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ABSTRACT

An attempt to make a null of the mutant ERCC1 DNA repair gene in a human
background was undertaken using antisense-ERCC7 cDNA transfected into SV40-
transformed GMO0637A human fibroblast cells. Transfected cells harboring the antisense-
ERCC1 cDNA and expressing antisense-ERCCT mRNA did not demonstrate a significant
decrease in Ercc1 protein expression with a corresponding increase in either ultraviolet
light/phosphoramide mustard sensitivity. The half-life of the Ercc1 protein in GM00637A cells
(6-24 h) indicated an increase in protein stability when compared to the non-transformed cell
line GM38 (<2 h) suggesting that SV40-transformation could influence Ercc1 protein stability,
which in turn may directly impact nucleotide excision repair and interstrand crosslink repair
and its modulation. A parallel preliminary study for ERCC1 mRNA stability also showed an
increase in ERCC7 mRNA half-life in SV40-transformed vs. non-transformed human
fibrobiast cells. Although down-regulation of the Ercc1 protein was not achieved in this study,
results suggest that examination of ERCC1 mRNA and protein expression in malignant cells

might lead to more effective chemotherapeutic strategies.
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CHAPTER 1: INTRODUCTION

In the course of treating various types of cancer, chemotherapeutic agents that
appear to be the most broadly effective include the bifunctional alkylating and platinating
agents such as mitomycin C (MMC), cyclophosphamide (CP), melphalan and cisplatin. The
effectiveness of these agents is dependent upon a number of factors that also appear to
influence the development of drug resistance in tumor cells. Although these agents can react
with many biological target molecules, cytotoxicity has generally been attributed to the
formation of DNA adducts such as monoadducts, intrastrand crosslinks (within the same DNA
strand), and interstrand cross-links (between two strands of DNA) (see Figure 1-1; Chabner

et al. 1996, Colvin 2000).

Monoadduct Intrastrand Crosslink Interstrand Crosslink

Figure 1-1. DNA adducts that can be formed by bifunctional alkylating and platinating agents.

The presence of DNA adducts interferes with the fundamental mechanisms of cellular
activity, in particular DNA replication and cell division, and if left unrepaired can result in cell
death and mutagenesis (Chabner et al. 1996, Colvin 2000, Dronkert and Kanaar 2001). DNA
adducts can also actively trigger responses such as apoptosis, possibly involving detector
proteins such as mismatch repair (MMR) factors (Fink et al. 1998). In order for a cell to
continue to function effectively, these DNA adducts must be repaired. To effect the repair of
DNA damage produced by bifunctional alkylating/platinating agents, particular pathways of

repair are required depending on the type of lesion induced and its location in the genomic
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DNA. Monoadducts and intrastrand cross-linked DNA adducts can be effectively repaired by
the nucleotide excision repair (NER) pathway. Interstrand cross-links (ISCs), however,
require an alternative method of repair because both strands of the DNA helix are locally
covalently linked. The repair of ISCs is thought to require proteins from both the NER and
homologous recombination (HR) repair pathways (Dronkert and Kanaar 2001). The protein
heterodimer Ercc1 (excision repair cross complementing 1)-Xpf (xeroderma pigmentosum f)
is thought to provide a critical activity in both NER and ISC repair. To this end, the Ercc1
protein in particular has become a target for modulation in tumor cells in an attempt to help

make the bifunctional alkylating and platinating agents more effective in cancer treatment.

1.1 Bifunctional alkylating/platinating agents (ISC-forming agents)

Bifunctional alkylating agents such as MMC and CP and the platinating agents such
as cisplatin and carboplatin are effective in the treatment of many tumors. These agents are
capable of affecting cells at any stage of the cell cycle, although cytotoxicity is markedly
enhanced in rapidly proliferating tissues where there is disruption of DNA synthesis and cell
division (Chabner et al. 1996). The cytotoxic effects of these agents have been directly
related to the alkylation of DNA, which results in chemically stable DNA lesions such as
monoadducts, intrastrand cross-links and ISCs that require an efficient, but not necessarily
an error-free, mechanism of repair (Chabner et al. 1996). The proposed critical lesions that
dictate the effectiveness of a particular agent are the DNA ISCs (Dronkert and Kanaar 2001).
Experiments have demonstrated a correlation between cytotoxicity and the formation of ISCs
by bifunctional alkylating agents (Colvin 2000). However, DNA damage is influenced by a
number of cellular factors that can limit the lesions produced, and DNA adducts are not
always produced randomly throughout the genome, because chromatin structure can
influence adduct formation (Dronkert and Kanaar 2001). 1SCs represent a small percentage
of the total adducts formed by cisplatin, CP and MMC (see Table 1-1), and ISCs produced by

these agents have been examined in some detail in order to determine how they affect a cell.
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The 3-D structure of an ISC differs with the ISC-inducing agent and could influence the

efficiency of ISC recognition and repair {Dronkert and Kanaar 2001).

Table 1-1. Properties of some ISC-inducing agents (adapted from Dronkert and Kanaar

2001).
ISC-inducing DNA sequence of Percentage DNA distortion®
Agent major ISCs ISCs?
Mitomycin C 5-c6-3 513 Minor
3-GC-5
1 - - 3!
Cisplatin S G\C 5-8 Maijor
3-CG-5
5-GNC-3
Cyclophosphamide AN 1-5 Major
3'-CNG -5

4Percentage of total DNA adducts formed by the ISC-inducing agent in vitro.
®Distortion of the DNA double helix by the ISC. Potential DNA distortions include kinks,
bends, and unwinding of DNA strands.

The acquisition of resistance to an alkylating or platinating agent by tumor cells is a
common event, and often resistance acquired to such agents can result in cross-resistance to
other chemotherapeutic agents (Chabner et al. 1996). Cellular resistance mechanisms are
critical determinants of the effectiveness of anticancer therapy, and include decreased uptake
or increased efflux of the drug, increased intracellular inactivation of the drug, enhanced
repair of DNA damage, and absence of cellular factors that would otherwise generate a
cytotoxic response to DNA damage (Chabner et al. 1996, Colvin 2000). However, when
assessing the role of DNA repair in drug resistance it is important to consider that (1)
increased phenotypic repair of DNA adducts does not necessarily indicate which repair

pathway is involved; (2) in vitro studies can demonstrate that a particular repair pathway(s) is
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important for the removal of a particular type of adduct, but this does not necessarily indicate
that the repair pathway(s) is actually increased in a particular drug-resistant cell line; and (3)
increased levels of an individual repair enzyme in resistant cell lines does not automatically
prove that the activity of a multi-enzyme repair pathway is enhanced (Chaney and Sancar

1996).

