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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.> 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.”* 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.z' >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.’®*® 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.

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.! 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

1



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.'**

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

25-29

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

30, 31

oxygen species (ROS), arising as a consequence of oxidative metabolism and alkyla-
tion of DNA bases [S-adenosylmethionine (SAM)].>* 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.*

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.?” ® Extrinsic DNA damaging agents include products of
combustion [polycyclic aromatic hydrocarbons (PAH)]** and sunlight [ultraviolet light

(UV)].*> 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-



tion blocking lesions); homologous recombination (HR) and non-homologous end-joining

(NHE)) (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.® These rates are strongly correlated with po-
lar ozone layer degradation due to increased UV light penetrance.’® * 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 1).3’

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).””** 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 O percent of light reaching the earth’s surface, re-



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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spectively®® 339 4244 (Figyre 2). UV-C and most of UV-B (up to ~310 nm) are absorbed by

38,92 cpD are a result of covalent linkages between adja-

atmospheric oxygen and ozone.
cent pyrimidines with formation of a single-bonded four-member ring from the 5,6 double
bonds of adjacent bases *? (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 DNA®® (Figure 3). It
has been observed that TT and TC sequences are more photosensitive than CT and CC se-
quences.*? 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).*> More recently it was discovered that UV-A could
directly create CPD lesions in DNA* instead of requiring an as yet unknown photosensitiz-

. 20, 43, 44, 47
ing cellular molecule.?® 3% %3

This is particularly relevant to skin cancer research as
UV-A is the predominant UV component of sunlight that reaches the Earth’s surface** and
is also the majority constituent of the UV spectrum used in tanning beds.*®

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

39,4149 pegardless of UV spectrum used,

to be more ‘visible’ to DNA repair mechanisms.
CPD are more prevalent and more slowly repaired compared to 6-4-PP*° however, the

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

4
exposure.?



Figure 2. UV spectrum.
Spectrum of UV radiation showing wavelengths and physiological effects. Reproduced

with permission.
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Figure 3. UV-induced DNA Damage.

Lesions formed by UV-induced DNA damage. Reproduced with permission.
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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 type®’ and

50

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

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

154 nterest-

almost 2-fold more resistant to apoptosis after ultraviolet light exposure.
ingly, there is no difference between cell types in their repair of the less common 6-4-
pp.3Y 32 Despite 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.>” The limited num-
ber of cell divisions before cellular senescence, a phenomenon common to all normal hu-
man cells in culture conditions,> can be subverted using any number of immortalization
techniques (reviewed in Hahn 2002°°). However, extending replicative potential results in
gene expression profile changes (reviewed in Fridman and Tainsky 2008°’) 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-



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 19" century.”® 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 (UV°S) 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 1999%°) and then by complementation analysis®® of their
dermal fibroblasts. Affected patient cells regained UV-resistance after fusion with a cell

% 1n the case of XP, groups A-G and V were identified.

line carrying the missing protein.
While for CS, groups A and B were identified.®® 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-

61.62 xp appeared in medical

lations have higher rates (i.e. Mediterranean and Japanese).
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 2003%%). This
human condition was later described as having dense speckled pigmentation, accompa-

6365 patients suffer a broad

nied by skin and eye lesions, increasing in severity with age.
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.®? 6 6% 66

49, 69-76
% In a sub-

% All of these symptoms are suspected to result from DNA repair defects.
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.>®

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

2

pean population.6 Compared to children of the same age, those afflicted are short in

10



stature {dwarfism), exhibit bird-like facies with neuro-malformation and neurodegenera-
tion (retinopathy, microcephaly, deafness) and fail to thrive beyond early teenage years

77-83

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

78, 79, 82
However,

tients, CS patients exhibit sun sensitivity but do not develop cancer.
since these patients live to a median age of 13 years,’® they may simply lack the longevity

needed to develop neoplasms.

1.4.3 UV Sensitivity Syndrome
UV sensitivity syndrome (UV3S) is an extremely rare disorder characterized by pho-
tosensitivity and mild freckling but no neurological disorders and no increased risk of

8.8 These patients were initially designated by medically observ-

photocarcinogenesis.
able symptoms as having a mild form of Cockayne syndrome.?® Subsequently, the genetic
heterogeneity of patients as well as disparate phenotypes have confounded its true cause.

