure to high doses of UV light at the restrictive temperature 

were again smaller (P = 0.005 and P < 0.0001, respectively, Table 
2). Furthermore, we determined the average size of genes 
reported to be induced by UVC, UVB, and 7 radiation in a 
variety of cell types by several other groups (38, 46-49). In 
striking support of our results, we found that these previously 
reported UVB- and UVC-induced genes were also significantly 
smaller than randomly selected genes (Table 7, which is pub­
lished as supporting information on the PNAS web site). The 
compact UV-induced genes included p53-responsive genes, 
AP-1 responsive immediate early genes, cytokines, chemokines, 
and histones (38, 46-49). In contrast, exposure of tumor cells to 
7 radiation did not result in the striking induction of compact 
genes (Table 7). In fact, UV-induced genes were significantly 
smaller than genes induced by ionizing radiation (0.05 < P < 
0.0001, depending on the studies compared). This is consistent 
with the fact that 7 radiation does not strongly inhibit transcrip­
tion (8). Therefore, gene size is an important determinant of 
UV-induced but not 7-radiation-induced gene expression. 

In summary, we found that the induction of UV-induced gene 
expression is subject to a strong gene size constraint. The gamut 
of UV-induced genes was enriched for compact genes with fewer 
and smaller introns. We propose that this gene size constraint 
has played a significant role in the evolution of UV-response 
pathways and that the dose-dependent change in the spectrum 
of p53-induced and UV-induced genes acts as an elegant mo­
lecular dosimeter. Selective gene expression based on gene size 
represents a gene regulatory mechanism that acts at the level of 
transcript elongation because of blocked RNA polymerases. We 
propose that differences in gene expression caused by gene size 
are used to interpret the extent of irreparable transcription-
blocking DNA damage sustained by the cell. This dose-
Table 2. Size of genes induced by UV light at the restrictive 
temperature 
UV n Median Gene size* Mean* P* 

Random6 

10 J/m2 

30 J/m2 

132 
14 
17 

29,104 
10,340 
5,822 

14.6 ± 0.2 
13.1 ± 0.4 
12.6 ± 0.3 

24,800 
8,800 
6,200 

0.005 
<0.0001 

*The size of individual genes in bp were log2 transformed, and the mean 
(±SEM) of these log2 transformed values is presented. 

'For clarity, mean gene size is presented in a linear form, but was determined 
from the mean of transformed values by using the formula: mean gene size = 
2mean gene size (log2) 

'Each mean was compared to the mean determined from randomly selected 
genes by using a t test. 

Randomly selected genes. 
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dependent pattern of expression explains in large part the tight 
association between the UV-induced inhibition of transcription 
and the induction of apoptosis (4, 8, 12, 13, 20). 
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The Contribution of Transactivation Subdomains 1 and 2 to 
p53-lnduced Gene Expression Is Heterogeneous But Not 
Subdomain-Specific1'2 
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Abstract 
Two adjacent regions within the transactivation do­
main of p53 are sufficient to support sequence-specific 
transactivation when fused to a heterologous DNA 
binding domain. It has been hypothesized that these 
two subdomains of p53 may contribute to the expres­
sion of distinct p53-responsive genes. Here we have 
used oligonucleotide microarrays to identify transcripts 
induced by variants of p53 with point mutations within 
subdomains 1, 2, or 1 and 2 (QS1, QS2, and QS1/QS2, 
respectively). The expression of 254 transcripts was in­
creased in response to wild-type p53 expression but 
most of these transcripts were poorly induced by these 
variants of p53. Strikingly, a number of known p53-
regulated transcripts including TNFRSF10B, BAX, BTG2, 
and POLH were increased to wild-type levels by p53QS1 

and p53QS2 but not p53QS1/QS2, indicating that either sub-
domain 1 or 2 is sufficient for p53-dependent expression 
of a small subset of p53-responsive genes. Unexpect­
edly, there was no evidence for p53QS1- or p53QS2-specific 
gene expression. Taken together, we found hetero­
geneity in the requirement for transactivation subdo­
mains 1 and 2 of p53 without any subdomain-specific 
contribution to p53-induced gene expression. 
Neoplasia (2007) 9, 1057-1065 

K e y w o r d s : p53, gene expression, microarray, transcription factor, 
apoptosis. 

Introduction 
The p53 tumor suppressor plays a pivotal role in preventing 
oncogenic transformation [1]. More than half of all human 
cancers is associated with alterations in p53 [1]. Decreased 
p53 activity is associated with hereditary cancers [2] and 
p53 nullizygous mice are cancer-prone [3]. The p53 protein 
is a sequence-specific transcription factor that can regulate 
the expression of a plethora of genes [1]. This protein is ac­
tivated and accumulates in cells in response to a variety of 
cellular stresses and thus is an important regulator of stress 
gene regulation [1]. 

The p53 protein is a modular protein with several well-
characterized functional domains. The C-terminus of p53 is 

required for oligomerization and contains sequence-independent 
DNA, DNA damage, and RNA binding activities [4]. This region is 
dispensable for p53 to function as a transcriptional activator [5,6]. 
The central third of p53 contains the sequence-specific DNA 
binding domain required for p53 to function as a transcriptional 
activator [7]. The majority of tumor-associated p53 mutations fall 
within the DNA binding domain [8]. The N-terminus of p53 con­
tains an activation domain (AD) that is also required for sequence-
specific transcriptional activation [9,10]. 

The N-terminal 73 amino acids of p53 expressed as a fusion 
protein with the DNA binding domain of the yeast GAL4 protein 
functions as an activator of GAL4-dependent gene expression 
[10]. The minimal transactivation domain was subsequently lo­
calized to the N-terminal 42 amino acids of p53 [9] and critical 
hydrophobic amino acids (Leu-22 and Trp-23) within this acidic 
region were found to be important for transactivation [5,11,12]. 
The mutation of these residues (L22GVW23S) decreased the 
ability of the N-terminal 42 amino acids of p53 to function as an 
AD [5,11,12]. The p53L22Q/W23S variant and the murine equiv­
alent (p53] L25Q/W26S ) are commonly used as transactivation-
deficient versions of p53 [13-17]. Intriguingly, the L22QAA/23S 
variant (hereafter referred to as the QS1 variant) reportedly 
retains some p53 activity despite a profound transactivation 
defect [13,18-20]. Specifically, the QS1 variant retains the 
ability to induce apoptosis in some cellular contexts but is 
unable to induce G^ arrest [13,14,19,20]. Intriguingly, the ho­
mozygous QS1 knock-in mice undergo embryonic lethality al­
though p53 is not required for embryonic development [14,21]. 
The QS1 variant is not equivalent to the complete loss of p53. 

Abbreviations: MALDI-TOF, matrix-assisted laser desorption/ionization time ol flight; AD, 
activation domain; MEF, mouse embryonic fibroblast 
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A second functional transactivation subdomain in the N-
terminus of p53 has also been identified through a similar 
strategy. Amino acids 43 to 73 of p53 fused to the DNA bind­
ing domain of GAL4 were able to drive Gal4-dependent re­
porter gene expression and two critical hydrophobic amino 
acids (Trp-53 and Phe-54) were again critical for this activity 
[5,11,20]. Like the QS1 variant of p53, the W53Q/F54S var­
iant (hereafter referred to as the QS2 variant) is defective in 
sequence-specific transactivation, when the expression of a 
small number of well-characterized p53 target genes was 
assessed [16,18-20]. Intriguingly, the QS2 variant of p53 
was reported to retain the ability to induce p53-dependent 
Gn arrest but not p53-dependent apoptosis [20]. Therefore, 
despite the fact that the QS1 and QS2 variants of p53 have 
defects in sequence-specific transactivation, they exhibit some 
distinct biologic activities. This has led several laboratories to 
hypothesize that these domains function independently in reg­
ulating distinct subsets of p53 target genes [14,16,19-21]. 

Before this study, the relative contribution of these two AD 
subdomains to p53-mediated gene expression had not been 
assessed. Here we used recombinant adenoviruses ex­
pressing wild-type p53, p53QS1, p53QS2, and p53QS1/QS2 to 
drive p53-dependent gene expression in colorectal carcinoma 
cell lines in which endogenous p53 expression had been abol­
ished by gene targeting. Gene expression was assessed 
using Affymetrix Oligonucleotide microarrays containing over 
50,000 features. The expression of 254 transcripts was in­
creased in response to AdpSS"" infection and approximately 
10% of these transcripts was also induced by the QS1 and 
QS2 variants but not the compound mutant. A small number of 
these genes were induced to wild-type levels by the QS var­
iants; however, the fold increase in expression of the tran­
scripts induced by the QS1 and QS2 variants was strongly 
correlated. These results indicate that the two subdomains co­
operate to activate transcription of most p53 target genes. Our 
work also identified another subgroup of p53 target genes that 
appear to use either subdomain interchangeably. 

Materials and Methods 

Cell Culture and UV Treatment 
The HCT116 p53_ /" cell line was kindly provided by Dr. 

Bert Vogelstein (John's Hopkins University). Cells were main­
tained in McCoy's 5A media supplemented with 10% fetal 
bovine serum (Wisent, St. Bruno, Quebec, Canada). Adeno­
virus constructs expressing p53wt, p53QS1, p53QS2, and 

p53Qsi/QS2 w e r e k i n d | y p r o v j d e d b y D r R u t n slack (Uni­
versity of Ottawa, Ontario, Canada). The adenovirus Ad-
BHGAE1AE3 (Ad-empty) control was generously provided by 
Dr. Frank Graham (McMaster University, Canada). Viruses 
were propagated using human embryonic kidney (HEK293) 
cells and cesium chloride gradient purification [22]. Virus 
titers were determined in HEK293 cells by standard methods 
[22] and titers are expressed as plaque-forming units per 
milliliter (pfu/ml). Cell lines were routinely tested for myco­
plasma contamination. 

RNA Isolation and Quantitative Reverse Transcription -
Polymerase Chain Reaction (RT-PCR) 

HCT116 p53_/" cells at 70% to 80% confluence were 
infected at a multiplicity of infection of 25 with indicated ad­
enovirus in serum-free mediator 1 hour. Growth medium con­
taining 10% fetal bovine serum was replaced and cells were 
returned to the incubator for the indicated time. Infected 
cells were collected and total RNA was isolated using the 
RNeasy RNA isolation kit (Qiagen, Valencia, CA) according 
to manufacturer's specifications. Five micrograms of total 
RNA was reverse-transcribed using a first-strand cDNA 
synthesis kit (MBI Fermentas, Burlington, ON, Canada). 
Quantitative RT-PCR was performed using the SYBR Green 
Fluorescent DNA stain (Invitrogen, Burlington, ON, Canada), 
a LightCycler 2 quantitative PCR machine (Roche Diag­
nostics, Mannheim, Germany), and LightCycler software 
version 3 (Roche Diagnostics). The primers used were 
ACTB (GGGCATGGGTCAGAAGGAT and GTGGCCATCT-
CTTGCTCGA), APAF1 (CAACGGGAGATGACAATG and 
CTGGAGAAAAGCAAAGGTC), BAK1 (GCCATCAGCAGG-
AACAGGAG and ACACCCAGAACCACCAGCAC), BTG2 
(CACAGAGCACTACAAACACC and ACAAGACGCAGAT-
GGAGC), CASP6 (GCTTTGTGTGTGTCTTCC and CTCA-
GTTATGTTGGTGTCC), CDKN1A (CCTCAAATCGTCCAG-
CGACCTT and CATTGTGGGAGGAGCTGTGAAA), 
TNFRSF6 (CTCATCTTAATGGCCTAATGCA and GCTT-
CAGTTTATAACTATCTTCAC), TNFRSF10B (GGCATCA-
TCATAGGAGTCAC and GTCAAAGGGCACCAAGTC), 
TP53I3 (TCTCTATGGTCTGATGGG and TTGCCTATGTT-
CTTGTTG), and MafB (TGCTGAGAGAGAGAACCGAGAG 
and CACCACCAAGAACTCTTCCTAC). 

Microarrays 
Total RNA was collected from HCT116p53_/" cells 

infected for 16 hours with 25 pfu/cell of Ad-BHGAE1AE3, 
AdpSS™1, Adp53QS1, Adp53QS2, or Adp53QS1/QS2 using the 
RNeasy Mini kit (Qiagen). Human Genome U133plus2.0 ol­
igonucleotide arrays (Affymetrix, Santa Clara, CA) were 
used for expression analysis. Experimental procedures were 
performed according to the manufacturer specifications at 
the Ottawa Genomics Innovation Centre Affymetrix Gene-
Chip Facility (Ottawa, Ontario, Canada). Affymetrix Micro-
array Suite 6.0 (MAS6.0) software was used to analyze the 
microarray data. MAS6.0 software uses a nonparametric 
Wilcoxon signed rank test to determine whether statistically 
meaningful differences in probe cell intensities were detected 
between samples (change calls were determined using y1H 

and yiL values of 0.0025). Genes were considered to be 
induced if and only if they were statistically (P < .0025) in­
creased in all experiments compared to Ad-BHGAE1AE3 in­
fected controls by an average of two-fold. 

Western Blot Analysis 
Total protein was extracted from cells using 1% sodium 

dodecyl sulfate and brief sonication. Protein samples were 
run on 4% to 12% Bis-Tris acrylamide gels, transferred to 
nitrocellulose membrane (Hybond-C; Amersham, Piscataway, 
NJ) and blocked with 5% skim milk-phosphate-buffered saline 
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with 1% Tween 20 (TBS-T). Monoclonal antibodies raised 
against p53 were DO-1 (Ab6; Calbiochem, San Diego, CA), 
Pab1801 (Ab2; Calbiochem), and Pab421 (Ab1; Calbiochem). 
Additional antibodies were raised against p21W A F 1 (Ab1; 
Calbiochem), PUMA (Ab1; Calbiochem), MDM2 (SMP14; 
Santa Cruz Biotechnology, Santa Cruz, CA) and MafB 
(P-20; Santa Cruz Biotechnology). Anti-mouse immuno­
globulin (IgG) conjugated with horseradish peroxidase was 
used as a secondary antibody (Calbiochem), and protein 
bands were detected using the SuperSignal WestPico 
Chemiluminescent Substrate kit (Pierce, Rockford, IL) after 
being exposed to a film (X-OMAT; Kodak, Rochester, NY). 