1.1.1 Cisplatin

Cisplatin is a platinum coordination complex (see Figure 1-2) that appears to enter
cells by diffusion and can produce DNA lesions by reacting predominantly with N-7 of
guanines (Chabner et al. 1996, Colvin 2000, Siddik 2002). The DNA adducts formed cause a
major distortion of the DNA helix, with the majority of these lesions being intrastrand cross-
links and a small percentage of the total adducts being ISCs (Dronkert and Kanaar 2001).
The level of cisplatin-DNA adducts correlates well with cytotoxicity, and although there is
considerable evidence that these DNA adducts are cytotoxic, the mechanism by which the
cytotoxic effect is mediated has not been conclusively associated with a single type of adduct
(Chabner et al. 1996, Colvin 2000, de Silva 2002). As with cytotoxicity, the mechanisms of
drug resistance are unknown even though a number of factors have been shown to influence
cellular sensitivity to cispiatin. Factors determined to affect cisplatin sensitivity are decreased
uptake/increased efflux, increased inactivation by glutathione (GSH) or metallothionein,
increased DNA repair activity, and loss of proteins that can recognize cisplatin-DNA adducts,
such as the MMR protein hMSH2 and the high mobility group (HMG) proteins (Chabner et al.

1996, Fink et al 1998, Gamcsik et al. 1999, Colvin 2000, Niedner et al. 2001).

1.1.2 Mitomycin C (MMC)
MMC is a natural antitumor antibiotic (see Figure 1-2) that requires either intracellular
or spontaneous chemical reduction for activation (Chabner et al. 1996, Dronkert and Kanaar

2001). Activated MMC reacts preferentially with N-2 of guanines specifically in d(CpG)
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5
sequences (Rink et al. 1996, Dronkert and Kanaar 2001). Li et al. (2000b) found that

methylation of cytosine in CpG sites greatly enhances MMC adduct formation, and these
authors propose that methylation of genomic DNA may determine MMC sensitivity, which in
turn may play a crucial role in the antitumor activities of the drug. Of the total adducts formed
by MMC, 5-13% are ISCs which cause little distortion of the DNA helix (Dronkert and Kanaar
2001). Palom et al. (2002) were able to show that ISCs are probably the critical lesions

resulting in cytotoxicity with MMC.

Pt\
o’ “NH;
OCONH, ©
Cisplatin Mitomycin C
(MMC)

Figure 1-2. Chemical structures for the bifunctional alkylating agent MMC and the platinating
agent cisplatin.

1.1.3 Cyclophosphamide (CP)

CP is a nitrogen mustard derivative (see Figure 1-3) that is activated by cytochrome
P450-mediated microsomal oxidation in the liver to form predominantly the 4-hydroxycyclo-
phosphamide (4HOCP) metabolite. 4HOCP is relatively non-polar at physiologic pH, allowing
it to diffuse into the blood and be transported to sites of action (Colvin 2000). Upon entry into
a cell, 4HOCP can produce the primary cytotoxic agent phosphoramide mustard (PM)
through spontaneous decomposition of the aldophosphamide intermediate (see Figure 1-3)

(Chabner et al. 1996, Gamcsik et al. 1999, Ludeman 1999, Colvin 2000). PM is highly
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aldehyde dehydrogenase, (3) nonenzymatic, (4) enzymatic (Reproduced from Chabner et al.
1996).
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reactive, being able to form DNA adducts with the N-7 atom of guanine, thereby generating
lesions such as guanine monoadducts, intrastrand cross-links, as well as ISCs in the
sequence d(GpNpC) that cause major distortion of the DNA helix (Chabner et al. 1996,
Dronkert and Kanaar 2001). Cellular resistance to CP is likely the result of a combination of
interrelated factors (Gamcsik et al. 1999). The more common mechanisms of CP resistance
are the interaction of CP metabolites with either the aldehyde dehydrogenases (ALDHSs) or
GSH, the latter reaction either occurring spontaneously or catalyzed by the glutathione-S-
transferases (Gamcsik et al. 1999). In addition, increased efflux of the GSH-CP conjugates
via the multiple drug resistance (MDR) system may enhance the rate of detoxification and
lead to drug resistance (Gamcsik et al. 1999).

For the purpose of experimental studies, the production of DNA adducts by CP in
vitro, without the use of P450-mediated activation, can be achieved by using 4-
hydroperoxycyclophosphamide (4HC). 4HC spontaneously converts to 4HOCP in solution,
which then generates the other active metabolites of CP through non-enzymatic conversions
(see Figure 1-3, Flowers et al. 2000). Although 4HC is useful in experimental studies as a
model for clinical CP, generation of the PM metabolite is accompanied by the generation of
the additional metabolites aldophosphamide and acrolein, with the relative proportions being
dependent on pH (see Figure 1-3, Ludeman 1999). Aldophosphamide not only generates
PM and acrolein, but ALDH can also convert aldophosphamide to the inactive metabolite
carboxyphosphamide; thus, an increase in this enzyme will decrease the amount of PM being
produced (see Figure 1-3). The acrolein metabolite can also produce DNA adducts that may
contribute to CP cytotoxicity and mutagenesis, and these adducts can be repaired by O°-
alkylguanine-DNA alkyltransferase (AGT) (Ludeman 1999). The use of PM to treat cells in
vitro avoids the production of unwanted metabolites that may interfere with drug sensitivity or
even action. However, PM also has inherent problems as an experimental reagent. PM is
very polar at pH 7.4, so it has poor membrane permeability and it is very unstable, having a

half-life of ~18 min at 37°C (Ludeman 1999, Colvin 2000). When PM is used in experimental
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studies it is a considerably less potent inducer of ISCs and cytotoxicity than is 4HC at
equimolar concentrations (Ludeman 1999). PM has also been found to be 50-100 times less
effective at producing ISCs on a per mole basis than mechlorethamine (nitrogen mustard) or
melphalan (Bauer and Povirk 1997). Reactions of PM with either GSH or metallothionein
have been observed, and they represent an important mechanism of detoxification that may

contribute to acquired drug resistance (Ludeman 1999, Wei et al. 1999).