87, 88

Although UV®S is separable from Cockayne syndrome symptomatically, it is still con-

sidered by some as the mildest presentation of CS.%°

1.4.4 Tricothiodystrophy

Tricothiodystrophy (TTD) broadly describes a series of syndromes (Pollitt, Tay,
Amish brittle hair, Marinesco—Sjégren 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.®® A common feature of

these syndromes is brittle hair and finger nails, due to improper keratinocyte differentia-

11



>%8 Graded from mild to severe, TTD patients show ranges of severity of symptoms,

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

classically attributed to Xp.2* %

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 defects’ *°
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 skeleton®® while DSC patients exhibit mi-
crocepahly, growth and mental retardation, ataxia and deafness.’® 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.2*® 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

12



ability of a cell to repair DNA damage often determines how effectively it will avoid apop-

tosis, maintain genomic stability and avoid neoplastic development.®® 76 82.93-9

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-

97)'

viewed in Sancar 2008 It was first noticed that bacteria, survived UV irradiation more

98, 99

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

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

in bacteria, or photoreactivation® that was later isolated from baker’s yeast extracts'®

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

101-103 104

mammalian cells (reviewed in Carell 20017"). The observation that DNA could be

105, 106 107-

repaired was further characterized in bacteria, seen using phage transfer of DNA

1% and in mammalian cells.'*!

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,'*? combined with his own technique to meas-
ure unscheduled DNA synthesis,*** 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.'***> The following year, Setldw et 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.®® These ex-

13



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.'®

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)

60, 117-120 121

assays (repair synthesis) or host cell reactivation of introduced damaged DNA.
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.®® ! 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.5® 120121
Eight complementation groups, XP-A through XP-G and XP-V were identified.” 1?2124 xpy
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.”**™?’ XpPV 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 2003%%),
As indicated previously, cells from various XP patients were found to be sensitive

89121 Correction of UV-sensitivity through the expression of cDNAs per-

to UV exposure.
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.

2007'%%) (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).13*

138 yv-DDB binds CPDs and 6-4-PPs™****! 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. XPCin
a multimeric complex provides a site of nucleation for ensuing repair factors. The sub-
pathways converge on common steps to both pathways (C). TFHIH 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 €. The final ligation step can be carried out by DNA ligase-I (F}). Reproduced

with permission.
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121, 130, 131, 142-144

that are known to be repaired by NER, such as cisplatin and other chemi-

135, 145

cally-induced lesions. 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 interaction® 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-

141, 147-152 150

tones. This is thought to initiate future steps in the repair process.”” 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),"* ** |o-

155

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

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

156

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

site for the subsequent steps in the NER process.®
A lesion verification step confirms the presence of a DNA lesion by high-specificity

139, 157-162

binding of XPA to the DNA lesion. The XPA protein is considered to be a major

163

limiting factor of NER. 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, 164170

The TFIIH transcription factor contains two helicases, XPB and XPD and this is
thought to unwind DNA at the repair site.”’*?”® 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

17



58, 142, 175181 releasing a thirty base pair contigu-

22 nucleotides to the 5' side of the lesion,
ous stretch of single stranded DNA containing the lesion site.’ The resulting gap is filled
using the intact complementary strand as the template. DNA repair synthesis requires
replicative DNA polymerases epsilon (€) and delta (8) in the presence of RPA, RFC and the
proliferating cell nuclear antigen protein (PCNA). Here DNA ligase | (Ligl) seals the nick in

the DNA along with a DNA polymerase (5 or g).'3* 1%

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

185, 186

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

from damaged templates and are significantly delayed or transcription-deficient even af-
ter extended periods of recovery time., - 185 187189

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.wo'194 This
was confirmed with the observation that UV lesions in matrix-associated DNA are prefer-

1 Additionally, this transcription-

entially repaired, a phenomenon absent in CS cells.
dependent DNA repair requires on-going transcription but not translation,'*® so meas-
urements of nascent mRNA synthesis will correlate with the capacity of this type of DNA

repair.87' 185, 187389 £yrther 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-

198

damage at the ‘genome overall’ rate (reviewed in Kantor et al. 1995°") and this was con-

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

195,199,200 55 thus geneti-

dependent repair, defective in CS cells but still intact in XP-C cells,
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 1991°%Y).