Immunoprecipitation and Mass Spectrometry 
HCT116 p53_ /" cells were infected with a multiplicity of 

infectionof 25 of AdpSS™1. Twenty-four hours postinfection 
cells were washed twice with PBS and scraped into PBS on 
ice. Cells were then treated as per manufacturer's instruc­
tions for the use of Protein A-agarose beads (Roche Diag­
nostics). Protein lysates were immunoprecipitated with p53 
antibody Pab421. Precipitated protein extracts were run on a 
4% to 12% Bis-Tris polyacrylamide gel and subsequently 
treated with GelCode Blue Stain Reagent according to man­
ufacturer's specifications (Pierce). Bands of interest were ex­
cised and subjected to trypsin digestion. Matrix-assisted laser 
desorption/ionization time of flight tandem mass spectrometry 
(MALDI-TOF MS/MS) was performed at the Ontario Geno­

mics Innovation Centre Proteomics Facility at the Ottawa 
Health Research Institute (Ottawa, Ontario, Canada). Pep­
tides were identified using Mascot [23]. 

Results 

The QS1 and QS2 Variants of p53 Are Impaired in 
p53-Dependent Gene Expression 

HCT116 cells in which p53 had been inactivated by gene 
targeting (HCT116p53_/~) [24] were infected with recombi­
nant adenoviruses expressing wild-type, QS1, QS2, orQSV 
QS2 variants of p53. Cell lysates were collected for immu-
noblot analysis at various times following infection using a 
panel of anti-p53 antibodies. The use of this panel of anti­
bodies allowed us to distinguish between the variant forms of 
p53 in all experiments (Figure \A). Immunoblot analysis re­
vealed the presence of two immunoreactive bands that 
migrated at approximately 47 and 53 kDa (Figure 16). Wild-
type p53 was immunoprecipitated with Pab421 and separated 
by sodium dodecyl sulfate-polyacrylamide gel electrophore­
sis. The bands were gel excised and analyzed by MALDI-TOF 
mass spectrometry. The seven peptides identified were lo­
cated within the DNA binding domain of p53 (Figure \A and 
Table W1). These peptides coupled with our panel of anti-
p53 antibodies indicated that both bands represent full-
length p53 (Figure ~\A). The two forms likely correspond to 
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Figure 1 . Expression of transactivation subdomain variants of p53. (A) Schematic representation of epitopes recognized by the indicated monoclonal antibodies 
(DO-1, Pab1801, andPab421), peptides (P) identified by mass spectroscopy (see Table W1), and p53 functional domains. SD1 and SD2 denote subdomains 1 and 
2 within the acidic AD. PRD, proline-rich domain; DBD, DNA binding domain; TD, tetramerization domain; BD, basic domain. Numbers below indicate the amino 
acid position. (B) Immunoblot analysis of p53 expression 16 hours following infection of either HCT116p53~'~ or HeLa cells with the indicated recombinant ad­
enovirus, using three different anti-p53 monoclonal antibodies. M and C represent mock- and control virus-infected samples whereas WT, QS1, QS2, and QS1/ 
QS2 denote the wild-type and variant forms of p53. Similar blots were obtained with cell lysates derived from HCT116 and MDAH041 cells (data not shown). (C) 
Samples were collected at 8, 16, or 24 hours and subsequently analyzed by immunoblot analysis with the Pab421 monoclonal antibody. 
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differentially modified forms. However, the N- and C-termini 
of p53, containing the known modification sites, were not rep­
resented among the identified peptides and thus the specific 
modifications were not ascertained. The increased expres­
sion of these variants relative to wild-type p53 was expected 
because the QS variants do not induce mdm2 expression 
(Figure 1B), the ubiquitin ligase responsible for the rapid turn­
over of wild-type p53 [25]. 

To identify transcripts induced in response to AdpSS*", 
Adp53QS1, Adp53QS2 and Adp53QS1/QS2 infection, microar-
ray analysis was performed using total RNA collected from 
HCT116p53"/_ cells 16 hours post infection because max­
imal p53 levels were achieved within this time frame (Fig­
ure 1C). The expression of 254 transcripts increased 
significantly following infection with the Adp53wt virus com­
pared to control virus infection (Table W2). Of these, only 28, 
23, and 1 were induced by Adp53QS1, Adp53QS2, and 
Adp53 QS1/QS2 respectively (Figure 2A and Table W3). The 
mean induction of the Adp53wt-induced transcripts was 
significantly higher than the fold increase in expression due 
to the expression of any of the QS variants (Figure 2B). In 
fact, very few of the Adp53w,-induced genes appeared to be 
induced to wild-type levels by either the QS1 or QS2 variants 
(Figure 2C). Infection with the Adp53wt virus resulted in a 
greater increase in gene expression even when examining 
genes determined to be induced in response to either 
Adp53QS1 or Adp53QS2 infection (Figure 2, D and £). There­
fore, the majority of WT-, QS1-, and QS2-regulated genes 
were poorly induced by the QS variants. 

Correlation between Genes Induced By the QS1 and 
QS2 Variants 

Having determined that most Adp53wt-induced genes 
were poorly induced by the variants, we sought to determine 
whether distinct subgroups of p53 target genes were prefer­
entially responsive to the QS variants of p53. The fold change 
in p53 target gene expression in response to Adp53QS1 

infection was plotted with respect to Adp53QS2 infection (Fig­
ure 3S). We observed a very striking linear correlation be­
tween the fold change in expression induced by the QS1 and 
QS2 variants of p53 regardless of whether the expression of 
AdpSS™1-, Adp53QS1-, or Adp53QS2-induced genes were con­
sidered (Figure 36; fl2 values were 0.73, 0.64, and 0.61, re­
spectively). Therefore, the Adp53QS1- and Adp53QS2-induced 
genes were induced to a similar extent by both variants (Fig­
ure 3S and Table W3). These results indicate that the disrup­
tion of either subdomain of p53 similarly affected the overall 
pattern of p53 transcriptional activation. We interpret these 
results to indicate that the contribution of transactivation sub-
domains 1 and 2 to p53-mediated gene expression was het­
erogeneous but not subdomain-specific. 

Based on our definition of induced genes (see Materials 
and Methods section), the expression of 18 genes increased 
in response to both QS variants but 10 and 5 wild-type p53-
induced transcripts appeared to be increased in response to 
either QS1 or QS2, respectively (Figure 3/4). To determine 
whether these apparently p53QS1- and p53QS2-specific 
genes were in fact specifically and preferentially upregulated 

by one of the variants, the pattern of allele-specific gene ex­
pression was confirmed by quantitative RT-PCR for 11 differ­
ent transcripts at several different times following viral infection. 
The majority of p53 target genes were poorly induced by the 
QS1 and QS2 variants (Figure 4A). Several p53 target genes 
were significantly induced by the QS variants but were 
induced more strongly by wild-type p53 (Figure 46). Lastly, 
a few target genes were induced to near wild-type levels 
by p53QS1 and p53QS2 (Figure AC). The quantitative RT-
PCR data correlated well with the microarray analysis and 
none of the p53-upregulated transcripts examined displayed 
a subdomain-specific pattern of gene expression (Figure 4 
and Tables W3 and W4). The expression of several p53-
regulated proteins was assessed by immunoblot in inde­
pendent cell lines and no subdomain-specific differences 
in protein expression were detected (Figure 16). Collec­
tively, we interpret our results to indicate that the apparently 
p53QS1- and p53QS2-specific targets were not specifically 
induced by a single variant. Therefore, the response of p53-
induced transcripts to the QS variants was heterogeneous 
but not subdomain-specific. 

The 254 Adp53wt-induced genes were subjected to 
gene ontology (GO) analysis (http://www.geneontology.org/). 
Several genes were associated with the GO terms apopto-
sis (GO:0006915), cell cycle (GO:0007049), and DNA re­
pair (GO:0006281) (Table 1), consistent with known p53 
biology [26]. Of these terms, only apoptosis was statistically 
overrepresented (P< .01) based on analysis using the web-
based GOstat software (http://gostat.wehi.edu.au/). Consis­
tent with the preponderance of proapoptotic genes, Adp53wt 

infection resulted in a significant increase in the proportion of 
apoptotic cells (Figure 5, A and B). Both QS variants were 
reduced in their capacity to induce cell death and there 
was no significant difference in their ability to induce apop­
tosis in these cells (Figure 5, A and B). Most of the apopto­
sis annotated genes were poorly induced by the QS1 and 
QS2 variants of p53 compared to wild-type p53 (Table 1). 
Therefore, decreased p53-dependent gene expression cor­
related with decreased p53-dependent apoptosis in these 
cells. Similarly, the cell cycle-annotated genes were poorly 
induced by all variants (Table 1). Interestingly, two of the three 
genes associated with DNA repair (BTG2 and POLH) were 
induced to near wild-type levels by the QS1 and QS2 variants 
but not the QS1/QS2 variant (Table 1 and Figure AC). Due to 
the limited number of repair-related genes, the significance 
of this specific observation remains unclear. Overall, our re­
sults suggest that there is substantial heterogeneity in the 
contribution of subdomains 1 and 2 to p53-mediated gene 
expression but there are no subdomain-specific effects. 

Discussion 
The p53 protein can act as both a positive and negative 
regulator of gene expression but p53 is best understood as a 
transcriptional activator. The p53 protein is a positive regu­
lator of several hundred genes and this is mediated by the 
sequence-specific binding of p53 to consensus elements 
found in promoters, enhancer regions, introns, or the 5' 
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Figure 2. Most p53 target genes are poorly induced by the QS variants. (A) Two hundred and fifty-four genes were induced by AdpSS^. Of these, only 28, 23, and 
1 were induced by OS1, QS2, and QS1/QS2, respectively. (B) The fold increase in expression of these 254 genes was determined following infection of cells with 
adenoviruses expressing wild-type, OS1, QS2, or OS1/OS2 variant of p53. The fold increase in the expression following infection with Adp53°s1, AdpSSP32, or 
Adp53°s1/aS2 was less than the fold increase in response to AdpSSF1 infection (one-way analysis of variance followed by a Tukey's Multiple Comparisons test, P < 
.001). (C-E) The fold increase in expression due to Adp53M expression was compared to the fold increase in expression due to indicated transactivation 
subdomain variant of p53 for Adp53M-, Adp53°S1-, and Adp53°S2-induced genes (C, D, and E, respectively). The 254, 28, and 23 genes induced by AdpSS*, 
Adp53°s1, and Adp53°S2 are listed in Tables W2 and W3. 

untranslated regions of these genes [1]. Transcriptional acti­
vation further requires the p53-dependent recruitment of the 
histone acetyl transferases CBP/p300, general transcription 
factors, and RNA polymerase II to the promoter of target 
genes [27-30], The N-terminal AD is required for the recruit­

ment of these proteins and subsequent p53-dependent gene 
activation [11,30]. Amino acids 1 to 42 were found to function 
as a minimal transcriptional AD [9,10]. However, it was sub­
sequently shown that this minimal region was part of a larger 
AD with each of the two subdomains capable of supporting 
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Figure 3. Correlation between Adp53°s'- and Adp53°S2-induced genes. (A) A Venn diagram is used to represent the overlap between Adp53°s1- and Adp53°S2-
induced genes, as defined in the Materials and Methods section. (B) The effect of Adp53°s1 and Adp53°S2 infection on the expression of the 254 Adp53*"-, 28 
Adp53°S1-, and 23 Adp53°S2-induced genes was determined. The genes induced by AdpSS^, Adp53°s1, and Adp53°S2 are listed in Tables W2 and W3. A very 
tight correlation (R2 values are inset) between Adp53°si- and Adp53°S2-induced gene expression was observed within the subset of target genes. 
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Figure 4. Representative transcripts induced by wild-type p53. (A-C) Expression of the indicated transcript was determined by real-time RT-PCR using samples 
collected at the indicated time following virus infection (3, 16, or 24 hours). Expression of 0-actin was used to normalize all RT-PCR results. Open, black, grey, 
hatched, and crosshatched bars represent control, Adp53"'-, Adp53°s'-, Adp53°S2-, and Adp53°s'/as2-infected samples. Each value represents the mean fold 
increase in expression (± SEM) determined from a minimum of three independent experiments. 
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Table 1. Adp53""-lnduced Genes Involved 
DNA Repair. 

GO Term* 

Apoptosis (GO:0006915) 

Cell Cycle (GO:0007049) 

DNA Repair (GO:0006281) 

Locus 

TP53I3 
TP53INP1 
APAF1 
TNFRSF6 
CASP6 
TNFRSF10B 
MDM2 
BAX 
AKTIP 
AMID 
BID 
CARD 10 
BAK1 
TRAF4 
CDKN1A 
SESN1 
GAS2L1 
MDM2 
RB1 
RHOB 
PARD6G 
SFN 
SESN2 
LATS2 
HRAS 
BTG2 
POLH 
DDB2 

in Apoptosis, 

p53 

WT 

3.9* 
3.8 
2.8 
2.4 
1.7 
1.5 
1.4 
1.4 
1.2 
1.2 
1.1 
1.1 
1.0 
1.0 
2.4 
2.0 
1.4 
1.4 
1.3 
1.2 
1.2 
1.2 
1.1 
1.1 
1.0 
2.9 
2.2 
1.1 

Variant 

QS1 

2.0 
1.4 
1.8 
1.8 
0.8 
0.9 
0.3 
1.2 
0.3 
0.4 
0.4 
0.5 
0.5 
0.4 
1.1 
0.9 
0.8 
0.3 
0.8 
0.4 
0.7 
0.4 
0.3 
0.5 
0.5 
2.4 
1.8 
0.4 

Cell Cycle, and/or 

QS2 

1.3 
1.5 
1.8 
1.7 
0.7 
0.8 
0.1 
0.9 
0.4 
0.2 
0.3 
0.4 
0.4 

-0.1 
0.8 
0.8 
0.6 
0.1 
0.6 
0.3 
0.6 
0.3 
0.2 
0.4 
0.4 
2.0 
1.9 
0.3 

QS1/QS2 

0.1 
0.4 
1.0 
0.9 
0.4 
0.5 
0.0 
0.2 
0.4 
0.2 
0.3 
0.4 
0.3 

-0.2 
-0.8 

0.1 
0.4 
0.0 
0.8 
0.5 
0.4 

-0.3 
0.0 
0.4 
0.2 
0.9 
0.9 

-0.3 

"Genes involved in apoptosis, cell cycle and DNA repair were identified using 
the Gene Ontology database (http://geneontology.org/). Of these GO terms, 
only apoptosis (GO:0006915) and related GO terms were significantly over 
represented among the Adp53"'-induced genes based on GOstat analysis 
(http://gostat.wehi.edu.au/). 
'The mean fold increase in expression (log2) determined from microarray ex­
periments, as described in the Materials and Methods section. 