1.2 The nucleotide excision repair pathway

The ability of human cells to defend themselves against various forms of DNA damage
requires an efficient mechanism to deal with these lesions. DNA damage can derive from a
variety of sources, including intracellular/endogenous sources (such as free radicals,
incorrect nucleotide incorporation, spontanecus hydrolysis or chemical alterations) and
extracellular/fexogenous sources (such as ionizing radiation, ultraviolet (UV) light and
electrophilic chemicals) (Dronkert and Kanaar 2001, Friedberg 2001). Damage to a DNA
base may result in a signal cascade that ultimately leads to various cellular responses in
eukaryotic cells, such as activation of cell-cycle checkpoint pathways, transcriptional
activation of specific genes, apoptosis, damage tolerance, or DNA repair (Friedberg 2001).
Several DNA repair pathways exist in human celis that specifically repair a wide variety of
DNA lesions (Friedberg 2001). Of particular interest is the NER pathway, which is the most
versatile of the repair pathways and is capable of repairing large, bulky DNA lesions induced
by a wide variety of agents. It is capable of recognizing and repairing many types of base
damage that often have little, if any, structural or chemical similarity; however, the pathway is
restricted to substrate DNA adducts that significantly distort the DNA helix (Wood 1999,
Friedberg 2001). In mammalian cells, the process of NER apparently proceeds in two distinct
steps requiring the sequential operation of multiprotein complexes (Friedberg 2001). The first

step involves damage recognition and excision of the lesion, and the second step involves
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repair synthesis followed by DNA ligation in order to restore DNA integrity (see Figure 1-4,
Friedberg 2001).

Damage recognition in NER is an intricate process that utilizes one of two sub-
pathways, depending on the transcriptional activity of the damaged sequence. Transcription
coupled repair (TCR) operates preferentially on transcriptionally active DNA and involves the
detection of arrested RNA polymerase |l transcription machinery, whereas global genome
repair (GGR) operates on the transcriptionally inactive regions of the genome and involves
the recognition of DNA damage by Xpc (xeroderma pigmentosum c)-hRad23B (human
homolog of rad23B) (Friedberg 2001, Hanawalt 2001a). Although there appears to be two
subpathways involved in NER, they do converge at the point where Xpa (xeroderma
pigmentosum a) and Rpa (replication protein a) are believed to facilitate specific recognition
of base damage (Friedberg 2001). Upon binding of these proteins, sequential assembly of
the excision complex commences. The TFIIH (transcription factor IIH) complex contains two
helicases, Xpb (xeroderma pigmentosum b) and Xpd (xeroderma pigmentosum d), that
promote unwinding of the DNA duplex around the site of base damage, generating a bubble
structure (Friedberg 2001). The heterodimer compiex Ercc1-Xpf is a 5’ endonuclease and
Xpg (xeroderma pigmentosum g) is a 3' endonuclease that bind to the assembled complex
and together perform bimodal excision of the DNA strand containing the lesion, generating an
oligonucleotide fragment ~27-30 nucleotides long (Friedberg 2001). Once the lesion has
been excised, repair synthesis-DNA ligation via DNA polymerase &/¢, Pcna (proliferating-cell
nuclear antigen), Rpa, Rfc (replication factor c), and ligase | restores the covalent integrity of
the DNA strand using the opposite, undamaged DNA strand as a template (Friedberg 2001).

The NER pathway has been well defined in mammalian cells using a series of NER-
deficient rodent and human cell lines which have defects in various proteins involved in NER.
Numerous Chinese hamster ovary (CHO) mutant cell lines were obtained by extensive

mutagenesis followed by selection for sensitivity to UV light, and these cells have provided
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Figure 1-4. The essential features of nucleotide excision repair. (Reproduced from Friedberg
2001).
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valuable insight into the process of NER. However, differences between rodent and human
cells often make it difficult to extend the knowledge gained from observing rodent cells to
human cells. Of particular interest is the "rodent paradox”, reported by Hanawalt (2001b).
Hanawalt noted that cultured normal rodent and human cells typically display similar
sensitivities in the clonogenic survival assay following exposure to UV light, even though
cultured rodent cells are generally deficient in excision repair of UV-induced cyclobutane
pyrimidine dimers (CPDs) whereas cultured human cells are proficient in repairing these
lesions. This relative inability of cultured rodent celis to repair CPD damage appears to be
the result of a deficient p53-dependent mechanism that activates GGR (Hanawalt 2001b).
The lack of GGR does not dramatically affect clonogenic survival because rodent cells have
proficient TCR, such that they are not hypersensitive; however, it does pose a problem to
investigators when comparing the repair of specific DNA lesions between rodent and human
cell free extracts (Hanawalt 2001b). Thus, it becomes important to study the NER pathway in
a human background, especially in studies where the information will be applied to clinical
questions.

The process of NER in human cells is understood mostly from work with NER-
deficient human cell lines derived from patients with the hereditary disease xeroderma
pigmentosum (XP). XP is characterized by defective DNA repair and a markedly increased
risk of skin cancer that is associated with exposure to UV light (Friedberg 2001). There are
seven known complementation groups of XP, which are denoted XPA through XPG, as well
as the XP variant (XPV). Further understanding of the TCR sub-pathway of NER has come
from studies of the human hereditary disease Cockayne’s Syndrome (CS). Humans with
mutations in either the CSA or CSB genes exhibit this syndrome, which manifests with
neuroskeletal abnormalities but no predisposition to sunlight-induced skin cancer (Chaney
and Sancar 1996). The molecular mechanism of TCR is not known, although it appears that
only genes transcribed by RNA polymerase Il and only lesions that block the progression of

this enzyme are subject to this process (Chaney and Sancar 1996, Friedberg 2001).
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1.3 Interstrand cross-link (ISC) repair

Although NER can effectively repair a broad spectrum of bulky DNA lesions such as
monoadducts and intrastrand cross-links, repair of ISCs is more complex. ISCs represent a
smali fraction of the total adducts formed by a given alkylating/platinating agent, and the main
determinant of cytotoxicity is thought to be through their inhibition of DNA strand separation,
thus directly influencing DNA replication, transcription and segregation (Dronkert and Kanaar
2001). It is also possibie that ISCs could be recognized by a detector system that in turn
activates signaling pathways resulting in apoptosis (Fink et al. 1998). Much of the knowledge
about I1SC repair in mammalian cells has been derived from either mammalian (mostly
hamster) or yeast mutant cell lines (Dronkert and Kanaar 2001). Although there is a high
degree of conservation between the two species, there are also important differences
between yeast and mammalian ISC repair, possibly reflecting the importance of specific
pathways required to repair ISCs, as well as the number of proteins involved (Dronkert and
Kanaar 2001). From studies with mutant cell lines, the repair of ISCs appears to involve two
types of mechanisms — error-free and error-prone — that involve proteins from pathways such
as NER, HR, and replicative/translesion bypass (Chaney and Sancar 1996, Dronkert and
Kanaar 2001). In mammalian cells, the recombination-dependent mechanism appears to be
the predominant pathway for ISC repair and involves proteins from both NER and HR (Wang
etal. 2001).