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-
NER20%206 (Figure 4B). Persistently stalled transcription results in an acute stress response

27 It is thought

potentially leading to apoptosis (reviewed in van den Boom et al. 2002
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 2008%% and Hanawalt and Spivak 2008%). 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.?®® Cells de-
ficient in CSB do not ubiquitinate the large subunit of RNAPII in a normal fashion,” an

210

event that may be required for efficient TC-NER.“™ 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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206, 211
f

both dynamically during transcription itsel and in a DNA damage dependent man-

208
d,

ner where the interaction becomes stabilize while CSA does not interact with the

212,213

transcription complex®® prior to DNA damage. CSB is thought to accomplish a tran-

scription-repaif coupling role by restraining RNAPIl while recruiting pre-incision TC-NER

214

proteins and subsequently the core NER endonuclease complex.”™™ CSA is found in a ubig-

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

214

NER incision factors.”™" 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

214

(TFIS) as well as perhaps a role in signalling.”*” Although phenotypically CS-A and -B cells

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

83, 214

CSA protein is not involved in assembling the core NER complex. CSB is also sus-

215

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

association and recruitment of histone acetyltransferase p300. ***

Like CSB, the XPG protein has also been shown to interact dynamically with RNAPII
during normal transcription®*® but also may play an important role in assembly of the TC-
NER repair complex downstream of CSB interactions with repair components.?* 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.>®

XAB2 was identified as a binding protein of XPA in a yeast two hybrid screen®"’ and

217, 218

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

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

217

transcription itself.?> 214 218 219 y ABJ deletion in mice results in embryonic lethality®’ 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,?'® 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.??® The CSB protein is encoded by 21 exons®*! on chromosome 10 (q11-g21)*** form-

b?*! encoding a 1493 amino acid protein®?°

ing an mRNA transcript of approximately 4.7k
that results in a 168kDa protein detectable by immunoblot analysis.””®> 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.??! Structurally, the most striking aspect of the
coding sequence is the presence of a long repeat region encompassing exons 7-15 that

220, 221

resembles a helicase domain. CSB was characterized as a member of the SNF2 fam-

ily of chromatin remodelling factors®** containing ATPase and helicase domains but no
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225 |n fact it is the ATPase domain that is important for functionality in

helicase activity.
TC-NER**® and when deleted, promotes UV-induced apoptosis, a hallmark of defective TC-
NER.?*’ CSB is responsible for chromatin remodelling by modulating the position of nu-
cleosomes in an ATP-dependent manner’®® by physically wrapping and unwrapping
DNA.® Its interaction with transcription machinery is stabilized by UV-induced DNA

208

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

229
In

repair factors and is able to proceed with transcription only in the presence of CSB.
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.”™® 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 Il (RNAPII) machinery in a UV-dependent manner, 20> 206 211,225,230

CSA, also key to TC-NER was identified in a similar manner to CSB.>*" 22 subse-
quent to its cloning, CSA was found to bind CSB and a subunit of the TFlIH transcription
factor, the first clear evidence that the CS proteins had some role in transcription regula-
tion.”*®  This concept became widely supported by work linking transcriptional defects to
CS cells.}7?- 204209, 234 £ steri 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).”**

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

235237 These transcriptional blocks occur by two different processes that have

UV-lesions.
been recently shown for the first time by x-ray crystallography.”® 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 Iimiting.m 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)**® 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, RNAPI|
will bypass other monophosphates or 5-dTTP:UMP replaced with 5’-dTTP:dATP.23% 2%
Therefore, it is hypothesized that stalled RNAPII blocks access to the lesion by shielding
repair proteins from DNA lesions.”®® This is supported by previous observations using

foot-printing techniques that illustrate lesion-blocking characteristics of stalled RNAPII. 2%