Adp53-induced genes were also increased on Adp53QS1 and 
Adp53QS2 infection. The identity and fold increase in ex­
pression of the p53QS1- and p53QS2-upregulated genes were 
strongly correlated, indicating that these subdomains do not 
contribute to the expression of distinct subsets of genes. 
The majority of p53-regulated genes were induced poorly 
by p53QS1, p53QS2, and p53QS1/QS2, indicating that both 
subactivation domains are required to increase the expres­
sion of most p53 target genes. Conversely, a relatively small 
number of p53-target genes including TNFRSF10B, BAX, 
BTG2, and POLH were induced to near wild-type levels by 

,QS1/QS2 p53UJal and p53u , but were poorly induced by p53 
Therefore, the p53-dependent induction of this subgroup of 
p53 target genes requires a functional transactivation do­
main but subdomain 1 or 2 appears to be sufficient and used 
interchangeably for p53 target gene expression within this 
group of genes. We did not detect any subdomain-specific 
p53 target genes. 

Like many other transactivation domains, the N-terminus 
of p53 is not highly conserved overall at the level of amino 
acid sequence; however, there is a high level of sequence 
conservation among rodents and primates within subdomain 
1 (34% identity; see Figure W1). The region of highest ho­
mology includes amino acids 13 through 26 (93% identity), a 
region of p53 termed box 1 [31]. The N-terminus of p53 is rich 
in acidic residues characteristic of acidic ADs and is mostly 
unstructured under physiological conditions [32]. Box 1 con­
tains a number of hydrophobic residues and nuclear magnetic 
resonance studies indicate that amino acids 18 to 26 within 
box 1 form a helix within the context of the larger disordered 
transactivation domain [32]. Mutation of Leu-22 and Trp-23 
within the helical region in the QS1 variant is predicted to 
disrupt this region of limited secondary structure [32]. The high 

sequence-specific transactivation when expressed as a fu­
sion protein with a heterologous DNA binding domain [5,11]. 

The relative contribution of subdomains 1 and 2 to p53 
activity has been examined at the cell biologic level by two 
laboratories. Zhu et al. [20] reported that p53QS1 is unable to 
induce G, arrest but retains the ability to induce apoptosis in 
tumor cell lines [18]. In contrast, p53QS2 was reportedly able 
to induce cell cycle arrest but was impaired in its ability to in­
duce apoptosis in these same cell lines [20]. Cregan et al. 
[16] reported that overexpression of either p53QS1 or p53QS2 

in neuronal cells led to similar levels of apoptosis but that 
forced expression of the p53QS2 variant in p53 nullizygous 
neuronal cells led to significantly more apoptosis than the 
p53QS1 variant when these cells were subsequently treated 
with camptothecin. Based on these studies, it was hypothe­
sized that the p53 transactivation subdomains contribute to 
the regulation of distinct subsets of p53 target genes that af­
fect the biologic activity of these variants. However, the rel­
ative contribution of the two distinct subdomains in the AD to 
p53-dependent transcriptional activity had remained untested. 

Here we found that infection of these cells with re-
3 QS2 combinant adenoviruses expressing p53u , p53u , and 

p53 ,QS1/QS2 resulted in the induction of far fewer p53 tar­
get genes than Adp53 infection. Approximately 10% of the 

Figure 5. Effect of QS variants of p53 on cell viability and apoptosis. Apop­
tosis and cell viability were assessed 48 hours following infection with either 
control adenovirus or adenoviruses expressing the indicated variants of p53. 
Apoptosis was assessed by subdiploid DNA content (A) and viability was 
assessed by Trypan blue exclusion (B). Each point represents the mean 
(±SEM) determined from three independent experiments. Adp53wt induced 
more apoptosis than the variants (one-way analysis of variance followed by 
Tukey's Multiple Comparisons test, P < .01 for apoptosis and P < .05 for 
viability). No significant difference in viability or apoptosis was observed when 
comparing OS1 and OS2 variants. 
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level of conservation between mouse and human p53 has 
made it possible to generate knock-in mice expressing the 
QS1 variant from the endogenous p53 locus [14], as discussed 
later. It is likely that this secondary structure is important for 
the activity of subdomain 1. 

Subdomain 2, within the transactivation domain of p53, is 
well conserved among primate species but is poorly con­
served when the sequence comparison is extended to rodent 
versions of p53 (Figure W1). The limited homology between 
mouse and human p53 makes the QS2 variant more difficult 
to model in mice. Much like subdomain 1, hydrophobic res­
idues within subdomain 2 of human p53 give rise to localized 
secondary structure within the mostly unstructured acidic AD 
(nascent turns between Met-40 and Met-44 and between 
Asp-48 and Trp-53) [32-34]. Regions of limited secondary 
structure within mostly unstructured ADs are common among 
transcriptional activators [12,30,34,35]. The second subdo­
main of p53 reportedly binds to many proteins known to in­
teract with subdomain 1, such as mdm2, RPA, TFIID, TFIIH, 
and p300 [11,27,30,34,36-44]. The QS2 point mutations are 
thought to disrupt the localized secondary structure and 
would be expected to disrupt protein-protein interactions im­
portant for transcriptional activation [12,30,32-34]. 

As indicated above, knock-in mice expressing the QS1 
variant from the endogenous p53 locus have been generated 
[14]. Homozygous p53QS1 expression results in embryonic le­
thality; however, homozygous p53QS1-targeted mouse em­
bryonic fibroblasts (MEFs) were obtained [14], Using these 
MEFs, the induction of five of the six p53 target genes tested 
was reduced in the QS1-expressing MEFs compared to con­
trol cell lines following doxorubicin treatment [14]. The single 
gene induced by the QS1 variant of murine p53 was BA>C[14] 
and we similarly found that the human QS1 variant was able 
to upregulate BAX expression. Unexpectedly, we found that 
the QS1 and QS2 variants similarly increased the expres­
sion of BAX along with three other known p53 target genes 
(TNFRSF10B, BTG2, and POLH). Therefore, only one of the 
two subdomains appears to be necessary and sufficient for 
p53-dependent gene expression of this subset of p53 target 
genes. We interpret the heterogenous requirement for sub-
domains 1 and 2 to indicate that the requirement for specific 
protein-p53 AD interactions must vary in a p53 target gene-
specific manner. 

In summary, our results suggest that compound muta­
tions of critical hydrophobic amino acids in either subdomain 
1 or 2 decrease the affinity of the AD for cofactors or other 
components of basal transcription apparatus that are rate-
limiting for p53-dependent gene expression, at most p53-
induced promoters. Surprisingly, the induction of a small 
subset of p53-responsive genes, including BAX, TNFRSF10B, 
BTG2, and POLH, is not limited by mutations in either of the 
subdomains alone. Therefore, this latter group of genes ap­
pears to have a less stringent requirement for as yet uniden­
tified protein-protein interactions. Importantly, we did not find 
any genes that were preferentially induced by any single AD 
variant. Our results support a model in which the transcrip­
tion activation subdomains of p53 contribute equally to p53-
dependent target gene expression. 
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ABSTRACT 

Ultraviolet light (UV light) induces helix distorting DNA lesions that pose a block to 
replicative DNA polymerases. Recovery from this replication arrest is reportedly impaired 
in nucleotide excision repair (NER)-deficient xeroderma pigmentosum (XP) fibroblasts and 
primary fibroblasts lacking functional p53. These independent observations suggested 
that the involvement of p53 in the recovery from UV-induced replication arrest was 
related to its role in regulating the global genomic subpathway of NER (GG-NER). Using 
primary human fibroblasts, we confirm that the recovery from UV-induced replication 
arrest is impaired in cells lacking functional p53 and in primary XP fibroblasts derived 
from complementation groups A or C (XP-A and XP-C) that are defective in GG-NER. 
Surprisingly, DNA synthesis recovered normally in GG-NER-deficient XP complementa­
tion group E (XP-E) cells that carry mutations in the p53 regulated DNA repair gene 
DDB2 and are specifically defective in the repair of cyclobutane pyrimidine dimers 
(CPD) but not pyrimidine (6-4) pyrimidone photoproducts. Disruption of p53 in these 
XP-E fibroblasts prevented the recovery from UV-induced replication arrest. Therefore, the 
roles of p53 and GG-NER in the recovery from UV-induced replication are separable 
and DDB2-independent. These results further indicate that primary human fibroblasts 
expressing functional p53 efficiently replicate DNA containing CPD whereas p53-
deficient cells do not, consistent with a role for p53 in permitting translesion synthesis of 
these DNA lesions. 

INTRODUCTION 

In response to genotoxic agents, several cell cycle checkpoints are activated, blocking 
cell cycle progression in the G,, S or G2 phases of the cell cycle.1"3 In addition to activated 
checkpoints, progression of replicative DNA polymerases can be inhibited by UV-induced 
DNA lesions. '5 Immediately after UV exposure, the synthesis of nascent DNA decreases in 
a dose-dependent manner but nascent DNA synthesis recovers markedly within 6-8 hours 
following exposure to moderate doses of UV light in normal fibroblasts.5"11 Recovery from 
UV-induced replication arrest is thought to require nucleotide excision repair because 
NER-defective fibroblasts derived from patients with xeroderma pigmentosum (XP) fail 
to recover nascent DNA synthesis normally. '5 Cells lacking functional p53 have a NER 
defect10'12'13 and also fail to recover nascent DNA synthesis normally.9'10 Based on these 
observations, it was hypothesized that p53 facilitates the recovery from replication arrest 
by stimulating NER9 '10 but until now, this hypothesis had remained untested. 

Here we report that fibroblasts lacking functional p53 and primary XP fibroblasts from 
complementation groups A and C (XP-A and XP-C) fail to recover from the UV-induced 
replication arrest. In stark contrast to previous predictions though, nascent DNA synthesis 
recovers normally in XP complementation group E cells despite the fact that approximately 
80% of the CPD remain 24 hours following UV exposure. Furthermore, disruption of 
p53 in these cells exacerbated their replication arrest and led to a massive accumulation 
of cells in S phase. These results clearly indicate that the roles of GG-NER and p53 in 
the recovery from UV-induced replication arrest are separable. Furthermore, these results 
suggest that the recovery from UV-induced replication arrest involves translesion synthesis 
in p53 expressing fibroblasts but not in the absence of functional p53. 

MATERIALS AND METHODS 

Cell culture and UV-irradiation. Normal neonatal foreskin fibroblasts (NF) were 
obtained from Dr. Mats Ljungman (University of Michigan). Normal fibroblasts (GM38), 
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XP-A (GM5509), XP-C (GM671), CS-B (GM739) and XP-E 
(GM1389) fibroblasts were obtained from National Institute of 
General Medical Sciences Mutant Cell Repository (Camden, NJ). 
The generation of human papillomavirus-E6-expressing normal 
fibroblast strains was described previously. Li-Fraumeni syndrome 
cells (LFS), hemizygous for a frame shift mutation at codon 184 
of p53 were obtained from Dr. Michael Tainsky (Wayne State 
University). Cells were maintained in DMEM supplemented with 
10% fetal bovine serum (Wisent, St. Bruno, QC) and 5 [J,g/ml genta-
micin (Sigma-Aldrich Canada Ltd, Oakville, ON). 

For UV treatment, growth medium was removed, cells were 
irradiated immediately at room temperature, fresh prewarmed 
medium was replaced and cells were returned to the incubator for 
the indicated period of time. A germicidal bulb (Philips) emitting 
UV predominately at 254 nm at 1 J/m2/s, as determined with a hand 
held UV-radiometer (UVX Radiometer, UVP Inc, Uplands, CA) was 
used to irradiate cells. 

Flow cytometry. Control and UV-irradiated cells were collected 
at various time points following UV and/or drug treatment. Where 
indicated, colcemid was added to a final concentration of 1 liM. The 
harvesting, fixation and staining of cells with propidium iodide (PI) 
has been described previously.15 To detect the synthesis of nascent 
DNA, BrdU (30 |xM, Sigma-Aldrich Canada Ltd, Oakville, ON) 
was added to the medium for between 15 minutes and 24 hours, 
depending on the experimental design. In pulse chase experiments, 
BrdU was added for 1 hour, washed twice with PBS and returned to 
the incubator for the indicated period of time. Detection of BrdU 
incorporation in single stranded DNA using a primary anti-BrdU 
antibody (1:100, PharMingen, San Diego, CA) and secondary 
anti-mouse FITC-conjugated antibody (1:15, Sigma-Aldrich Canada 
Ltd, Oakville, ON) was performed, as described previously.15 

Detection of UV-induced DNA damage in single stranded DNA 
was performed similarly except that 1 [xg of either anti-thymine 
dimer antibody (clone KTM53, Kamiya Biomedical Company, 
Seattle, WA) or Anti-(6-4)PP (clone 64M-2, MBL Internationsal, 
Woburn, MA) was used instead of anti-BrdU antibody. Stained cells 
were analyzed via flow cytometry using either a Becton Dickinson 
LSR FACS station or a Beckman Coulter FACS station. Cell cycle 
distribution was calculated from the DNA histograms using cell 
cycle analysis software (ModFit, Verity Software House, Topsham, 
ME) whereas quantification of BrdU incorporation and UV-induced 
DNA damage was performed using FCS Express 3 software (DeNovo 
Software, Thornhill, ON). 