In order for a cell to elicit an effective response to an ISC, it needs to be able to
recognize these lesions. However, the 3-D structures of ISCs can differ, and this may
influence the efficiency of recognition and subsequent repair (Dronkert and Kanaar 2001).
Nuclear protein complexes in human and rodent cell lines were found that could recognize
and bind with high affinity to site-specific MMC-DNA ISCs that were generated by reaction of
the drug with an oligonucleotide (Warren et al. 1998). The Ercc1 protein was identified as
being part of the nuclear protein complexes isolated, implicating Ercc1 and its partner Xpf as

having a role in ISC repair (Warren et al. 1998). Further evidence that the Ercc1-Xpf
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heterodimer is involved in ISC repair is the extreme sensitivity of CHO cell lines such as
UV20 (ERCC1) and UV41 (XPF) to ISC-inducing agents such as MMC and CP analogs
(Busch et al. 1980, Thompson et al. 1980, 1982, Hoy et al. 1985, Sorenson and Eastman
1988, Andersson et al. 1996, Damia et al. 1996). The ERCC1™ and XPF rodent mutants
were also found to be defective in the incision and “unhooking” step of ISC repair in vitro (de
Silva et al. 2000). Other important 1ISC repair genes identified to date are XRCC2 and
XRCC3 (homologs of RAD5T), where a mutation in either gene results in hypersensitivity to
ISC-inducing agents; these proteins are presumed to catalyze recombination (Gamcsik et al.
1999, Thompson and Schild 2001). Aside from the requirement for Ercc1-Xpf, Xrcc2 and
Xrce3, there is little information on which other components of the mammalian homology-
driven recombination apparatus act to repair ISCs (McHugh et al. 2001, Legerski and Richie
2002).

A proposed model for ISC repair in dividing mammalian cells, based on observations
with site-specific ISCs, is shown in Figure 1-5 (Kuraoka et al. 2000, de Silva et al. 2000,
McHugh et al. 2001). In dividing cells, the ISC inhibits the progression of the replication fork
and somehow generates a DSB (Kuraoka et al. 2000, de Silva et al. 2000). The result is
DNA unpaired on the 3’ side providing a substrate for Xpf-Ercc1 (in conjunction with Rpa) to
make incisions flanking the ISC, or digestion of the DNA past the crosslink via the Ercc1-Xpf
3'-to-5' exonucleolytic activity (Mu et al. 2000, Kuraoka et al. 2000, de Silva et al. 2000,
McHugh et al. 2001). After gap resection, Xrcc2 and Xrcc3 mediate recombination events
where the invading strand is used as the template to fill the gap by repair synthesis (Kuraoka
et al. 2000, de Silva et al. 2000, McHugh et al. 2001). The DNA that was replaced by repair
synthesis can then be used in a second excision-resynthesis event in which the lSC-addqct is
eliminated (Kuraoka et al. 2000, de Silva et al. 2000, McHugh et al. 2001).

Aside from the requirement of the HR pathway for repairing ISC-adducts, other
pathways that play a minor role in the repair of ISCs have also been identified in mammalian

cells. The process of post-replication repair represents an error-prone method of bypassing
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Figure 1-5. Proposed model for the repair of an ISC in dividing mammalian cells
(Reproduced from McHugh et al. 2001). Green represents replication, red represents
recombination, and blue represents repair synthesis.
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the damaged DNA. Mechanisms of post-replication repair suggested by Chaney and Sancar
(1996) are replicative/translesion bypass, activation of altemate origins of replication near a
site of damage, and template switching, where the DNA polymerase could use the
complementary daughter strand as a template instead of the damaged parental strand.
Evidence that a DNA polymerase can replicate past a psoralen ISC has been demonstrated
(Masutani et al. 2000). Many of the studies involving translesion bypass involve the use of
psoralen + UV; however, Zheng et al. (2003) demonstrated franslesion bypass by DNA pol n
(POLH) using a site-specific MMC ISC. Repair of the MMC ISC also involved TCR, requiring
all five NER factors involved in the incision step (Xpc-hRad23B, Xpa, TFHH (Xpb and Xpd),
Ercc1-Xpf, and Xpg). The result is a recombination-independent and pro-mutagenic

mechanism for ISC repair (Zheng et al. 2003).

1.4 ERCC1 (Excision Repair Cross Complementing 1)

The designation of ERCC (excision repair cross complementing) refers to the
correction of an NER mutant phenotype in CHO cells with human DNA. The cross
complementation of NER proteins between human and CHO cells enabled the cloning of the
genes invoived in NER such as ERCC7 (Friedberg et al. 1995). The human ERCC17 gene
was cloned and sequenced by van Duin et al. (1986, 1987) and mapped to chromosome
19q13.2-13.3 (Brook et al. 1985). It consists of 10 exons spanning ~15 kb (see Figure 1-6A).
A strong conservation of the ERCC17 gene has been noted in various eukaryotes such as
Drosophila, mammals, reptiles, birds and fish, with human ERCC7? having significant
homology with yeast RAD10, mouse ERCC1 and E. coli UvrA and UvrC (van Duin et al.
1986, 1987, 1988). The promoter region of the human ERCC17 gene was examined by van
Duin and colleagues (van Duin et al. 1987) and shown not to contain “classical” promoter
elements, although several other sequence motifs of unknown significance were identified.
However, the sequence examined for promoter elements by these authors only

\
encompassed ~0.5 kb upstream of exon 1. Examination of the region 5 kb upstream of
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Figure 1-6. Schematic representations of the ERCC1 gene and Ercc1 protein. (A) ERCCT
gene organization of 10 exons (black boxes) and antisense overlapping-open reading frame
(AO-ORF) identified as ASE-1 that overlaps ~170 bp of ERCC1 gene at the 3’ end (striped
bar) (van Duin et al. 1986, Belt et al. 1991, Whitehead et al. 1997). (B) Ercct protein binding
domains (stippled bar represents the highly conserved region between Ercc1 and Xpf) and
identified mutations in rodent cell lines (A). (Reproduced in part from van Duin et al. 1988, Li
et al. 1994, Sijbers et al. 1996a, de Laat et al. 1998, and Gaillard and Wood 2001).

HhH — Helix-hairpin-Helix motif.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



17

exon 1 revealed a CpG island that contained “classical” promoter elements such as a TATA
box, as well as classical regulatory elements (Zhong et al. 2000, Wilson et al. 2001). The co-
localization of the CpG island and promoter region would suggest a possible role in gene
regulation (Wilson et al. 2001).