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.”® 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 th‘an wild type cells, while in contrast, TC-NER deficient cells are exquisitely sensitive

187,188, 210, 242295 There js a strong inverse correlation between recovery of

to these agents.
MRNA synthesis and apoptosis in cells treated with cisplatin.?*®* 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.”*® This was confirmed by
McKay et al. (2001) who also showed sensitivity of TC-NER deficient fibroblasts to cis-

187

platin-induced apoptosis was independent of p53. 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.®® 2%

Based on the acute apoptotic response of TC-NER deficient fibroblasts, TC-NER
could be considered a relevant target in combined cisplatin therapy. Particularly CS8B,

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 2001%%). 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

29, 249

vesicles known as apoptotic bodies. These apoptotic bodies are consumed by

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

249, 230 During apoptosis, the cell’s

flammatory response associated instead with necrosis.
infrastructure fragments, while Golgi, endoplasmic reticulum and mitochondria disinte-
grate, followed by hydrolysis of DNA into internucleosomal fragments of approximates

200 base pairs (karyorrhexis).” ***

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-

). Both these pathways ultimately result in

viewed in Zhivotovsky and Kroemer (2004)
the activation of intracellular caspases, a group of cysteine proteases with aspartate-
directed cleavage activity, that coordinate apoptosis (reviewed in Earnshaw et al.
1999%%2). 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,

253, 254

UV exposure prompts apoptotic responses through the extrinsic and also intrinsic
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pathwayszss' 56 depending on cell-type, the wavelength, dose and retention of function of

JNK signalling cascades.”’

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 removél of necessary growth factors.”®
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

29 The release of cytochrome C

and release of cytochrome C from the mitochondria.
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.?® The assembled apoptosome activates caspases 3 and 7.2
An ensuing cascade of caspase activation results in cleavage of hundreds of cellular sub-

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

1.8.3 Extrinsic Apoptosis Pathway

Cells may receive death signals from their neighbours or from immune celis 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

27



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 2004%Y). 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

29, 249, 262
above). 5

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

283) that allow trans-

(PIKKs) acting primarily as sensors (reviewed in Roos and Kaina 2006
duction of the initial stress response. In earlier models, ataxia telangiectasia mutated pro-
tein (ATM) readily binds ionizing radiation-indﬁced 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 2004%). Additionally, DNA de-
pendent protein kinase (DNA-PK) is thought to be required for mediating NHEJ {reviewed
“in Durocher and Jackson 2001°%). 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-

265

quent signalling.”> 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-

|.266

tion of a DNA damage signa ATR-dependent phosphorylation of ATM can be detected

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

268

seen after ionizing radiation®®” and ATR is regulated by ATM in response to DSB.*®® In the

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

?%(as de-

ATM and ATR response, further linking all three members of the PIKK family
scribed above). Additionally, a cooperative stress response was seen by Colton et al.
(2006)*”® where ATM is required for NER of cisplatin lesions. While cisplatin cross-links

21 After autophos-

are ATR-sensed, ATR is not required for removal of cisplatin lesions.
phorylation in the presence of DNA damage, ATM and ATR both activate cell cycle check-
points (through Chk1 and Chk2 checkpoint kinases) and subsequent cell cycle arrest that
may allow for either DNA repair or apoptosis (reviewed in Roos and Kaina 2006°%%). 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 respor;ses 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.”’*?** An
additional drawback to any DNA damage-inducing treatment regimen is the potential for
eventual recurrence of resistant disease through selective processes.”’® 2% 285 Thys, 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-

276, 278

specific manner. 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

285-287

proteins within this tissue. 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

288, 289

and multiple chemotherapeutics. Additionally, reduced ERCC1 expression combined

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

290-297

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

solid tumours exhibit some form of DNA repair defect.?®® 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 damage?®’- 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 >®3% |f

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

187, 188, 243, 246 307-309

scription blocks and replication stress that may lead to the formation of

42, 263, 310-312

DSB, through replication fork collapse. 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.>®

Amongst all chemotherapeutic interventions, platinum-based anti-neoplastic
drugs are by far the most ubiquitous for germ cell, gynaecologic and gastrointestinal tu-
mours.?’” 313314 Of these, cisplatin, discovered fortuitously as a potent inhibitor of bacte-