Immunoblotting. Cells were harvested, rinsed with PBS, lysed with 
1% SDS, sonicated for 10s using a microtip (Branson Sonifier, VWR 
International Ltd., Mississauga, ON) and protein concentrations 
determined using the BioRad Protein Assay (BioRad, Mississauga, 
ON). Whole cell lysates were prepared using LDS NuPAGE sample 
buffer (Invitrogen Canada Inc., Burlington, ON). Proteins (20 \ig 
per lane) were separated in 10 or 4-12% Bis-Tris NuPAGE precast 
gels, transferred to nitrocellulose membranes (Hybond-C Extra, 
Amersham, Baie d'Urfe, QC) and stained with Ponceau S Red 
(5 mg/ml in 2% glacial acetic acid) to confirm transfer of proteins. 
Membranes were blocked in PBSMT-A (PBS, 5% nonfat dry milk 
powder, 0.05% Tween 20) for 1 hr at room temperature, incubated 
with primary antibody (p53Ab-6 from Oncogene Research Products 
or B-actin clone AC-74 from Sigma-Aldrich Canada Ltd) diluted 
in PBSMT-B (PBS, 0.5% nonfat dry milk powder, 0.05% Tween 
20) for 1.5 hr at room temperature. Protein bands were visualized 
using SuperSignal West Pico Chemiluminescent Substrate (Pierce, 

Rockford, IL) and either Kodak film or a gel documentation system 
(GeneGnome, Synoptics, Bristol, UK). Membranes were stripped 
with Restore Western Blot Stripping Buffer (Pierce, Rockford, IL) in 
order to visualize additional proteins on the same blot. 

DNA replication. Cells were seeded at 1 x 105 cells/well in six 
well dishes. Twenty-four hours later, cells were irradiated with 0 or 
10 J/m2 and 2 mL of fresh medium containing 5 |U,Ci/mL 
[3H]-thymidine were added to cells. Cells were collected at 0, 6 or 
12 hours following UV-irradiation. Cell pellets were snap frozen 
and stored at -80°C until analyzed. Cell pellets were resuspended in 
500 |,iL 1% SDS at room temperature then placed on ice. One mL 
of 10% trichloroacetic acid (TCA)/0.1 M sodium pyrophosphate 
(NaPPi) was added and DNA was precipitated by incubating on 
ice for 30 min. Precipitated DNA was collected on glass fiber filters 
and washed three times with 2 mL 5% TCA/0.05M NaPPi, 5 mL 
d d H 2 0 , 2 mL 100% EtOH. Filters were allowed to dry on vacuum 
for 1 minute and transfered to scintillation tubes to be counted. 

vH2AX immunofluorescence. Cells were seeded into dual cham­
bered slides and the next day sub-confluent monolayers were 
irradiated as indicated with UV light. Fresh prewarmed media 
was added to cells and plates were returned to the incubator for 8 
hours. Cells were then rinsed with PBS and fixed in 2% formal­
dehyde in PBS for 20 min at 4°C. Cells were permeabilized in 1:1 
ice-cold acetone:methanol. Monolayers were blocked for one hour 
in PBS supplemented with 10% FBS at 37° C in a humidified incu­
bator. Monolayers were probed with primary anti-yH2AX antibody 
(Trevigen, Gathersburg, MD) diluted to 1:250 in PBS supple­
mented with 1% BSA and 0.5% Tween 20 for two hours at 37°C 
in a humidified incubator. Monolayers were washed three times for 
five minutes in PBS supplemented with 1% BSA. Monolayers were 
incubated with secondary goat-anti-rabbit IgG antibody conjugated 
to Alexa-488 (Invitrogen Canada Inc., Burlington, ON) diluted to 
1:2000 in PBS supplemented with 1% BSA for one hour in the dark 
at 37°C in a humidified incubator. Monolayers were washed three 
times for five minutes each in PBS supplemented with 1% BSA. 
Cells were incubated with 0.05 \ig/mL Hoechst stain (Sigma) in 
PBS supplemented with 1% BSA. Monolayers were washed twice 
for 5 minutes in PBS supplemented with 1 % BSA. Chambers were 
removed and slides were covered with glass coverslips with a drop of 
fluormount mounting media and sealed with nail polish. Slides were 
examined using a Ziess Axioscop 2 microscope using the 63X oil 
immersion objective. A minimum of 100 cells were counted for each 
treatment and scored for the presence of increased focal staining of 
yH2AX within nuclei of cells. Counting was performed by an indi­
vidual without knowledge of the treatment group. 

RNA interference. Cells were maintained in antibiotic-free 
media at least 48 hours prior to transfection. Three days prior to 
UV-irradiation, cells at 50-80% confluence in 10 cm culture dishes 
were transfected with SmartPool siRNA duplexes targeting p53 or 
control duplex (Dharmacon Inc., Lafayette, CO) at 50 nM final 
concentration using Oligofectamine Reagent and Opti-MEM I 
(Invitrogen, Burlington, ON) according to manufacturers instruc­
tions. Cells were split 1 to 2, 24 hours following transfection. Cells 
were treated with the indicated doses of UV light and collected at 
the indicated times for either immunoblot or cell cycle analysis. We 
routinely found greater than a 4 fold decrease in p53 protein expres­
sion in unirradiated samples and greater than 10 fold decrease in 
expression following UV-irradiation. 
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Figure 1. Prolonged ultraviolet light-induced replication arrest in fibroblasts lacking functional p53. Cells were treated with either 0 or 10 J/m2 of UV light, 
pulsed with 30 |*M BrdU for 1 h, rinsed thoroughly with PBS and returned to the incubator for the indicated time. Two-parameter flow cytometric analysis 
was performed as described in the materials and methods. (A) Representative dot plots are presented for normal fibroblasts. (B) The relative amount of 
BrdU incorporated within the first hour following UV exposure compared to unirradiated controls was determined from dot plots like those presented in (A). 
(C-E) The BrdU-positive cells in (A) were gated and cell cycle distribution was determined based on DNA content for NF (closed circles in C and D), NF-E6 
(open circles in C and D), GM38 (closed triangles in C and E) and GM38E6 (open triangles in C and E). Cell cycle distribution is plotted as a function of time 
following release from BrdU treatment. Cells were exposed to either 0 J/m2 (C) or 10 J/m2 (D and E). Each point represents the mean (± SEM) determined 
from a minimum of three independent experiments. Statistically significant differences between the indicated value and its corresponding control collected 
at the same time are indicated by either * or ** (p s 0.05 and p s 0.001, respectively, student t test, two tailed). 

RESULTS 

Ultraviolet light induced replication arrest is prolonged in 
fibroblasts lacking functional p53. In order to study the effects of 
UV light on the inhibition and recovery of DNA synthesis following 
UV-irradiation, two parameter flow cytometric BrdU pulse chase 
experiments were performed. This allowed us to label and follow 

the fate of cells irradiated in S phase. Cells were pulsed with 
BrdU for 1 hour immediately following mock- or UV-irradiation 
and were subsequently incubated for the indicated time in fresh 
medium without BrdU. Anti-BrdU immunofluorescence was used 
to quantify replication while PI was used to distinguish cell cycle 
position based on DNA content (Fig. 1A). UV exposure resulted 
in a two-fold decrease in the incorporation of BrdU throughout 
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Figure 2. Pronounced S phase arrest in p53-deficient fibroblasts following UV exposure. (A) Brdl l pulse chase experiments were performed on the indicated 
cell line and cell cycle distribution based on DNA content was determined from the BrdU-negative population of cells. (B) One parameter flow cytometric 
analysis of propidium iodide stained cells was performed and the mean proportion of cells in each phase of the cell cycle was determined from a minimum 
of three experiments in NF, G M 3 8 , NFE6 and GM38E6 fibroblasts. (C) One parameter flow cytometric analysis of propidium iodide stained cells was 
performed as in (B) except that colcemid was added at the time of irradiation to block entry of cells into the second cell cycle. The mean proportion of cells 
in the G ) ; S and G 2 / M phases of the cell cycle was determined from up to ten experiments. (D) G M 3 8 cells were mock transfected or transfected with 
control siRNA duplex (con) or p53 siRNA duplex 48 hours prior to exposure to 10 J / m 2 of UV light. Lysates were collected 24 hours following UV exposure 
and subjected to immunoblot and cell cycle analysis based on DNA content. Each value in (A, C and D) represents the mean (± SEM) determined from a 
minimum of 3 independent experiments. Statistically significant differences between the indicated value and its corresponding control in (A-D) are indicated 
by either * or * * (p s 0.05 and p s 0 . 0 0 1 , respectively, student t test, two tailed). 

S phase within the first hour following UV exposure, consis­
tent with the direct inhibtion of DNA replication (Fig. IB). 
Importantly, the BrdU-positive and BrdU-negative populations of 
cells remained easily distinguishable (Fig. 1 A) following UV exposure 
allowing us to gate BrdU positive cells separately for cell cycle analysis 
based on DNA content. 

The vast majority of BrdU-positive cells had S phase DNA content 
at the time of irradiation (Fig. 1C). The BrdU-positive population 
of unirradiated normal fibroblasts completed S phase within six 
hours, passed synchronously through G2 and M phases then entered 

into the G, phase of the subsequent cell cycle within 12 hours 
(Fig. 1C). A second cycle Gl phase population was prominent 
by 24 hours (Fig. 1A). The time required for the BrdU-positive 
population of normal fibroblasts to exit S phase was extended following 
exposure to 10 J/m2 of UV light (Fig. 1A, C and D). UV-irradiated 
normal fibroblasts passed synchronously through G2, M and into 
the Gj phase of the subsequent cell cycle, with a six hour delay 
(Fig. 1A, D and E). This short S phase delay is consistent with 
previous measurements of the inhibition and recovery of nascent 
DNA synthesis using incorporation of 3[H] thymidine as a measure 
of DNA replication.5"1' 
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Figure 3. GG-NER contributes to the recovery from UV-induced replication arrest. BrdU pulse chase experiments 
were performed on XP-A (circles), XP-C (inverted triangles) and CS-B (triangles) fibroblasts and the cell cycle distri­
bution based on DNA content was determined for the BrdU positive population of cells. The proportion of cells in 
S phase is plotted as a function of time following exposure to either 0 (closed symbols) or 10 J/m2 (open symbols) 
of UV light. For representative two parameter flow cytometric data, refer to Supplementary Figures 3 and 4. Each 
point represents the mean (+ SEM) determined from a minimum of three independent experiments. Statistically 
significant differences between the indicated value and its unirradiated control are indicated by either * or ** 
(p s 0.05 and p s 0.001, respectively, student t test, two tailed). 

The unirradiated BrdU positive population of HPV-E6 expressing 
derivative fibroblast strains exited S phase and progressed through 
subsequent phases of the cell cycle as rapidly as the parental strains 
(Fig. 1C). However, in stark contrast to normal fibroblasts, the 
BrdU positive population of HPV-E6 expressing derivative fibro­
blasts failed to complete S phase within 24 hours following UV 
treatment (Figs. ID and E and Supplementary Fig. 1). Similarly, 
LFS fibroblasts lacking functional p53 were significantly delayed in 
S phase compared to the normal diploid human fibroblast strains 
(Supplementary Fig. 2). Therefore, the wild type p53 expressing 
strains resumed DNA synthesis with only a brief delay and passed 
synchronously through G2 and M phases, entering the subsequent 
cell cycle, while the p53-deficient strains remained arrested in S phase 
for an extended period of time. 

p53 facilitates the passage of Gj-irradiated fibroblasts through 
S phase. The effect of UV light on cells irradiated in other phases 
of the cell cycle was assessed by determining the cell cycle distribu­
tion of the BrdU negative population of cells from the experiments 
described in Figure 1. The majority of BrdU negative cells were in the 
Gj phase of the cell cycle at the time of BrdU treatment (Fig. 1A). 
Analyzing the cell cycle distribution of BrdU-negative cells permitted 
us to monitor the effect of UV light on S phase entry and progression 
of primarily Gj-irradiated fibroblasts. A discernible BrdU-negative 
5 phase population was observed in all unirradiated samples within 
6 hours and was maximal by 12 hours following BrdU treatment 
(Figs. 1A and 2A). UV light did not significantly delay the entry of 
normal fibroblasts into S phase (Figs. 1A and 2A). Therefore, normal 
fibroblasts entered S phase readily following UV exposure without a 
prominent first cycle Gj arrest. 

Two obvious differences in cell cycle distribution were observed 
in the Gj-irradiated HPV-E6-expressing strains. First, the entry 
of p53-deficient strains into S phase was delayed compared to 
mock-irradiated controls (Fig. 2A). Second, the HPV-E6 expressing 
fibroblasts irradiated in the Gj phase of the cell cycle accumulated in 
S phase and the non-S phase fraction was significantly depleted by 
24 hours (Fig. 2A). These results suggested that p53-deficient fibro­
blasts underwent a sustained replication arrest following UV exposure 
regardless of the cell cycle phase at the time of irradiation. 

To confirm the results by independent means, cell cycle distribu­
tion was determined by one parameter flow cytometric analysis on 

cells collected 0, 8, 16 and 24 
hours following UV exposure. A 
small increase in the proportion of 
normal fibroblasts was detected in 
S phase, 8 and 16 hours following 
UV exposure but this returned to 
unirradiated levels within 24 hours 
(Fig. 2B). In distinct contrast, 
approximately 70% of HPV-E6 
expressing fibroblasts were in 
S phase 24 hours after UV expo­
sure (Fig. 2B). Consistent with 
the BrdU pulse chase experiments, 
HPV-E6 expressing fibroblasts 
undergo a prolonged replication 
arrest following UV exposure. 

Given the complexity of 
analyzing the cell cycle distribu­
tion in the first and second cell 
cycles, similar one parameter flow 

cytometric experiments were performed in the presence of the 
mitotic inhibitor colcemid. We were thus able to monitor the 
fraction of cells exiting the Gj phase, entering S phase and accu­
mulating at the colcemid block in the presence and absence of 
UV light. Exposure to colcemid alone led to a depletion of cells 
in G j and a corresponding increase in the proportion of cells with 
4N DNA content (Fig. 2C). Following UV-irradiation, normal fibro­
blasts exited Gj at a similar rate to unirradiated control cells, again 
indicating that UV light did not induce a pronounced first cycle 
Gj arrest (Fig. 2C). Normal fibroblasts accumulated in S phase within 
eight hours following UV-irradiation and reached the colcemid 
block within 16 hours (Fig. 2C). In clear contrast, the HPV-E6 
expressing cells exited Gj phase somewhat more slowly, consistent 
with a previous report, accumulated in S phase, and failed to reach 
the colcemid block within 24 hours (Fig. 2C). 