The ERCC1 gene directs the synthesis of low levels of transcripts that can be
differentially polyadenylated, resulting in several transcripts being detected by Northern
blotting with sizes of 3.8 kb, 3.4 kb and 1.1 kb (van Duin et al. 1986, 1987, 1989b). An
additional ERCC1 transcript was isolated that lacked exon VIl (=72 bp) and was determined
to be a splice variant of the full length ERCC1 mRNA (van Duin et al. 1986, 1987).
Transfection studies indicated the 1.1 kb ERCC7 mRNA to be biologically significant and to
be translated into a 297-amino acid protein with a calculated molecular weight of 32,562 Da
(van Duin et al. 1986). Although the alternatively spliced ERCC1 transcript, lacking exon VIH,
was unable to correct the ERCC1-deficency in CHO 43-3B cells, it is still capable of encoding
a protein of 29,992 Da (van Duin et al. 1986, Yu et al. 1998).

Mutational analysis of the human Ercc1 protein has determined the Xpa binding
domain to be located at amino acids 93-120 and the Xpf binding domain to be at amino acids
224-297 (see Figure 1-6B; Li et al. 1994, de Laat et al. 1998, Gaillard and Wood 2001).
Ercc1 was found to contain a region of similarity to Xpf that includes two areas of the
C-teminal domain located between amino acids 100-297 (see Figure 1-6B; Gaillard and
Wood 2001). The first region of similarity is located between amino acids 100-174 and is the
most conserved, and the second region of similarity is near the C-terminal end which is
predicted to have 2 helix-hairpin-helix motifs (see Figure 1-6B; Gaillard and Wood 2001).
The use of mutational analysis has also established the minimum size of the Ercc1 protein

required to correct the MMC- and UV-sensitive phenotype in an ERCC1-deficient rodent cell
line (43-3B) (Sijbers et al. 1996a). An N-terminal deletion of 91 amino acids can still provide
NER function; however, an N-terminal deletion of 102 amino acids results in a loss of NER

function (Sijbers et al. 1996a). A C-terminal deletion of more than 4 amino acids also
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resulted in a loss of NER function even though a stable Ercc1 protein was produced (Sijbers
et al. 1996a). A deletion of 7 amino acids from the C-terminal end resulted in both loss of
NER function and a loss of protein expression (Sijbers et al. 1996a). The C-terminus of
Ercc1 contains the Xpf binding domain (see Figure 1-6B) and the subsequent loss of both
Ercc1 protein expression and NER function directly links Ercc1-Xpf complex formation ability
with repair capability (van Duin et al. 1988, Sijbers et al 1996a, de Laat et al. 1998).

Most missense mutations introduced in the central area of the Ercc1 protein, which
has homology to Rad10 (amino acids 93-120), reduces the amounts of detectable Erccl
protein and results in incomplete complementation of the 43-4B (ERCC1") repair defect
(Sijbers et al. 1996a).

The Ercc1 protein binds tightly to the Xpf protein to form a heterodimeric complex
that is primarily found in the nucleus (van Vuuren et al. 1993, de Laat et al. 1998, Houtsmuller
et al. 1999). The Ercc1-Xpf complex has structure-specific endonuclease activity, making an
incision on the 5'-side of a DNA lesion in the NER pathway (Sijbers et al. 1996b). The activity
of the Ercc1-Xpf heterodimer has been demonstrated to cleave model stem loops and bubble
structures on the 5' side near the borders between the double-stranded and single-stranded
DNA regions, and is Rpa-dependent (Matsunaga at al. 1996 , Sijbers et al. 1996b, Bessho et
al. 1997). The stability of both the Ercc1 and the Xpf proteins appears to depend on their
tight association with each other. This is supported by the finding that exogenous excess
Ercc1 protein is quickly degraded within 1 h, and that only a moderate increase in Ercci
protein levels (~3-4 fold) can be achieved by the continuous over-expression of the ERCC1
gene (100-1000 fold) in mammalian cells (van Vuuren et al. 1993, Sijbers et al. 1996a).
Over-expression of the Ercc1 protein also did not result in elevated MMC resistance,
suggesting that Ercc1 protein levels should be carefully determined before conclusions can
be drawn with respect to its involvement in drug resistance (van Vuuren et al. 1993).

Interestingly, simultaneously over-expressing the ERCC1 and XPF genes from separate
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vectors within a cell did significantly increase resistance to MMC (Dr. L. H. Thompson,

personal communication to David Murray).

1.4.1 ERCC1 antisense overlapping-open reading frame (AO-ORF)

The use of a genomic ERCC1 probe led to the detection of a 2.6 kb mRNA that did
not encode an Ercc1 protein (van Duin et al. 1989a). The transcript was found to overlap
~170 bp in the 3' region of the ERCC7 gene in the antisense direction (ASE-1),
encompassing exon X and terminating in intron 1X (see Figure 1-6A; van Duin et al. 1989a).
Similar overlapping antisense transcription units have also been found in the 3’ regions of the
yeast RAD10 gene (ASR10) and the mouse ERCCT gene (van Duin et al. 1989a). This
phenomenon of overlapping antisense gene organization is not unusual and has also been
observed in other higher eukaryotes such as Drosophila (Henikoff et al. 1986, Nepveu and
Marcu 1986, Spencer et al. 1986, Williams and Fried 1986, Adelman et al. 1987, Chen et al.
1987, Merino et al. 1994). The ASE-1 gene encodes a protein that has been shown to have
a biologically important role as a novel nucleolar factor, and does not appear to have a
connection in function to the Ercc1 protein (Whitehead et al. 1997). It is not known, however,
whether the ERCC7 and ASE-7 mRNAs can bind to each other to inhibit either ERCC1 or
ASE-1 translation or if association of the two mRNAs could possibly mediate their transport to
a common location in the cytoplasm and perhaps protect against degradation (van Duin et al.

1989a, Whitehead et al. 1997).