318 Two unfor-

rial cell division,*?* is the best studied and most frequently used clinically.
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.?’” 31331731 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

277, 320, 321

instead of curative regimens, and oxaliplatin, which shows lower toxicity and

277, 322, 323

better response in platinum resistant colorectal cancer treatment (reviewed in

Hartmann 20033V

). 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.>"*

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 .2’ 276 324
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325 pespite 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

275, 284, 285, 319

initial or similar subsequent therapy. Cells that escape therapeutic killing are

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

275, 285, 326, 327

more resistant to future therapeutic stress. 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

277, 284, 319, 326, 328

selects for: enhanced detoxification of the drug, avoidance of apoptosis

277, 285, 329-334

through loss or mutation of this multi-step mechanism and abnormalities in

- 130, 188, 277, 284, 293, 294, 313, 318, 326, 328, 335-347
DNA repair.

Conversely, there is significant evi-
dence to suggest that certain nucleotide excision repair (NER) defects sensitize cells to
cisplatin.m’ 188, 247, 277, 288, 299, 301, 302, 311, 38350 4 5 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-

. 2 49-
come for countless patients. 23,288, 289, 300-303, 349-355

1.9.2 Plrognostic 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 treatment?8% 285 296, 297, 319, 328, 337, 344, 356-359
while the absence, impairment or lowered expression of NER factors may play a role in

. . sysl e 285, 290, 294, , 297, 319, 344, 348, 354, 357, 358
cisplatin sensitivity. 296,297, 3
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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.”>® DDB2 recognizes and binds cisplatin lesions*®® and is necessary for their re-

130,132,135 5 hservations that accompanied the first suggestion that

moval from the genome,
heightened NER could contribute to tumour cell resistance.’® 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.**®
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."®’ 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-

361 \while in-

sion of XPA and ERCC1 is linked to cisplatin resistance in ovarian tumour cells,
creased expression of XPF-ERCC1 is also thought to be a determinant of cisplatin resis-
tance in vitro.>** 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.>*

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

59, 143, 362

an increased risk of UV-induced tumour development. 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. 3533
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In the context of tumour cells, GG-NER likely repairs cisplatin lesions, so is a de-

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

tance to or effective recovery from potentially apoptotic blockages in transcription.'®’ 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.zge‘ 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

286, 287

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

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

311,389 gimilarly, certain XPG polymorphisms predict better outcome after cisplatin treat-

358

ment. 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,

286, 287, 291, 292, 294, 297, 361, 366, 370 .
Based on this, we

ERCC1 and XPF, in therapeutic response.
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.>’* 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,
DDB?2 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-

185,372 These DNA lesions are repaired by two re-

sion of both DNA and RNA polymerases.
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.>” In contrast, GGNER is responsible for the removal of UV lesions
from the bulk of the genome and does not require ongoing transcription.>”*> Through the
concerted action of these repair processes, cells are able to survive genotoxic challenges
and restore the integrity of genomic DNA.

374, 375

The p53 transcription factor is activated by diverse cellular stresses. 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%7® Also prominent among p53 targets, are genes encoding proteins involved in

377-380

inducing apoptosis through the intrinsic mitochondrial cell death pathway. 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.?*>

383-387 Initially this led to the assumption that UV-induced apoptosis was p53-mediated in

242, 383, 386, 387

primary human fibroblasts. ‘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.”®” 3 In fact, loss of p53 in TCNER-proficient strains increased their
sensitivity to moderate doses of UV light.'®”-3¢7-3%% Therefore, p53 has both pro-apoptotic
and anti-apoptotic activities depending in large part on the DNA repair capacity of the -
cells, 3% 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-

12 There are eight known XP complementation groups: XP-A

light-induced skin cancers.
through XP-G and the variant form XP-V. Each is caused by mutations in a single pro-
tein.®® Mutations in the damage-specific DNA binding protein 2 (DDB2) are associated
with XP-E.3*%3%2 DDB2 is not required in vitro for NER'®? but is required in vivo for GGNER

376 DDB2 is associated with a large cullin 4A

of cyclobutane pyrimidine dimers (CPD).
(Cul4A)-dependent ubiquitin ligase E3 complex (DDB1-Cul4A-DDB2).*** DDB1-Cul4A-DDB2
activity appears to be required for the recruitment of other NER proteins to bind UV le-
sions.}” 152 39339 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 E2F1%*® 3*” and DDB2 binds the histone
acetyltransferase p3OO/CBP.398 Furthermore, it has been reported that XP-E fibroblasts
express very little pS3 and that this results in decreased susceptibility to UV-induced
apoptosis.®’!