To provide further evidence that the cell cycle defect in HPV-E6 
expressing cells was associated with p53-deficiency and not due to 
HPV-E6 expression per se, BrdU pulse chase and one parameter flow 
cytometric analysis were performed in hemizygous LFS fibroblasts 
carrying a frameshift mutation at codon 184 resulting in premature 
termination and an unstable p53 protein.17 These cells underwent 
a sustained UV-induced replication arrest (Supplementary Fig. 2). 
Furthermore, targeting p53 by RNA interference led to a significant 
increase in the proportion of cells in S phase 24 hours following UV 
exposure, as assessed by one parameter flow cytometry (Fig. 2D). 
Therefore, all three flow cytometric methods and inactivation of 
p53 by three separate means yielded similar results. Taken together, 
normal fibroblasts recovered from UV-induced replication arrest far 
more efficiently than p53-deficient strains and this supports previous 
literature.9'10'15'18'19 

GG-NER contributes to the recovery from replication arrest 
following UV exposure. UV-induced DNA damage is repaired 
through NER.20 It has been reported that NER-defective XP fibro­
blasts fail to recover nascent DNA synthesis normally so NER is 
thought to contribute to the efficient recovery from UV-induced 
replication arrest. ,5 Therefore, BrdU pulse chase experiments were 
performed in fibroblasts with a complete defect in NER (XP-A) 
or specific defects in either GG-NER (XP-C) or TC-NER (CS-B). 
Unirradiated BrdU-positive XP-A, XP-C and CS-B fibroblasts 
progressed through S phase within six hours, passing synchronously 
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Figure 4. The recovery from UV-induced replication arrest precedes the repair of CPD in XP-E fibroblasts. BrdU pulse chase experiments were performed in 
XP-E fibroblasts. The BrdU-positive (A) and BrdU-negative population of cells (B) were gated separately and the data are presented as DNA histograms. The 
proportion of cells in S phase as estimated based on DNA content was determined for the BrdU-positive (right panel in A) and BrdU-negative (right panel 
in B) from a minimum of four independent experiments. For representative two parameter flow cytometric dot plots, see supplementary figure 5. (C) The 
proportion of cells with 4N DNA content was assessed 24 hours following mock- or UV-irradiation in the presence or absence of colcemid (col), as indicated. 
(D) CPD were detected either immediately or 24 hours following exposure of cells to 0, 10, 30 or 100 J/m2 using an anti-thymine dimer antibody and flow 
cytometric methods. Fluorescent signal assessed immediately following UV exposure increased in proportion to UV fluence up to 30 J/m2 (left panel). The 
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through G2 and M phases and were able to enter the second cycle 
G, within 12 hours, as observed in normal and HPV-E6 expressing 
fibroblasts strains (Fig. 3). The effect of UV exposure on the recovery 
from UV-induced replication arrest varied in a repair-dependent 
manner. The BrdU-positive population of XP-A and XP-C fibroblasts 
remained in S phase up to at least 24 hours following UV exposure 
(Fig. 3, left and centre panels), as expected based on previous litera­
ture.5 '7 In contrast, the BrdU positive population of CS-B fibroblasts 
progressed through S phase following UV exposure (Fig. 3B, right 
panel). Taken together, these results indicate that it is the GG-NER 
and not the TC-NER subpathway of NER that contributes to the 
recovery from UV-induced replication arrest. 

Recovery from replication arrest involves p53 but not DDB2 
and precedes the repair of cyclobutane pyrimidine dimers. 
Cells lacking functional p53 have a defect in GG-NER, however 
this defect is specific for CPD and not pyrimidine (6-4) pyrimi-
done photoproducts [(6-4) PP], the other major photoproduct 

induced by UV light.12'13'21"23 This DNA repair phenotype is 
identical to that of XP group E cells (XP-E), homozygous for a 
mutation in the gene encoding DDB2, a p53-regulated DNA 
repair protein.10,2 Therefore, to examine how a defect in GG-NER 
that more closely reflects the defect in p53-deficient cells affects cell 
cycle progression, BrdU pulse chase experiments were performed using 
XP-E fibroblasts. 

Unirradiated BrdU-positive XP-E fibroblasts were able to complete 
S phase within 6 hours (Fig. 4A). As with normal fibroblasts, quan­
titative cell cycle analysis of the BrdU-positive population of XP-E 
cells indicated that S phase was prolonged by only 6 hours following 
UV-irradiation (Fig. 4A, right panel). A strikingly normal cell cycle 
distribution was restored within 24 hours following UV exposure 
(Fig. 4A, lower right histogram). The progression of XP-E fibroblasts 
through S phase was readily distinguishable from that of XP-A and 
XP-C fibroblasts (compare Fig. 3 and 4A, right panel). Similarly, 
UV light had very little effect on the cell cycle distribution of 
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Figure 5. HPV-E6 expression inhibits the recovery from replication arrest in XP-E fibroblasts. (A) Immunoblot analysis comparing the UV-induced accumula­
tion of p53 in XP-E and its isogenic derivative expressing HPV-E6. (B-E) BrdU pulse chase experiments were performed in these HPV-E6 expressing XP-E 
fibroblasts. The BrdU-positive cells were gated separately and the data are presented as DNA histograms (B) and as the proportion of cells in S phase (C). 
Similar analysis is presented for the BrdU-negative population of cells (D and E). For representative two parameter flow cytometric data, see supplementary 
figure 5. (F) The incorporation of [3H] thymidine was assessed over the first 6 and 12 hours following UV exposure. [3H] incorporation is represented as 
the counts determined from UV treated samples compared to their unirradiated controls collected at the same time. Each point in (C, E and F) represents 
the mean (± SEM) determined from a minimum of three independent experiments. Statistically significant differences between the indicated value and its 
corresponding control are indicated by either * or ** (p s 0.05 and p s 0.001, respectively, two tailed student t test). 

the BrdU-negative population of XP-E cells (Fig. 4B). Therefore, 
the BrdU negative population of XP-E fibroblasts responded like 
normal fibroblasts. 

To independently assess the effect of UV exposure on S phase 
progression, the ability of XP-E, XP-A and XP-C fibroblasts to 
reach G2 /M in the presence of colcemid was assessed, as described 
in (Fig. 2). Consistent with the BrdU pulse chase experiments, 
XP-A and XP-C fibroblasts failed to reach the colcemid block 
following UV-irradiation (Fig. 4C). In contrast, XP-E fibroblasts 
progressed through S phase and reached the colcemid block 
following UV-irradiation (Fig. 4C). Therefore, the reported defect 
in the repair of CPD in XP-E fibroblasts did not prevent these cells 
from recovering from UV-induced replication arrest. 

To ensure that our XP-E fibroblast strain exhibited the reported 
GG-NER of CPD defect,24 an anti-CPD monoclonal antibody 
was used to measure DNA damage and repair in normal, HPV-E6 
expressing normal and XP-E fibroblasts using a flow cytometric 
method. A linear relationship between UV fluence (up to 30 J/ 
m2 of UV light) and the amount of DNA damage was observed 

immediately following UV exposure (Fig. 4D). This indicates 
that fluorescence intensity was proportional to the number of 
CPDs per cell through this dose range. To measure DNA damage 
and repair, cells were UV irradiated with either 0 or 10 J/m2 and 
samples were collected immediately and 24 hours following UV 
exposure for flow cytometric analysis of CPDs. Approximately 20, 
50 and 80% of CPDs remained in the GM38, GM38-E6 and 
GM1389 fibroblasts, respectively, twenty-four hours following 
UV-irradiation (Fig. 4D). This observation is consistent with 
previous measurements of DNA damage and repair of CPDs in these 
and similar fibroblast strains.2 Taken together, the recovery from 
UV-induced replication arrest occurs normally in GG-NER-deficient 
XP-E fibroblasts, indicating that this recovery precedes the repair of 
CPDs. 

To further dissociate the roles of p53 and GG-NER in the 
recovery from UV-induced replication arrest, cell cycle distribution 
was assessed in HPV-E6 expressing XP-E fibroblasts. As expected, 
p53 levels increased in the control strain following UV exposure but 
not in the HPV-E6 expressing XP-E derivative (Fig. 5A). Whereas 
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the BrdU-positive XP-E fibroblasts were delayed in S phase for 
approximately 6 hours following UV exposure (recall Fig. 4A), more 
than 50% of the BrdU-positive XPE-E6 cells remained arrested even 
24 hours following UV exposure (Fig. 5B and C). The BrdU-negative 
population of HPV-E6 expressing XP-E fibroblasts were delayed 
in their entry into S phase following UV exposure but eventually 
entered and arrested in S phase (Fig. 5D and E). As another means 
of visualizing the difference in the recovery between isogenic pairs 
of fibroblast strains, the incorporation of [3H] thymidine into DNA 
was used as a quantitative measure of DNA replication over the first 
12 hours following UV exposure. The incorporation of [3H] thymi­
dine was reduced in all strains to a similar extent over the first 6 hours 
following UV exposure (Fig. 5F). However, DNA synthesis recovered 
significantly within 12 hours in the p53 expressing normal and XP-E 
strains but not in the p53-deficient strains (Fig. 5F). Therefore, XP-E 
cells irradiated in S phase resumed DNA synthesis prior to the repair 
of CPD whereas p53-deficient derivatives arrest in S phase regardless 
of whether they were irradiated in Gj or S phase. These results clearly 
dissociate the roles of p53 and DDB2-dependent GG-NER in the 
recovery from UV-induced replication arrest. 

DISCUSSION 

Global genomic nucleotide excision repair and ultraviolet 
light-induced replication arrest. It has been recognized for over thirty 
years that UV light inhibits the synthesis of nascent DNA. ,25"31 In 
response to low doses of UV light (< 1 J/m2), the firing of replica­
tion origins can be inhibited following exposure to UV light.29,30 In 
addition, UV lesions induced by higher doses of UV light can stall 
replication forks directly.4'5'7,29"31 The extent of the initial block 
to replication fork progression reflects the probability that replica­
tion forks will encounter DNA lesions and is thus dose-dependent. 
In the present study, we used a dose of UV light (10 J/m2) that is 
known to block the progression of replication forks. ,5,7 ' Using 
BrdU-incorporation as a measure of DNA replication, we found that 
replication was initially inhibited to a similar extent in all fibroblast 
strains immediately following UV exposure, regardless of p53 status 
or NER capacity. 

The inhibition and recovery of DNA synthesis following UV 
exposure has been studied using [ H] thymidine incorporation and 
velocity sedimentation.4,5,7 Early work suggested that a single CPD 
is sufficient to block a replication fork immediately following UV 
exposure.8 The recovery from replication arrest is thought to be 
facilitated by the repair of these replication blocking lesions because 
UV-irradiation of XP fibroblasts results in a sustained inhibition of 
[3H] thymidine incorporation.4,5,7 Our data are again consistent 
with previous studies since we found that XP-A and XP-C fibro­
blasts irradiated in S phase remained arrested in that phase of the 
cell cycle following UV exposure. Importantly, CS-B cells were able 
to complete S phase, indicating that it is the GG-NER and not the 
TC-NER subpathway of NER that is required for the recovery from 
UV-induced replication arrest. 

Surprisingly, DDB2-deficientXP-E fibroblasts progressed through 
S phase as readily as normal cells regardless of whether they were 
UV-irradiated in the G j or S phase of the cell cycle. Consistent with 
their reported DNA repair defect,24 we found 80% of the CPD 
remained 24 hours after UV exposure in these cells. Therefore, XP-E 
fibroblasts are able to tolerate extensive DNA damage and resume 
DNA synthesis prior to the repair of CPDs. It is possible that XP-E 
fibroblasts are able to efficiently synthesize DNA past CPD using one 

or more of the translesion DNA polymerases. 
It seems somewhat paradoxical when considering that GG-NER is 

required for the recovery from replication arrest yet GG-NER-deficient 
XP-E fibroblasts appear to tolerate unrepaired CPDs. The severity 
of the GG-NER defects in XP-A and XP-C fibroblasts is much 
greater than that described for XP-E. Both XP-A and XP-C fibro­
blasts are unable to repair the two major UV-induced pyrimidine 
dimers (CPD and (6-4)PP) from the genome overall while XP-A are 
further defective in the repair of both predominant UV lesions by 
transcription-coupled NER.32"35 In contrast, the GG-NER defect 
in XP-E fibroblasts is specific to CPD while (6-4) PP are repaired 
with near normal efficiency2 (see Supplementary Fig. 6). In general, 
GG-NER of (6-4)PP is much faster than GG-NER of CPD because 
(6-4)PP cause a greater structural distortion to the DNA helix and 
are recognized more readily by DNA damage recognition proteins 
required for GG-NER.24,32 Conversely, translesion synthesis (TLS) 
of CPD is much more efficient than TLS of (6-4)PP36,37 so (6-4)PP 
inhibit DNA replication more strongly than CPD.3 8 Which is to 
say that the (6-4)PP pose a greater impediment to translesion poly­
merases but these lesions are repaired more efficiently by GG-NER. 
Intriguingly, the short replication arrest in p53 expressing cells corre­
sponds very well temporally with the time required to repair (6-4) PP 
because the repair of (6-4)PP is essentially complete within 6 hours2 

(see Supplementary Fig. 6) when cells resume DNA synthesis (see 
Figs. 1 and 4). Taken together, XP-E fibroblasts likely recover from 
UV-induced replication arrest normally because they retain both the 
ability to repair (6—4)PP and the ability to replicate DNA templates 
containing CPD. 

p53 and ultraviolet light-induced replication arrest. We found 
that p53-deficient fibroblasts have a striking defect in the recovery 
from replication arrest. These results are consistent with previous 
reports in which nascent DNA synthesis was measured by incubating 
irradiated cells in medium containing [3H] thymidine for a short 
period of time, 6-8 hours following UV exposure.9'10 Under these 
conditions, p53-deficient strains replicated DNA poorly compared to 
control strains. Similarly, colorectal cancer cells expressing a tempera­
ture sensitive variant of p53 reportedly underwent a pronounced 
S phase arrest following UV-irradiation at the restrictive temperature 
but that this S phase arrest could be overcome by restoring func­
tional p53 at the permissive temperature.18 By monitoring cell cycle 
position and the recovery from replication arrest simultaneously, the 
S phase defect in p53-deficient cells following UV-irradiation 
reported here appears far more pronounced than previously reported. 
S phase irradiated cells lacking functional p53 remained arrested 
in S phase even 24 hours following UV exposure. In addition, 
p53-deficient cells irradiated in G l phase entered S phase and under­
went a sustained replication arrest. The net effect of the sustained 
replication arrest in S phase- and Gj phase-irradiated populations 
of cells was the massive accumulation of p53-deficient fibroblasts in 
S phase 24 hours following UV exposure. 