1.4.2 Clinical relevance of ERCC1

Ciinical studies have correlated high tumor cell levels of ERCC7 mRNA expression
with an increase in drug resistance (Dabholkar et al. 1992, Metzger et al. 1998, Li et al. 1998,
Li et al. 20004, Shirota et al. 2001, Lord et al. 2002, Murray 2002). The increased levels of
ERCC1 mRNA expression could be mediated through such mechanisms as polymorphisms,

changes in gene copy number, transcriptional regulation and altered mRNA stability.
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Polymorphisms, or genetic variation, can result in an amino acid substitution that
could impact mRNA stability or protein synthesis through the generation of rare and/or under-
utilized codons or by altering protein function (Shen et al. 1998, Chen et al. 2000, Goode et
al. 2002). Polymorphisms within the ERCC1 gene represent a possible mechanism that can
effect an increase or decrease in DNA repair capacity by altering the rate of ERCC7 mRNA
transcription, Ercc1 protein transiation, or Ercc1 protein function (Dabholkar et al. 1993, Yu et
al. 1997, 2000b, Shen et al. 1998, Goode et al. 2002). Shen et al. (1998) identified 7 single-
nucleotide polymorphisms in the ERCC1 gene, but none of these resulted in an amino acid
substitution, and no amino acid substitutions in known regulatory elements were identified.
Other reports, however, have shown a significant association of an ERCC17 polymorphism
with either an increased risk of brain tumors or cisplatin resistance in a human ovarian
carcinoma cell line (Yu et al. 1997, 2000b, Chen et al. 2000). In the studies by Yu and
colleagues (Yu et al. 1997, 2000b), the ERCC1 polymorphism was associated with an ~50%
reduction in codon usage that could affect transcription rate and/or translation rate.

An increase in gene copy number is another means of increasing ERCC7 mRNA
expression. Clinical analysis of the ERCC17 gene in human gliomas and normal cells by
Liang et al. (1995) revealed that abnormalities in the copy number of the ERCC1 gene is
common in glial tumors, although a direct relationship between copy number and clinical
outcome with chemotherapy was not observed. Alteration in ERCC7 gene copy number,
however, is not a common event in human ovarian cancer or in normal cells (from cancer
patients) with either a high or low ERCC7 mRNA expression, which suggests that other
mechanisms must be invoked to explain these differences in ERCCT mRNA leveis
(Dabholkar et al. 1993, Yu et al. 2000a).

Transcriptional regulation of the ERCC1 gene, mediated by a signal transduction
pathway, is another likely candidate for an increase in ERCC7 mRNA transcripts.
Identification of an AP-1-like site in the promoter region of the ERCC7 gene and the

identification of AP-1 sites in other NER genes would suggest that signal transduction
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pathways that modulate AP-1 may be important in the regulation of DNA repair (Li et al.

19993, Li et al. 1999b, Zhong et al. 2000). This likelihood is supported by an increase seen
in both c-FOS and ¢-JUN mRNA levels upon exposure to cisplatin in human ovarian cancer
cells preceding the ERCC1 mRNA increase, suggesting AP-1 is involved in transcriptional
modulation of ERCC1 gene expression (Li et al. 1998). The involvement of either the
Junk/Sapk or Erk signal transduction pathways have been implicated in influencing AP-1
activity, and thus ERCC1 mRNA expression (Yu et al. 2000b, Yacoub et al. 2003). An
increase in ERCC1 mRNA expression by activating the Ras-Erk-dependent pathway has
been demonstrated following the activation of the human insulin receptor by insulin or over-
expression of the human insulin receptor in CHO cells (Lee-Kwon et al. 1998, Perfetti et al.
1997). However, no significant correlation was observed between the insulin-mediated
expression of ERCCT mRNA and UV resistance (Perfetti et al. 1997). A possibie explanation
is that controls operating at the transcriptional and post-transcriptional levels (such as mRNA
stability) might participate in both the basal and insulin-induced increase of ERCC1 mRNA
(Perfetti et al. 1997). An increase in ERCC7 mRNA stability has been identified in human
ovarian cancer cells upon exposure to cisplatin, reflecting a possible role in drug resistance
(Li et al. 1998).

A noteworthy finding was the identification of AP-1 as a common activator for all of
the NER genes assessed, indicating that AP-1 is an important transcriptional activator for the
NER pathway (Zhong et al. 2000). This may best be demonstrated by experimental studies
that examined the order of activation of the expression of NER genes following exposure to a
drug such as cisplatin (Dabholkar et ai. 1993, Cheng et al. 1999, Reed et al. 2000}. In
human ovarian cancer cells there appears to be a defined order to NER gene activation, with
ERCC1 possibly leading the cascade (Reed et al. 2000). However, these researchers
caution that the order of mMRNA expression of NER genes may not mimic the order of protein
activities within the cell. Coordinate expression of NER genes is thought to be optimal in the

normal situation, and coordinate expression may be disrupted as a tumor moves from low
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grade to high malignancy (Zhong et al. 2000). Normal individuals with low levels of
expression of DNA repair genes may have low DNA repair capacity, which may result in the
accumulation of genetic alterations involved in carcinogenesis (Cheng et al. 1999).

Studies that have shown a correlation between ERCC1 mRNA levels and resistance
to alkylating agents have usually measured total ERCCT mRNA levels and did not measure
Ercc1 protein levels or take into account the possible effects of the alternatively spliced
variant of ERCC7 mRNA (iacking exon VIIi}. in a paper by Britten et al. (2000), the authors
were unable to demonstrate an obvious relationship between Ercc1 protein levels and
cisplatin resistance among a panel of human cervical carcinoma cell lines. In fact, there was
no correlation between ERCC7 mRNA and Ercct protein levels in that study. They suggest
that the observed association of ERCCT mRNA levels with drug resistance may be an
epiphenomenon, that is, the level of ERCCT mRNA may be a surrogate marker for some
other determinant of chemotherapeutic response (Britten et al. 2000). This suggestion
appears to be supported by the finding that mRNA levels of ERCC?1 and XPF do not correlate
with each other and the ‘apparent order of appearance’ of mMRNA expression of NER genes
may not mimic the order of proposed protein activities within the cell (Vogel et al. 2000). Ina
paper by Codegoni et al. (1997) high levels of ERCC1 gene expression in ovarian cancers
did not correlate with poor response to chemotherapy. Rather, these authors were able to
show a weak correlation between high ERCC1 mRNA expression and a high probability of
response resulting in longer survival (Codegoni et al. 1997). Other researchers have
measured not only total ERCCT mRNA levels but have also measured independently the full-
length ERCC1 mRNA and the alternatively spliced variant of ERCCT mRNA (Dabholkar et al.
1994, 1995a, 1995b, Lin et al. 1998, Yu et al. 1998). In three of the studies the data showed,
with respect to cisplatin resistance, that alternatively spliced variant ERCC7 mRNA levels
have a strong inverse relation to DNA repair activity, suggesting a possible inhibitory
influence (Dabholkar et al. 1995a, 1995b, Yu et al. 1998). This was most evident in the

experimental study done by Yu et al. (1998), who determined the ratio of full-length to
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alternatively spliced ERCC7 mRNA or Ercc1 protein and demonstrated an association
between the alternatively spliced mRNA/protein and a reduction in cellular capacity to repair
cisplatin-DNA damage. The data they presented suggest that measuring the total ERCC1
mRNA or Ercc1 protein may be insufficient to obtain a true assessment of biologically
effective Ercc1 activity (Yu et al. 1998). In the study by Lin et al. (1998) the authors detected
an abnormally migrating product of the ERCC1 gene in a patient with acute MLL (mixed
lineage leukemia) that correlated well with clinical onset and relapse of the disease. The
possibility that ERCC1 mRNA splice variants might contribute to the regulation of ERCC1
mRNA and/or Ercc1 protein expression was also determined through the identification of
splice variants in published sequences (Wilson et al. 2001). Therefore, in light of the above
findings, examining the resulting Ercc1 protein expression would likely give a more accurate

indication of NER capability than mRNA levels alone.