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
GMO02415) 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 DDB2.3*2 GM02415 (XP2RO) is homozygous for a missense mutation
(R273H).3** Normal and XP-E fibroblasts expressing HPV-E6 were described previously.'®”
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 pg/ml, Sigma-Aldrich Canada Ltd, Oakvilie, ON).

To UV irradiate cells, medium was removed and cells were exposed to UV light at a
dose rate of 1 J/m?/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.*® 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 pBIJS (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
(AdDDBZ)'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.***% 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 (P1, 18 pug/ml, Sigma-Aldrich Canada Ltd, Oakville, ON). The
early apoptotic cells were identified as the population with low forward light scatter, high

401403 ;sing a BD LSRII Flow cytometer (Becton

side light scatter and low red fluorescence,
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 pg/ml, Sigma-Aldrich Canada Ltd, Oak-
ville, ON) and Pl 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).
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Third, fluorometric immunosorbent enzyme assays for caspase 3 {Roche Canads,
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 10° 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 ug 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’'Urfé,
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), p21"AF (Ab-1, 1:250, Calbio-
chem), DDB2 (AF3297, 1:1000, R&D Systems, Minneapolis, MN) or -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

d 3%, Briefly, cells

Transfection of siRNAs was performed as previously describe
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 | (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/m? 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/m” of UV light (Figure 1B-D). Despite heterogeneity in the pro-
portion of normal fibroblasts undergoing apoptosis following exposure to high doses, 30
J/m? 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/m? of UV light but apoptosis was again detectable in response to 30
J/m? (Figure 1B-D). Similar results were obtained when viability was assessed by trypan
blue dye exclusion (Figure 1E). These results support a model in which GGNER capacity

does not impact the sensitivity of primary fibroblasts to UV-induced apoptosis. 187 24% 383,

386

Disruption of p53 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/m? 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-E5.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™ 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 Jm2 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™ 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.
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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-

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

tosis.
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

3404 The activity of caspase 3 and cas-

(caspase 3- and 8-dependent) apoptotic pathways
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 (GMO00038 in A) and XP-E (GMO01389 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 Pl 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) GMO00038, 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.
Iinfection 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 (GMO00038) 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 Jm™ 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 (x 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? 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.3’® 37%

391,405 | primary human fibroblasts, p53 appears to be primarily protective against UV-
induced apoptosis because disruption of p53 by mutation,*” 3 HPV-E6'® and present

3% or SiRNA (present study) increased the sensi-

study, pharmacological inhibitors of p5
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/m? 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 th.e indicated times following exposure to either O
or 10 Jm™ 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.'87-24% 244,383,386, 406 g, qntrast, GGNER defects in XP-C strains do

187, 242, 244, 383, 386, 406 .
8 3 There is a

not increase the susceptibility of these cells to apoptosis.
very tight inverse correlation between the ability of primary fibroblasts to recover tran-
scription and their sensitivity to UV-induced apoptosis.’®” 2*% 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

187, 242, 383, 386

effect. 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.""
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Anti-apoptotic activity of p53 in primary human fibroblasts
The p53 protein is a central player in the regulation of DNA damage-induced apop-

tosis in many cell types.’® However, it is also well-established that p53 has anti-apoptotic

390, 391

activities in some contexts. 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 fi-
broblast strains to UV-induced apoptosis. A similarly protective effect provided by p53
was reported in normal®” 367 38. 389, 408 504 TCNER-proficient fibroblasts'® but not in
TCNER-deficient strains.”®’ 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