Given the GG-NER defect reported in p53 deficient fibroblasts, 
previous reports assessing the inhibition and recovery of nascent DNA 
synthesis in p53-deficient fibroblasts suggested that p53 contributed 
to the recovery of nascent DNA synthesis by regulating NER.9,10 

This was consistent with available data; however the role of p53 in 
GG-NER was not fully understood at the time. Fibroblasts lacking 
functional p53 have a repair defect that is virtually indistinguish­
able from that of XP-E fibroblasts because p53-deficient and XP-E 
fibroblasts have reduced DDB2 activity.2 '39 Our results indicate that 
XP-E fibroblasts recovered from the UV-induced replication arrest as 
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readily as normal fibroblasts despite their repair defect. Furthermore, 
inactivation of p53 in XP-E cells led to a sustained replication arrest 
in cells irradiated in either the S or G j phase of the cell cycle. Taken 
together, the S phase defect associated with the absence of p53 in 
UV treated fibroblasts, is independent of the role of p53 in regu­
lating DDB2 and GG-NER. Perhaps more striking, die recovery 
from replication arrest appears to involve DNA damage tolerance 
mechanisms in p53-expressing fibroblasts that are not observed in 
cells lacking functional p53. 

p53 and ultraviolet light-induced Gj arrest. The p53 protein can 
induce G j arrest by regulating the expression of the cyclin-dependent 
kinase inhibitor p21W A F 1 . 4 0" 4 3 A clear p53-dependent Gj arrest 
is induced in many cell types in response to agents that induce 
DNA double strand breaks (DSB).19,40 ,41 ,44 ,45 This p53-dependent 
Gj arrest has been reported in response to UV exposure.29' 
However, there is accumulating evidence that the p53-dependent 
Gj checkpoint is inefficient following UV exposure18,19,44 '45 '49 '50 

and that p53-independent Gj checkpoints also exist.16,19' 5 '51 '52 

Therefore, the role of p53 in mediating a first cycle Gj arrest in 
response to UV exposure remains equivocal. 

The comprehensive cell cycle analysis presented here clearly 
indicates that UV treatment of asynchronous repair proficient 
primary human fibroblasts does not lead to a significant first cycle 
p53-dependent G j arrest, under these conditions. A minor delay in 
S phase entry was noted but this was more prominent in the HPV-E6 
expressing cells, as previously reported. We interpret these results to 
indicate that the induction of p21 W A F 1 occurs after most cells have 
passed the restriction point and are either in S phase or irreversibly 
committed to enter S phase. The integrity of the p53-dependent 
Gj arrest in the second cell cycle could not be assessed because cells 
lacking functional p53 remained arrested in the first cycle S phase. 
Assessing p53-dependent cell cycle checkpoints at a single time point 
(18-24 hours) following exposure to UV light could easily be misin­
terpreted as a bonefide p53-dependent Gj checkpoint response. 

Role of p53 in S phase following UV-irradiation. Resumption 
of DNA synthesis following replication fork blockage at CPD is 
thought to involve either translesion synthesis or homologous recom­
bination.1'3'53"55 DNA polymerase T] can readily bypass CPD,5 58 

inserting the correct bases opposite the lesion.59 Recently, it was 
reported that p53 regulates the expression of the POLHgene encoding 
DNA polymerase T]60 and DNA polymerase r|-deficient XP variant 
fibroblasts have an S phase defect following UV-irradiation.61'62 

The p53-dependent regulation of bypass polymerases may be more 
common than currently recognized since the mouse Dinb gene 
encoding DNA polymerase K also appears to be p53-regulated. 
Therefore, it is conceivable that p53 expressing cells recover DNA 
synthesis more efficiently, in part, because of higher levels of TLS 
polymerases. However, there is presently no evidence that the level of 
expression of these polymerases is limiting for TLS. 

Alternatively when repair and replicative bypass fail, persistently 
stalled replication forks can be converted to DSB.31 '64"66 Other repli­
cation stressors such as hydroxyurea also lead to stalled replication 
forks that can be converted to DSB.55 '67"70 Intriguingly, UV- and 
hydroxyurea-induced DSB form predominantly in cells lacking func­
tional p53, suggesting that p53 stabilizes and prevents the conversion 
of stalled replication forks to DSB.31 '54 ,55 ,67 '71 The formation of 
yH2AX foci, frequently used as indicators of DSB, form in response 
to UV light predominantly as a consequence of replicative stress6 ,72 

and that this occurs preferentially in cells lacking functional p53 
following UV exposure64'66'73 (Supplementary Fig. 7). It is tempting 

to speculate that the profound S phase defect in p53-deficient cells 
is the consequence of secondary DNA damage associated with stalled 
replication forks. By contrast, cells expressing functional p53 are able 
to utilize DNA damage tolerance pathways to resume DNA synthesis 
and complete S phase in the presence of CPD. 

S phase defect and sensitivity to ultraviolet light. A striking 
observation in the present work was the duration of die replica­
tion arrest in p53-deficient fibroblasts. Maintaining the stability of 
stalled replication forks for upwards of 24 hours must constitute a 
significant challenge to the cell. Given the duration of this block to 
replication, it is not surprising that DSB form in p53-deficient cells 
following the collapse of replication forks at sites of DNA damage.31 

DSB are highly cytotoxic lesions so the formation of DSB following 
UV treatment of p53-deficient cells31 could have profound effects on 
the viability of UV treated cells. We and others have reported that 
p53 protects primary human fibroblasts, some tumour cell lines and 
primary mouse embryonic fibroblasts against UV-induced apoptosis 
following exposure to moderate doses of UV light.14,18 '23 '49 '74 '75 

Furthermore, the commitment to UV-induced apoptosis appears 
to require the entry of cells into S phase15'38,75"77 and UV-induced 
apoptosis was reportedly preceded by the formation of replication 
associated DSB77 (see Supplementary Fig. 7). Taken together, a 
model is emerging that suggests that the formation of replication 
associated DSB underlies the sensitivity of p53-deficient fibroblasts 
to UV-induced apoptosis. 

In summary, we clearly demonstrate that fibroblasts expressing 
functional p53 recover from UV-induced replication arrest prior 
to the repair of CPD whereas p53-deficient cells have a profound 
defect in the recovery from this arrest. The role of p53 in promoting 
recovery from replication arrest is separable from its role in regulating 
DDB2 and GG-NER of CPD. It remains to be determined whether 
this defect is linked to impaired TLS, replication fork collapse, DSB 
formation and sensitivity to UV-induced apoptosis. Deciphering 
these issues will be important to further our understanding of the role 
of p53 in tumour suppression. 

Note 

Supplementary material can be found at: 
www.landesbioscience.com/supplement/ 
StubbertCC6-l4-sup.pdf 
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Cell cycle progression is regulated through changes in the activity of cyclin-dependent kinases that are, in turn, regulated by 

the expression of their respective cyclin partners. In primary cells, cyclin E expression increases through the G, phase of 

the cell cycle and peaks near the G^S boundary.The unscheduled expression of cyclin E in primary human fibroblasts leads 

to chromosomal instability that is greatly increased by loss of the p53 tumour suppressor. Intriguingly, ultraviolet light (UV), 

the most prevalent environmental carcinogen, is similarly known to induce chromosomal instability more dramatically in the 

absence of p53. Here we report that UV light transiently increased the expression of cyclin E in normal human fibroblasts. 

Strikingly, cyclin E levels remained elevated for an extended period of time in the absence of functional p53. UV-induced cyclin 

E expression was not restricted to the G^S boundary but remained elevated throughout S phase and this correlated with a 

massive accumulation of p53-deficient fibroblasts in this phase of the cell cycle. Forced expression of cyclin E alone was insuf­

ficient to cause a similar S phase arrest but forced expression of cyclin E led to an increase in the proportion of UV-irradiated 

cells in S phase. The present work suggests that p53 affects S phase progression following UV exposure by preventing the 

sustained unscheduled expression of cyclin E and that this may limit the clastogenic and carcinogenic effects of UV light. 

Introduction 

The ultraviolet (UV) light component of sunlight is considered 
to be the most prevalent environmental carcinogen.1"3 UV light 
is a genotoxic agent that induces DNA lesions primarily at dipy-
rimidine sites.4,5 Replicative bypass of these lesions gives rise to the 
characteristic "UV signature" mutations characteristic of sunlight 
exposure: typically C to T and CC to T T transitions.6,7 In addition 
to point mutations, replication of UV-damaged DNA can lead to 
the accumulation of DNA double strand breaks (DSB) and sister 
chromatid exchanges.8'2 The p53 tumour suppressor decreases the 
susceptibility of cells to UV-induced point mutations, replication-
associated DSB and UV-induced recombination.10"13 Therefore, 
p53 plays an important role in regulating genomic stability and 
protecting against skin carcinogenesis following UV exposure.14,15 

Cyclin E is considered a G1 cyclin."5 Transcription of the 
CCNE1 gene encoding cyclin E is positively regulated by the E2F 
family of transcription factors as cells progress through the late 
Gj phase of the cell cycle.17,18 In other phases of the cell cycle, 
specific E2Fs repress transcription from the CCNE1 locus.19,20 

Furthermore, cyclin E protein levels are negatively regulated by 
proteasome-mediated degradation by the SCFFbw7 ubiquitin ligase 
complex as cells enter S phase.21,22 Through a combination of tran­
scriptional and post-translational regulation, cyclin E levels are 

^Correspondence to: Bruce C. McKay; Email: bmckay@ohri.ca 
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thought to peak in normal cells at or near the GJS boundary and 
are actively repressed elsewhere in the cell cycle. 

In partial contrast to the situation in primary cells, cyclin E 
is deregulated in a variety of cancers. It was previously thought 
that cyclin E was essential and rate limiting for the G to S phase 
transition.16 However, cyclin E nullizygous mouse cells retain the 
ability to proliferate.23 In fact, cyclin E ablation in mouse embry­
onic fibroblasts decreases their susceptibility to oncogenic trans­
formation, suggesting that cyclin E is an oncogene.23 Consistent 
with this observation, the unscheduled expression of cyclin E in 
tumour cells is associated with genomic instability.24"28 The FBW7 
component of the SCFFbw7 complex is a tumour suppressor and 
this is at least partly due to its role in targeting cyclin E for protea­
some-mediated degradation.2',26"33 Taken together, the unsched­
uled expression of cyclin E appears to contribute to genomic 
instability and oncogenic transformation. 

Here we report that UV light, a potent skin carcinogen, 
increased the expression of cyclin E at both the mRNA and pro­
tein level. The induction of cyclin E occurred in a p53-indepen-
dent manner, however cyclin E levels remained elevated much 
longer in cells lacking functional p53. The sustained induction of 
cyclin E was not restricted to the GJS boundary but was promi­
nent throughout S phase. The unscheduled expression of cyclin 
E was associated with the accumulation of cells in S phase and 
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Figure I . Cyclin E is induced in response to UV light. Immunoblot analysis of total cellular protein was performed using antibodies raised against the 
indicated proteins. (A) NF and NFE6 samples were collected at the indicated times following exposure to 10 J/m2 of UV light. *denotes a non-specific band 
recognized by the anti-p53 antibody. (B) Immunoblot analysis was performed using protein samples collected from GM38 and GM38E6 cells 24 hours fol­
lowing UV exposure. (C and D) LFS cells were infected with a recombinant adenovirus expressing either lacZ or pS3,24 hours prior to UV exposure. Cell 
lysates were collected either 6 (C) or 24 (D) hours following UV-irradiation. - and + in (B-D) correspond to 0 or 10 J/m2, respectively. 

protein p21WAF1 and cyclin E (E2F1-regulated) within 8 hours 
(Fig. 1A). However, the time course for cyclin E induction was 
clearly distinguishable from that of p21WAFI. Whereas p21WAF1 lev­
els increased over the 24 hour period, cyclin E expression peaked 
at 8 hours and subsequently decreased (Fig. 1A). 

Cyclin E expression was similarly assessed in isogenic fibro­
blasts in which p53 expression (and hence p21WAF') was decreased 
by HPV-E6 expression (Fig. 1A). The expression of cyclin E again 
increased within 8 hours in the absence of p53 but cyclin E expres­
sion remained elevated even 24 hours following UV exposure in 
the HPV-E6 expressing fibroblasts (Fig. 1A). An inverse correla­
tion between cyclin E and both p53 and p21WAF1 induction was 
observed 24 hours following UV exposure in both isogenic pairs 
of normal and HPV-E6 expressing fibroblasts strains (Fig. 1A 
and B). These results indicate that cyclin E was induced in a p53-
independent manner but that the duration of increased cyclin E 
expression was affected by HPV-E6 expression. 

To ensure that prolonged cyclin E expression following UV 
exposure was related to the loss of p53 and not to HPV-E6 expres­
sion per se, cyclin E expression was assessed in LFS fibroblasts that 
do not express detectable p53.40 Cyclin E levels were elevated 6 
and 24 hours following UV exposure in these p53-deficient cells 
(Fig. 1C and D). Expression of p53 in LFS cells using a recom­
binant adenovirus did not prevent the UV-induced accumulation 
of p53 at 6 hours (Fig. 1C) but reduced cyclin E levels 24 hours 
following UV exposure (Fig. ID). Taken together, these results 
indicate that cyclin E is induced in response to UV treatment in 
a p53-independent manner but that p53 limits the duration of 
cyclin E induction. 