1.5 Experimental objectives

There are many clinical studies where tumor cells have been analyzed to determine a
correlation between DNA repair capacity and drug resistance. Some cancer cells so
analyzed show an increase in NER gene expression, such as ERCCT mRNA, and this
appears to be a major determinant of drug resistance (Dabholkar et al. 1992, 1994, Li et al.
1998, Metzger et al. 1998, Yu et al. 1998, Britten et al. 2000, Cheng et al. 2002, Lord et al.
2002). The importance of DNA repair pathways such as NER and ISC repair in the
resistance to chemotherapeutic drugs makes them a possible target for modulation for the
purpose of improving treatment outcome for a particular cancer. Since many of the more
successful chemotherapeutic drugs are bifunctional alkylating and platinating agents that
exert their cytotoxic effects at least in part through the induction of ISCs, targeting a protein
that is involved in repairing 1ISCs would be a likely candidate for chemosensitization. An
attractive target for such modulation is the Ercc1 protein, which has been shown to be

involved in both NER and ISC repair. Studies based on the phenotypes of the mutant CHO
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lines UV20 (ERCC17) and UV41 (XPF) demonstrating their dramatic sensitivity to cross-

linking agents support this concept, and indicate that an Ercci-Xpf dependent
recombinational repair process mediates ISC repair (Thompson et al. 1996). Unfortunately,
information on the role of the Ercc1 and Xpf proteins in human cells is limited to XPF cell
lines because no known disease has been associated with a deficiency in the Ercc1 protein.

In the present study we have examined the sensitivity of NER-deficient human cell
lings, in particular XPF~ (XP2YOSV) and XPA™ (XP12T703) cell lines, to the CP analog, PM.
Of the XP lines, XPF is obviously the most interesting given the extraordinary sensitivity of
the corresponding CHO mutants (e.g., UV41) to such agents. The sensitivity of the XPA cell
line was also examined in order to determine if the human Xpa protein has a significant role
in ISC repair.

In order to assess the role of the Ercc1 protein in the repair of ISCs induced by DNA-
damaging agents in human cells, an attempt to make a null ERCC7 mutant in a human
background was undertaken because no human ERCCT mutant has been isolated to date.
Modulation of the Ercc1 protein has been attempted using a vector carrying an antisense-
ERCC1 cDNA that can integrate into the genome of a target cell for continuous, stable

expression of the antisense-ERCC7 mRNA.
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CHAPTER 2: MATERIALS AND METHODS

21 Human cell lines and culture conditions

Dr. Michael Weinfeld generously provided GM00637A, a normal SV40-transformed
human fibroblast cell line. Dr. Malcolm Paterson provided the NER-deficient, SV40-
transformed, fibroblast cell lines XP12T703 and XP2YO(SV) which were originally isolated
from human patients with the hereditary disorder XP, and have been previously assigned to
the complementation groups XPA and XPF, respectively. The cell line termed XP12T703
was originally cited by Miyakoshi et al. (1991) but is more frequently referred to as either
XP12RO(SV) or XP12RO. The primary human fibroblast celi ine GM38 was provided by Dr.
Razmik Mirzayans. All cell lines were grown as monolayer cultures in Dulbecco’s modified
Eagles medium/Ham's F12 (DMEM/F12, Gibco-BRL, Burlington, ON) supplemented with
10% fetal bovine serum, 1% L-glutamine, and 1% penicillin-streptomycin (all from Gibco-
BRL). Cell cultures were incubated at 37°C in a fully humidified 5% CO,/95% air atmosphere
and stock cultures were passaged by trypsinization every 4-5 days for GM00637A, GM38
and XP12T703 cultures or every 7-10 days for XP2YO(SV) cultures to maintain exponential
growth. Cells were detached from the tissue culture flasks/dishes by incubating with 0.05%
Trypsin-EDTA at 37°C for 3 min, and the frypsin activity was quenched by adding
supplemented growth medium. Cell numbers were determined using a Coulter® Multisizer |

(Coulter, Hialeah, FL, USA).

2.2 Survival Assay
2.21 Phosphoramide Mustard

PM was provided by Dr. R. F. Struck of the Southern Research Institute in
Birmingham, Alabama. Stock solutions were prepared by dissolving the PM in phosphate-

buffered saline (PBS, Gibco-BRL) immediately prior to use.
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2.2.2 Clonogenic (colony-forming) assay: PM sensitivity

Human SV40-transformed fibroblast cell lines GM00637A, XP12T703 and
XP2YO(SV) were examined for their sensitivity to the drug PM. Cell cultures were exposed
to trypsin and plated at 3 x 10° cells per 60-mm tissue culture dish 24 h prior to treatment with
the drug. Drug treatment involved washing the cells with warm PBS, adding an appropriate
dilution of PM in PBS, and incubating for 15 min at 37°C. After incubation, the dishes were
examined under a microscope to ensure that there was no significant cell detachment, and
then the PM was removed. Cells were washed twice with warm PBS, detached by exposure
to trypsin, and cell numbers were determined using the Coulter® Multisizer |l. Serial dilutions
were made in supplemented growth medium. The cells were plated in 100-mm dishes in
triplicate and incubated for 2-3 weeks at 37°C. The growth medium was replaced once each
week. Cells were stained with 5% crystal violet in ethanol, and colonies with greater than 50
cells were counted. The surviving fraction of drug-treated cells was defined as the ratio of the
plating efficiencies of drug-treated cells and untreated control cells (Murray et al. 2002). The
survival data were analyzed through the computer program Prizm™ 3.0 (Graphpad, San
Diego, CA, USA) using the linear-quadratic model. —-InSF(C) = aC + BC?; where SF is the

surviving fraction at a drug concentration C, and o and § are constants (Murray et al. 2002).