187, 243, 367

following UV exposure. 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

187, 242, 243, 375

of the sensitivity of fibroblasts to UV-induced apoptosis, a sustained blockage

244
h.

of transcription is not sufficient to trigger cell deat There is also a requirement for

244, 409, 410

cells to enter S phase prior to apoptosis. Briefly, nascent DNA can be detected in

244

fibroblasts undergoing apoptosis following exposure to UV light”" and blocking the entry

of UV treated cells into S phase significantly inhibits apoptosis despite prolonged inhibi-

244, 409, 410

tion of transcription. 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

396

domain of E2F1 and stimulates E2F1-dependent transcription. In addition, forced ex-
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pression of E2F1 can increase the sensitivity of primary fibroblasts to UV-induced apopto-
sis.>® Despite the link among DDB2, E2F1 and UV-induced apoptosis,*** 3*® XP-E fibrob-
lasts exhibited a normal apoptotic response following UV exposure.

Persistently stalled replication forks can be converted to replication-associated
DNA doubile strand breaks (DSB) and these DNA lesions form predominantly in the ab-

308,309,399 The p53 tumour suppressor prevents DNA DSB forma-

sence of functional p53.
tion in response to other replication stressors.*'! 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-

3% These S phase abnormalities may contribute to the increased sensitivity

deficient cells.
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

378, 412, 413 412,

Overexpression of p53 typically triggers either apoptosis or G; arrest
1 in a cell type specific manner. In some model systems, UV light can shift the outcome
of p53 overexpression from G; 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
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are readily observed in primary human fibroblasts while they may not be detected in oth-

er cell lines or model systems.

DDB?2 and UV-induced apoptosis

371

Certain aspects of the present work contrast a previous report. 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

n
3.

than normal fibroblasts due to decreased expression of p5 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

187, 242, 244, 367, 383, 386, 387, 389, 406, 410, 415-420

other laboratories. A precise reason for the dispari-

ty remains elusive. Nonetheless, our work indicates that XP-E fibroblasts exhibit normal

sensitivity to UV-induced apoptosis.

407, 421

Two independent laboratories have generated DDB2 targeted mice. 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.”® *%

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

50, 407, 421

exhibited an intermediate susceptibility. Transgenic mice overexpressing DDB2

under control of the keratin 14 promoter were markedly resistant to UVB-induced skin
421

cancer.” 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

421

DDB2 transgenic mice.””” Our work with primary XP-E fibroblasts and fibroblasts overex-

421 Therefore, we conclude that

pressing DDB2 are fully consistent with this latter report.
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.

The authors contributions to this manuscript are as follows: Jennifer Smith pro-
vided assistance in performing some of the caspase assays as well as assistance in manu-
script organization and editing. All other experiments were designed and carried out by
the first author, who also wrote the first draft and participated in the editing process. The
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and manuscript preparation.
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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 [cis-diammine-dichloroplatinum {(lI)] has been used in the treatment of
neoplastic diseases for over 30 years.>'® 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-

305

ducts. 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.**

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, 188 210 333, 422424 11,0
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.*®> 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.'*® 17422

423,426

Cockayne syndrome (CS) and xeroderma pigmentosum (XP) are heterogeneous
disorders characterized by clinical photosensitivity.*'® 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. 18’ 210 242, 246,367, 383, 386 p qimjlar rela-
tionship was subsequently confirmed in mouse embryonic fibroblasts, murine keratino-
cytes and mouse skin exposed to UV Iight‘m'429 but intriguingly, TC-NER deficiency does
not appear to affect the acute response to UV light in murine embryonic stem cells.*?
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.'®” 24>