Cyclin E is induced at the transcriptional level. The regula­
tion of cyclin E involves both transcriptional and post-transcrip-
tional mechanisms.16 Therefore, CCNE1 transcript levels were 
assessed using real-time reverse transcriptase polymerase chain 
reaction 0, 6 and 24 hours following UV exposure. CCNE1 
mRNA levels were increased at 6 hours but not 24 hours following 
UV-irradiation in normal diploid fibroblasts expressing p53 (Fig. 
2A). A similar transient increase in CCNE1 mRNA levels was 
observed in a series of microarray experiments, under similar con­
ditions in an unrelated normal fibroblast strain.41 In contrast to the 
pattern observed in normal fibroblasts, CCNE1 mRNA levels were 
elevated at both 6 and 24 hours following UV exposure in HPV-
E6 expressing normal and LFS fibroblasts (Fig. 2A). Therefore, 

Cell Cycle Volume 8 Issue 18 www.landesbioscience.com 

A 
I 
1 
.§ 

& 0 
UJ 

Wf „ „NFE6 .__ 0 LFS 
6 " 8] 

I i il 
• • • o B • • 
0 6 24 0 6 24 0 6 24" 

Time (hours) 

OL 

B 0) 
CB _ 

c 3 
NF NFE6 

3 2 

1 1 
<fl 

a> 
a. 

4r 
LFS 

ill ill ill 
0 6 24 J ) 6„ 24 „ 0 6 24 

Tirr Mine (hours) 

Figure 2. Transcriptional upregulation of cyclin E following UV-irradiation. 
Real-time reverse transcriptase polymerase chain reaction was used to 
monitor changes in CCNEI (A) and E2FI (B) transcript levels at 6 and 
24 hours following UV exposure in the indicated cell lines. Each value 
represents the mean (+SEM) determined from either 3 or 4 independent 
experiments. 

forced expression of cyclin E in combination with UV light led to 
an S phase arrest even in the presence of p53. These observations 
highlight the importance of regulating cyclin E expression for S 
phase progression following UV exposure. 

Results 

Cyclin E is induced in a p53-independent manner follow­
ing UV-irradiation. Normal fibroblasts were exposed to 10 J/m2 

of UV light and cell lysates were collected at various times follow­
ing UV exposure for immunoblot analysis. We have previously 
reported that this dose of UV light in these specific strains induced 
apoptosis in less than 10% of UV exposed cells so this dose of 
UV light is not highly cytotoxic.34'37"39 Under these conditions, 
UV light led to an increase in the expression of the p53-regulated 
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Figure 3. Correlation between cyclin E expression and cell cycle phase following UV exposure. (A) The cell cycle 
distribution of GM38 (circles) and GM38E6 (triangles) fibroblasts was determined at various times following expo­
sure to either 0 or 10 j /m2 of UV light. (B) The cell cycle distribution of LFS cells incubated for 16 hours in hydroxyu­
rea (HU), staurosporine (STP) or colcemid (COL) was determined. LS indicates that cells were cultured under low 
serum conditions (0.5% FBS) for 3 days. (C) Cells treated as described in (B) were UV treated (0 or 10 J/m2) and cell 
lysates were collected for immunoblot analysis 6 hours later. Each value in (A and B) represents the mean (±SEM) 
determined from a minimum of 3 independent experiments. 

CCNE1 mRNA correlated 
with cyclin E protein expres­
sion following UV exposure. 

Transcription of the 
CCNE1 gene is positively 
regulated by the E2F1 tran­
scription factor18 and E2F1 is 
known to be UV-inducible.42 

Consistent with the pat­
tern of cyclin E protein 
expression, E2F1 protein 
levels peaked at 8 hours fol­
lowing UV exposure and 
subsequently decreased in 
p53-expressing fibroblasts 
but remained elevated in 
the absence of functional 
p53 (Fig. 1A). Although 
the pattern of E2F1 mRNA 
expression mirrored that of 
CCNE1, the fold increase 
in E2F1 mRNA was rather 
modest in comparison (Fig. 
2B). Taken together, cyclin 
E is induced at the transcript 
level in a p53-independent 
manner that correlates with 
increased E2F1 protein levels but that p53 limits the duration of 
the UV-induced accumulation of cyclin E and its transcriptional 
regulator E2F1. 

Unscheduled expression of cyclin E. Cyclin E is considered a 
Gj cyclin with its expression peaking near the Gj/S boundary.43"45 

To determine how cyclin E was expressed through the cell cycle, 
flow cytometric analysis was first performed at various times fol­
lowing UV-irradiation. In normal fibroblasts, the proportion of 
UV treated cells in G, phase decreased while the S phase fraction 
increased marginally at 8 and 16 hours following UV exposure (Fig. 
3A). A normal cell cycle distribution was restored within 24 hours 
(Fig. 3A). In sharp contrast, the proportion of HPV-E6 expressing 
fibroblasts in S phase accumulated markedly while the proportion 
of cells in Gj phase plummeted during the observed period of up 
to 24 hours following UV exposure (Fig. 3A).12 Therefore, the 
sustained induction of cyclin E coincided with conditions that led 
to a massive S phase arrest with a concomitant depletion of the 
Gj population (Fig. 3A), suggesting that cyclin E induction was 
unlikely to be specific to the G, to S phase transition. 

A variety of drugs were then used to manipulate the cell cycle 
to determine if cyclin E could be induced in an unscheduled man­
ner. Staurosporine is a kinase inhibitor that inhibits cell cycle 
progression in G ] prior to the peak in cyclin E expression.46,47 

Hydroxyurea (HU) is a ribonucleotide reductase inhibitor that 
selectively blocks cell cycle progression in S phase.48 Colcemid is a 
microtubule inhibitor that blocks cells in M phase.49 Staurosporine 
treatment of p53-deficient LFS cells did not significantly affect cell 
cycle distribution and failed to block the UV-induced accumula­
tion of cyclin E (Fig. 3B and C). Treatment of LFS cells with HU 
for 24 hours resulted in the accumulation of more than 50% of 

the cells in S phase with a concomitant decrease in the proportion 
of cells in G (Fig. 3B). UV exposure of HU arrested cells led to a 
significant increase in cyclin E expression despite the pronounced 
S phase arrest (Fig. 3C). Most striking, cyclin E was induced in 
response to UV light in colcemid-treated (M phase arrested) cells 
despite the complete depletion of the G, population within 24 
hours (Fig. 3B and C). Of the conditions tested, only exit from 
the cell cycle by prolonged culture (3 days) in 0.5% serum blocked 
the induction of cyclin E (Figs. 3B and C, lane 8). These results 
suggest that cyclin E can be induced in an unscheduled manner 
following UV exposure. 

To more directly assess cyclin E expression as a function of 
cell cycle phase following UV-irradiation, cyclin E expression and 
DNA content were simultaneously assessed on a per cell basis using 
two-parameter flow cytometry 16 hours following UV exposure. 
In normal diploid fibroblasts, cyclin E expression peaked near the 
Gj/S boundary with cyclin E levels appearing lowest in the small 
S phase population (Fig. 4A). A small proportion of cells with 4N 
DNA content appeared to be cyclin E positive. Exposure of nor­
mal cells to UV light led to an increase in the proportion of cells in 
late S and G2/M phase (Fig. 4A). This relatively small population 
of cells had increased cyclin E expression compared to untreated 
controls in the same phase of the cell cycle (Fig. 4A). Therefore, 
UV light induced the unscheduled expression of cyclin E in small 
proportion of normal fibroblasts with 4N DNA content. 

The pattern of cyclin E expression was near normal in the HPV-
E6 expressing cells prior to UV exposure (Fig. 4B). Again, cyclin 
E expression was lowest in early S phase (Fig. 4B). Consistent 
with Figure 3, the most prominent change in cell cycle distribu­
tion following UV exposure was the accumulation of HPV-E6 
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Figure 4. Ultraviolet light induces the unscheduled expression of cyclin E. GM38 (A), GM38E6 (B) and LFS (C) 
fibroblasts were exposed to 0 or 10 J/m2 of UV light and were collected 16 hours later for two-parameter flow 
cytometric analysis. Cyclin E expression was assessed as a function of DNA content. (D) Similarly, Cyclin A ex­
pression was assessed in LFS cells as a function of DNA content, 24 hours following exposure to 0 or 10 J/m2 of 
UV light.The lines in (A-C) approximate the lower limit of cyclin E expression in unirradiated controls (upper). 
They serve to facilitate the comparison in cyclin E expression between treatments. 
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Figure 5. RNA interference against CCNEI prevents the sustained 
accumulation of cells in S phase following UV exposure. (A) LFS cells 
were transfected with either siRNAs against the CCNEI transcript or 
non-targeting control siRNAs (NT) 72 hours prior to UV exposure (0 
or 10 J/m2). Cell lysates were collected 24 hours following UV exposure 
for immunoblot analysis of cyclin E expression. GM38E6 (B) and LFS (C) 
cells were treated as described in (A) except that samples were collected 
24 hours following UV exposure for flow cytometric analysis of DNA con­
tent. Similar results were obtained in 3 independent experiments. 

expressing cells in S phase (Fig. 4B).12 UV light led to a significant 
increase in cyclin E expression in S phase (Fig. 4B). In unirradi­
ated LFS cells, cyclin E was expressed more evenly throughout 
the cell cycle (Fig. 4C). Following UV exposure, cyclin E expres­
sion increased throughout S phase such that the highest expressing 
cells had 4N DNA content (Fig. 4C). This unscheduled pattern 
of expression was similar to the normal cell cycle-dependent pat­
tern of cyclin A expression (Fig. 4D).30 Taken together, our results 
indicate that the exposure of fibroblasts to UV light resulted in the 

unscheduled expression of cyclin 
E and that this was far more dra­
matic in p53-deficient fibroblast 
strains. 

Cyclin E and ultraviolet 
light-induced S phase arrest. 
As indicated above, UV light 
induced the unscheduled expres­
sion of cyclin E and this corre­
lated with the accumulation of 
cells in S phase. Overexpression 
of cyclin E but not cyclin A or 
cyclin Dl can lead to an S phase 
arrest.28,51 In an initial attempt to 
determine whether cyclin E con­
tributed to the observed S phase 
arrest following UV exposure, 
RNA interference was used to 
decrease the expression of cyclin 
E (Fig. 5A). Decreased cyclin E 
expression led to an increase in 
the proportion of cells in G, with 

a concomitant decrease in S phase (Fig. 5B and C), consistent 
with its role in promoting Gl to S phase transition.,s HPV-E6 
expressing and LFS fibroblasts transfected with control siRNAs 
accumulated in S phase following UV exposure, as expected (Fig. 
5B and C). In contrast, cells transfected with CCNEI siRNA did 
not, suggesting that cyclin E is required to establish this prolonged 
arrest. As indicated above, the siRNAs against CCNEI decreased 
the proportion of cells in S phase. This change in cell cycle distri­
bution complicated the interpretation of these RNA interference 
experiments. 

To clarify the issue, an alternate strategy was used to manipu­
late cyclin E expression. Infection of normal human fibroblasts 
with an adenovirus expressing CCNEI led to a significant increase 
in cyclin E protein levels that was not greatly affected by UV 
exposure (Fig. 6A). Forced expression of cyclin E led to a signifi­
cant increase in the proportion of cells in S phase (Fig. 6B and C). 
Remarkably, the cyclin E overexpressing fibroblasts accumulated 
in S phase following UV exposure despite the presence of wildtype 
p53 in these cells (Fig. 6B and C). Taken together, unscheduled 
expression of cyclin E contributed to the accumulation of cells in 
S phase following UV-irradiation. 

Discussion 

Ultraviolet light and cyclin E. Cyclin E expression is thought 
to be rate limiting for G, to S phase transition.18,21 The peak expres­
sion of cyclin E is coincident with this transition and is achieved 
through a combination of transcriptional and post-transcriptional 
mechanisms.18,21 Cell cycle-dependent transcription of the CCNEI 
gene is driven, in large part, by activator E2F proteins, like E2F1. 
Here, we found that UV light induced the expression of CCNEI 
mRNA and cyclin E protein and this was not inhibited by the 
PI3 kinase inhibitors wortmannin or caffeine (Suppl. Fig. l ) .The 
induction of cyclin E was not dependent on p53 but correlated 
with increased expression of E2F1. This transcription factor is 
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Figure 6. Forced expression of cyclin E leads to a UV-induced S phase arrest in p53 expressing fibroblasts. 
Cyclin E was overexpressed in primary human fibroblasts using a recombinant adenovirus construct. (A) 
GM38 cells were UV-irradiated (0 or 10 J/m2) 24 hours following infection with the indicated recombinant 
adenovirus construct and protein extracts were collected 24 hours following UV exposure for immunoblot 
analysis of cyclin E expression. (B) GM38 cells were treated as in (A) except that cells were collected for flow 
cytometric analysis based on DNA content. Similar results were obtained in 3 independent experiments and 
the mean (+SEM) S phase population is plotted in (C). 

UV-induced42,52"54 so our results are 
consistent with a role for E2F1 in 
regulating cyclin E expression at the 
transcriptional level following UV 
exposure. 

We found that cyclin E (mRNA 
and protein) remained elevated for 
an extended period of time follow­
ing UV exposure, in the absence of 
functional p53. Importantly, the 
sustained UV-induced accumula­
tion of cyclin E in p53-deficient 
fibroblasts was not restricted to the 
late Gj phase and early S phase of 
the cell cycle. Two parameter flow 
cytometric analysis indicated that 
cyclin E levels increased through­
out the S and G2 phases following 
UV exposure in LFS cells but not 
when cyclin E was overexpressed from a recombinant adenovirus 
(Suppl. Fig. 2). In fact, forced expression of cyclin E was highest 
in Gj phase despite the fact that expression was driven by a con-
stitutively active promoter derived from human cytomegalovirus. 
Therefore, increased mRNA expression is insufficient to recapitu­
late the unscheduled expression observed in UV-irradiated cells. 