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,*® DU145
was established from a brain lesion of a patient with metastatic prostate cancer *** while
PC-3 was established from a bony metastasis of a prostate cancer patient.**? 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.***> Although mRNA transcripts of all
relevant MMR gene products can be detected in each of these three cell lines,*? neither
HCT116 nor DU145 cells express hMLH1 protein,***3® DU145 cells also express very low
levels of hMSH2 and hPMS2,%*® while PC-3 cells are considered mismatch repair deficient
due to low expression of both hMLH1 and hPMS2.*** The MLH1-corrected HCT116 strain
(HCT116+chr3) was described previously.*** 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),
GMO05509 (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% CO,. 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 1)/m?%/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 Il 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, 10mM HEPES, 5mM MgCl,, 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, 10mM HEPES, 5mM MgCl,,
pH 7.4) and collected by centrifugation at 2500xg then resuspended in RIPA buffer (50mM
Tris-HCl pH6.8, 150mM NaCl, 1mM EDTA, 1% Triton-X-100, 1% sodium deoxycholate, 0.1%
SDS). Pellets were disrupted using a sonicator equippea 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 B-actin
were resolved using NUPAGE 4-12% gradient polyacrylamide gels (Invitrogen). Proteins

were transferred to Hybond-C nitrocellulose {GE Healthcare, Baie d’Urfé, 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 B-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 of RNA synthesis

Sub-confluent cells were transfected with siRNA and subsequently grown in media
supplemented with 5uCi/mL of [**C] thymidine (GE Healthcare) to uniformly label DNA.
Seventy-two hours later, cells were treated with 10 Jm2 UV-C. One hour before indicated
collection time, the media was replaced with fresh media containing 50uCi/mL [*H]
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 [*H] and

[**C] was determined using a scintillation counter and [*H] counts were normalized to
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[**C] counts to control for cell number. RNA synthesis is expressed as the proportion of

[?H] 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 (AdCA35-1, 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-

d.®® Cells were infected with UV- or mock-treated AdlacZ at a multiplicity

viously describe
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 MgCl,, and 100 mM phosphate buffer (pH 8.3).%*” 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 30uM propidium iodide (Sigma-Aldrich) in PBS with 40 pg/mL of RNAse A (Sigma-
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Aldrich).*®* Samples were analyzed by fluorescence activated cell sorting using a Becton
Dickenson LSR Il Facstation an‘d 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 pM at the time of UV-C irradiation or treatment

with cisplatin.

Caspase activity assays

Cells were transfected with the indicated siRNA 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 10° 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

77



Prostate cancer célls, 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.*”® *3® 39 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. 3% #3% %0 | 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.**! The dose required to block B-galactosidase activity is greatly affected by the
capacity of the host cell to repair transcription-blocking DNA lesions.*** 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 éells 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 (x 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, 427429 Tharefore, 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

433, 435

carry point mutations in both alleles of p53 and do not express MLH1. Similarly, PC-

433,435

3 cells do not express detectable p53 and they exhibit a defect in MMR. Loss of p53

325-331, 442-444 therefore the

and MMR have been associated with resistance to cisplatin,
sensitization of these cells lines suggests that targeting CSB may have therapeutic applica-

tions.
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Figure 3. The effect of RNAIi 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.**

Again, the anti-CSB siRNA was highly effec-
tive at reducing CSB levels in HCT116 cells (Figure 4A) and led to a decreasé 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/m? of UV light reduced the incorporation of [*H] 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 MLH1-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 B-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? 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 treatﬁent
with indicated doses of cisplatin in cells that had been transfected 96h previously with
siRNA, as indicated. All data points are mean (x 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 B-gal
activity (C), recovery of nascent RNA synthesis (D}, sub-G1 apoptosis (E) and abundance
of caspases 3, 8 and 9 (F, G, H), all as previously described (Figure 4). For immunoblots,
levels of hMLH1 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 1B). 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}, HCT11i6+chr3 (B} and AHCT116p53-/- (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™ UV-C (A) or addition of 0
or 10 uM 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-

234,446,447 Therefore, we decided to target two other proteins required for TC-NER.

rectly.
First, XPA is a DNA damage binding protein required for both TC-NER and GG-NER to
which no additional functions have been ascribed.>”® 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-

218, 217-219 pNA; against XAB2 efficiently reduced protein levels in HCT116

mRNA splicing.
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 imrﬁunoblotting (A) or treatment with UV-C or cis-
platin for measurement of sub-G1 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 thé indicated siRNA at
50nM, 48 hours before collection for immunoblotting (A) or treatment with UV-C or cis-
platin for measurement of sub-G1 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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