Post-transcriptional regulation of cyclin E. The expression of 
cyclin E is normally held in check through proteasome-mediated 
degradation involving the SCFFbw7-ubiquitin ligase complex.21,55"58 

Unscheduled expression of cyclin E occurs in cells that have lost 
or carry mutations in FBW7.26,2S Therefore, die pattern of cyclin 
E expression noted here is consistent with increased stability of 
cyclin E protein. Intriguingly, transcription of the CCNA2 gene 
encoding cyclin A is also positively regulated by E2F1,59 but unlike 
cyclin E, cyclin A is targeted for proteasome-mediated degradation 
much later in the cell cycle by a distinct ubiquitin ligase complex: 
the anaphase promoting complex.60,61 The cell cycle-dependent 
pattern of cyclins E and A are normally quite distinct, peaking 
near the GJS and G2/M boundaries, respectively.50,60,61 In the 
present work, the cell cycle-dependent pattern of cyclin E expres­
sion resembled that of cyclin A (recall Fig. 4C and D) in LFS 
cells exposed to UV light. These results suggest that the prolonged 
accumulation of cyclin E involves decreased protein turnover in 
addition to increased transcription of the CCNE1 gene. 

There are three isoforms of Fbw7 that are identical in the 
C-terminal half of the protein but have distinct N-terminal 
regions due to alternative splicing of 5' exons.62,63 Notably, they are 
expressed from 3 separate promoters and these isoforms respond 
differentially to UV light.58,62,63 Specifically, (X and J isoforms were 
reportedly downregulated in response to UV exposure whereas the 
P isoform was reported to be induced in a p53-dependent man­
ner.58,62 Using primers specific for isoforms a, fi and y, as well as 
an isoform-independent pair of primers, we used real time reverse 
transcriptase PCR to confirm this previous work. As expected, we 
found that p53 greatly affects the expression of various transcripts 
encoding these isoforms of Fbw7 following UV exposure (Suppl. 
Fig. 3). In primary human fibroblasts, total Fbw7 and Fbw7(3 were 
induced in response to UV exposure while the expression of the 

other isoforms was decreased. In the HPV-E6 expressing subline, 
the expression of all isoforms was reduced following UV exposure 
initially (Suppl. Fig. 3). It is possible that decreased expression of 
Fbw7 in p53-deficient fibroblasts contributes to increased cyclin 
E expression through transcriptional derepression, as reported for 
c-Jun.62 

Unscheduled cyclin E expression, UV light and genomic 
instability. The cell cycle-dependent expression of cyclin E is 
important to maintain genomic stability. Forced expression of 
cyclin E induced micronuclei and karyotypic changes in primary 
human fibroblasts within one passage following transduction.64"66 

Decreased cyclin E turnover due to either Fbw7 depletion by 
shRNA or a mutation in codon 380 of cyclin E (encoding the 
cyclin E-T380A variant) led to a transient increase in chromo­
somal instability.64,66 Under these conditions, p53 was activated 
and limited the proliferation of cyclin E overexpressing cells.66 

Disruption of p53 with HPV-E6 expression or shRNAs against 
p53 resulted in the sustained unscheduled expression of cyclin E, 
a sustained S phase delay, prolonged chromosomal instability and 
aneuploidy.64'66 Taken together, unscheduled expression of cyclin 
E results in S phase defects and genomic instability that is pro­
longed and exacerbated in the absence of functional p53. 

UV light slows the progression of cells through S phase.67,68 

The synthesis of nascent DNA decreases in a dose-dependent 
manner immediately following UV exposure but replication is 
restored within 6-8 hours following exposure to moderate doses 
of UV light.12,68'74 Fibroblasts lacking functional p53 fail to recover 
DNA synthesis normally following UV exposure and accumulate 
DNA double strand breaks, as evidenced by the formation of 
yH2AX foci.12,72 In the present work, the sustained UV-induced 
S phase arrest observed in p53-deficient cells was associated with 
the unscheduled expression of cyclin E and the forced expres­
sion of cyclin E prolonged the UV-induced S phase arrest in cells 
expressing wildtype p53. Unscheduled expression of cyclin E 
leads to chromosomal instability and is strongly associated with 
cancer21,26,28"31,33,51,75 and UV light is mutagenic, clastogenic and 
carcinogenic.72,76"78 Taken together, the present work suggests that 
unscheduled expression of cyclin E contributes to S phase defects 
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in UV-exposed cells lacking functional p53 and may contribute 
to genomic instability associated with exposure to UV light. 

In summary, our data indicate that UV light induces the 
unscheduled expression of cyclin E and that this is exacerbated by 
the loss of functional p53. The unscheduled expression of cyclin E 
appeared to delay S phase progression and led to a massive S phase 
arrest in the absence of functional p53. The present work suggests 
that UV-induced clastogenesis and carcinogenesis may be at least 
partly related to the unscheduled expression of cyclin E. The pres­
ent work has important implications for cutaneous malignancies. 

Materials and Methods 

Cell culture, viruses and UV-irradiation. Normal neonatal 
foreskin fibroblasts (NF) were obtained from Dr. Mats Ljungman 
(University of Michigan). Normal fibroblasts (GM38) were 
obtained from Coriell Repositories (Camden, NJ). These pri­
mary human fibroblasts were used between passage 10 and 20. 
Human papilloma virus-E6-expressing strains were described 
previously.34 Li-Fraumeni syndrome cells (LFS), hemizygous for a 
frame shift mutation at codon 184 of p53 were obtained from Dr. 
Michael Tainsky (Wayne State University). Cells were maintained 
in DMEM supplemented with 10% fetal bovine serum (Wisent, 
St. Bruno, QC) and gentamicin (5 |Ag/ml, Sigma-Aldrich Canada 
Ltd., Oakville, ON), except that GM38 and GM38E6 were cul­
tured in the presence of 15% fetal bovine serum, as recommended 
by the supplier. Adenoviruses expressing lacZ, p53 and cyclin E 
were obtained from Drs. Graham (McMaster University) and 
Nevins (Duke University). 

For UV treatment, growth medium was removed, cells were 
irradiated immediately at room temperature, fresh pre-warmed 
medium was replaced and cells were returned to the incubator for 
the indicated period of time. A germicidal bulb (Philips) emitting 
UV light predominately at 254 nm was used to irradiate cells at 
a dose rate of 1 J/m2/s, as estimated with a UV-radiometer (UVX 
Radiometer, UVP Inc., Uplands, CA). 

Adenovirus infections. Virus was propagated and titred using 
standard methods.35 Cells were grown to approximately 70% con-
fluency for viral infection. In each experiment, one plate of cells 
was used to accurately estimate the number of cells per plate using 
a cell counter (Vi-Cell XR, Beckman Coulter). Unless otherwise 
stated, infections were performed at a multiplicity of infection of 
25 plaque-forming units (pfu) per cell. To infect cells, medium was 
removed and replaced with 1 mL of serum free medium contain­
ing the required amount of virus. Virus was allowed to adsorb for 1 
hour at 37°C in the virus suspension, while dishes were rocked every 
15 minutes to ensure even distribution of virus. Fresh pre-warmed 
medium was added and cells were returned to the incubator for the 
indicated period of time. Mock infected cultures were incubated in 
1 mL of serum free medium alone for 1 hour at 37°C. 

Flow cytometry. Control and UV-irradiated cells were col­
lected at the indicated times following UV and/or drug treatment, 
washed twice with PBS, fixed with 70% ethanol and stored at 
-20°C for a minimum of 30 minutes. Where indicated, cells were 
incubated for 16 hours with 1 (0.M of hydroxyurea, 2 nM stauro-
sporine, 500 |J.M mimosine or 1 jlM of colcemid. Where indicated 
cells were cultured in 0.5% fetal bovine serum for a minimum of 

three days prior to UV-irradiation. For cell cycle analysis, fixed 
cells were washed twice with PBS and then incubated in phos­
phate buffered saline (PBS, Hyclone) with RNase A (40 [Ag/ml, 
Sigma-Aldrich Canada Ltd., Oakville, ON) and propidium iodide 
(PI, 18 M-g/ml, Sigma-Aldrich Canada Ltd., Oakville, ON) for a 
minimum of 30 minutes. 

To detect cyclins A and E, fixed cells were washed twice with 
PBS and resuspended in 100 \lL of 0.25% Triton X-100 (Sigma-
Aldrich) in PBS and incubated on ice for 15 minutes. Cells were 
rinsed once in PBS, resuspended in 0.5% Tween 20 (Sigma-
Aldrich) and collected by centrifugation. Cells were resuspended 
in 1% bovine serum albumin (BSA) in PBS with 0.75 |Xg of 
primary antibody (either rabbit polyclonal anti-cyclin E or anti-
cyclin A, Santa Cruz Biotechnology, Santa Cruz, CA) and incu­
bated at room temperature for 3 hours. Cells were rinsed with 1 
mL of 1% BSA in PBS, resuspended in 100 (Xl of 1% BSA in PBS 
containing 1:30 dilution of ALEXA 488 conjugated goat anti-
rabbit IgG (Molecular Probes, Eugene, OR) and incubated in the 
dark at room temperature for 30 minutes. Cells were again rinsed 
with 1 mL of 1% BSA in PBS, collected by centrifugation and 
resuspended in PBS with PI and RNase A. Controls for antibody 
specificity included the absence of primary antibody as well as 
overexpression of cyclin E using a recombinant adenovirus.36 

Red and green fluorescence was measured using either a Becton 
Dickinson LSR FACS station or a Beckman Coulter FACS sta­
tion. Flow cytometric data was analyzed using FCS Express 3 soft­
ware (De Novo Software, Thornhill, ON, CAN) and cell cycle 
distribution (G,. S and G2M) was calculated from the DNA his­
tograms using Modfit cell cycle analysis software (Verity Software 
House, Topsham, ME). 

Western blotting. Cells were harvested, rinsed with PBS, lysed 
with either 1% SDS or RIPA buffer, sonicated for 10 s using a 
microtip (Branson Sonifier, VWR International Ltd., Mississauga, 
ON) and protein concentrations determined using the BioRad 
Protein Assay (BioRad, Mississagua, ON). Whole cell lysates were 
prepared in LDS NuPAGE sample buffer (Invitrogen, Burlington, 
ON). Proteins (20 (J.g per lane) were separated using 10 or 12% 
Bis-Tris NuPAGE pre-cast gels (Invitrogen, Burlington, ON). 
Proteins were then transferred to Hybond-C Extra nitrocellulose 
membranes (Amersham, Baie d'Urfe, QC). Membranes were 
stained with Ponceau S Red (5 mg/ml Ponceau S Red, 2% gla­
cial acetic acid) to confirm transfer of proteins. Membranes were 
blocked for 1 hour at room temperature in PBSMT-A (PBS, 5% 
nonfat dry milk powder, 0.05% Tween 20). Membranes were incu­
bated with primary antibody for 1.5 hours at room temperature 
in PBSMT-B (PBS, 0.5% nonfat dry milk powder, 0.05% Tween 
20). The primary antibodies used were raised against p53 (Ab-6, 
1:250, Oncogene Research Products, Cambridge, MA), p21WAF1 

(Ab-1, 1:250, Oncogene Research Products, Cambridge, MA), 
cyclin E (C-19, 1:200, Santa Cruz Biotechnology, Santa Cruz, 
CA) and (3-actin (clone AC-74, 1:15,000, Sigma-Aldrich Canada 
Ltd., Oakville, ON). Either Kodak film (X-OMAT LS, Kodak, 
Rochester, NY) or a gel documentation system (Gene Gnome, 
Synoptics, Bristol, UK) in combination with SuperSignal West 
Pico Chemiluminescent Substrate (Pierce, Rockford, IL) was used 
to visualize protein bands. Membranes were stripped with Restore 
western Blot Stripping Buffer (Pierce, Rockford, IL) in order to 
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detect additional proteins on the same blot. 
RT-PCR. Cells at approximately 70% confluence were irradi­

ated with the indicated doses of UV light and cells were harvested 
at the indicated times following treatment. Total RNA was iso­
lated using the RNeasy RNA isolation kit (Qiagen, Mississauga, 
ON) according to manufacturers specifications. Five micro­
grams of total RNA was reverse-transcribed using First Strand 
cDNA synthesis kit (Fermentas Life Sciences, Burlington, ON). 
Quantitative reverse transcriptase polymerase chain reaction 
(RT-PCR) was performed using the SYBR green fluorescent DNA 
stain (Molecular Probes, Eugene, OR) and a LightCycler 2 quan­
titative PCR machine with LightCycler software version 3 (Roche 
Diagnostics, Laval, QC). The primers used weieACTB (a&^s&s™ 

gaa gga , an£[ gq. gcc „c tc, tgc ccg â  QCNE1 (CAC ACA ACA TAC AGA 
CCC ACA G and AGC ACCTTC CAT AGC AGC ATC), E2F1 
(ACT GAC TCT GCC ACC ATA G and GCT CAC ACA GAT 
TCA CCC), FBW7 (TTG GTC AGC AGT CAC AGG and AAA 
CAG GTC ACA GCA CTC), FBW7 isoform 1 (AGG ATG AGG 
AGG AGG AGG AG and GTT GGT GTT GCT GAA CAT 
GG), FBW7 isoform 2 (ACT GAG CTG CAT TTG CCT T T 
and GAA AAA GAG CGG ACC TCA GA) and FBW7 isoform 
3 (CTC CCT T T T TGT CGA AGA CG and GTT GGT GTT 
GCT GAA CAT GG). The primers were synthesized by Sigma-
Genosys Canada (Oakville, ON). Transcript levels were normal­
ized to the abundance of ACTB transcript determined from the 
same cDNA sample. 

RNA interference. Cells were maintained in antibiotic free 
medium for two days prior to transfection. Cells at approximately 

70% confluence in 10 cm dishes were transfected with 50 nM of 
either non-targeting control or SmartPool siRNA duplexes target­
ing CCNE1 (Dharmacon Inc., Lafayette, CO) three days prior 
to UV exposure using Oligofectamine Reagent and Opti-MEM I 
(Invitrogen, Burlington, ON). To prevent cultures from reaching 
confluence, cells were split 1:2, 24 hours following transfection. 
Cells were treated with the indicated doses of UV light 2 days 
later and collected at the indicated times following UV exposure 
for immunoblot and cell cycle analysis. 
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