2.2.3 Growth inhibition assay: Ultraviolet light - C (UV-C) and PM sensitivity

Transformed cell lines (GM00637A + o ERCC1) and the parental GM00637A cell line
were analyzed for UV-C and PM sensitivity using the growth inhibition assay, which is a
modification of a protocol supplied by Dr. Razmik Mirzayans. Briefly, cell lines were exposed
to trypsin and plated at 10° cells per 60-mm dish 24 h prior to treatment with UV-C (254 nm)
or plated at 4 x 10° cells per 100-mm dish 24 h prior to treatment with PM. UV-C treatment
involved removing the medium and exposing the cells to a pre-determined UV-C dose in an
UV-C box where exposure of 1 s = 1 J/m% PM treatment involved washing the cells with

warm PBS and incubating in a dilution of PM in PBS for 15 min at 37°C. After incubation, the
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PM was removed and the cells were washed with warm PBS. Fresh supplemented growth
medium was added upon completion of the treatment with either UV-C or PM, and the dishes
were incubated undisturbed for 5 days at 37°C. Adherent cells were recovered by exposure
to trypsin, and cell numbers were determined using the Coulter® Multisizer Il. The surviving
fraction was calculated as the ratio of the total number of cells in the treated dish and the

untreated control dish.

2.3 Electroporation
2.3.1  Plasmids and primers

The full length ERCC71 cDNA of 1098 bp was provided by Dr. Jan Hoeijmakers
(Erasmus University, The Netherlands); pcDNA3 (pD3) was provided by Dr. Richard Britten.
The ERCC1 cDNA was restricted with Bam HI and Kpn |, resulting in a 629 bp fragment. The
629 bp fragment of ERCC71 was ligated into the pcDNA3 (pD3aE1) multiple cloning site
(MCS) using the Bam HI and Kpn | restriction sites, in the antisense orientation (see Figure

2-1).

2.3.2 Transfection of GM00637A cells with the pD3aE1 construct

The pD3aE1 construct was linearized with Pvu | (pD3aE1/Pvu |) and used to
transfect GM00637A cells. Controls were pcDNA3 vector linearized with Pvu | (pD3/Pvu 1)
and no vector. Briefly, 0.9 x 10° GM00637A cells in ice-cold serum-free medium, either with
or without 500 pg/ml sheared salmon sperm DNA (carrier DNA), was placed in a pre-chilled
0.4 cm gap electroporation cuvette (Gene Pulser® Cuvette, Bio-Rad, Mississauga, ON). The
pD3aE1/Pvu | construct was added to each sample and electroporated (Gene Pulser®
Transfection Apparatus, Bio-Rad) at one of three voltages - 0.22 kV, 0.25 kV, or 0.32 kV -
with the electroporation settings for each electroporation being - capacitance: 960 pF, time
constant: 31-44 ms. The controls used were pD3/Pvu | + carrier and mock + carrier (no

added vector). Samples were plated in 100-mm dishes containing supplemented growth
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Figure 2-1. Schematic representation of the construction of a plasmid harboring the
antisense-ERCC17 cDNA insert. A. Organization of the ERCC17 cDNA. B. The antisense-
ERCC1 (aERCC1) cDNA used in this study. The oERCC1 cDNA was ligated into the
pcDNA3 MCS using the Bam Hl site in exon Il, and includes 70% of the coding region up
to and including the Kpn | site in exon VIl. C. The mammalian expression vector pcDNA3
with a transcription cassette consisting of the CMV (cytomegalovirus) promoter, MCS
flanked by T7/Sp6 promoters, and bovine GH polyadenylation signal.

Abbreviations: B — Bam HI; K — Kpn 1; *denotes restriction sites used in pcDNAS.
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medium and incubated at 37°C for 3 days, after which selection was begun using G418
(Gibco-BRL) at 400 nug/ml in supplemented growth medium. The G418-containing growth
medium was replaced every 3-4 days. Surviving colonies were sub-cloned by trypsinization
using cloning rings and re-seeding to 24-well plates for several passages in selective

medium.

24 Protein analysis
2.4.1  Nuclear protein exiraction

The method of Chen and Sun (1998) was modified and used to isolate the nuclear
protein from each cell line. Briefly, exponentially growing cells were exposed to trypsin and
washed with PBS. Pelleted cells were placed on ice. Buffer 1 (10 mM HEPES [pH 7.9],
10 mM KCI, 0.1 mM EGTA [pH 8.0], 0.1 mM EDTA [pH 8.0], 1 mM dithiothreitol (DTT), 0.5
mM phenylmethylsulfonyl fluoride (PMSF), 1% aprotinin) was added to each of the pellets.
Each sample was mixed and incubated on ice for 15 min. Buffer 1 containing Nonidet P-40
at a final concentration of 0.6% was added to each sample. Each sample was then mixed by
inversion and pelleted by centrifugation at 1,000g for 15 min at 4°C. Supernatants
(containing cytoplasmic proteins) were removed and the pellets (unlysed nuclei) were
washed with Buffer 1. The integrity of the nuclei was checked by Trypan biue staining. The
isolated nuclei were lysed in Buffer 2 (20 mM HEPES [pH 7.9], 400 mM NaCl, 1 mM EGTA
[pH 8.0], 1 mM EDTA [pH 8.0], 10% glycerol, 1 mM DTT, 1 mM PMSF, 1% aprotinin). Each
sample was gently mixed and incubated for 30 min at 4°C with rocking. The lysed nuclei
were pelleted by centrifugation at 12,000g for 10 min at 4°C. Supernatants were removed to
new tubes and the peliets discarded. Aliquots were frozen at —80°C after adding 0.5 pl of
leupeptin (10 mg/ml) to every 100 pl of sample. Protein concentrations were determined
using 5 ul of sample in duplicate in the BioRad Protein Assay with bovine serum albumin

(BSA) (New England Biolabs, Beverly, MA, USA) at 1 mg/ml used for the standard curve.
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2.4.2 Whole cell lysate protein extraction

Whole cell extracts were prepared from a monolayer culture as outlined by Santa
Cruz Biotech (Santa Cruz, CA, USA) (www.scbt.com, protocols) using the RIPA buffer (1X
PBS, 1% Nonidet P-40, 0.5% sodium deoxycholate, 0.1% SDS, 0.1 mg/ml PMSF, 0.1 mg/ml
aprotinin, 1 mM sodium orthovanadate). Briefly, exponentially growing cells were exposed to
trypsin and washed twice with PBS. Cells were pelleted by centrifugation at 1,000g for
10 min at 4°C and placed on ice. For every 2 x 107 cells, 1.0 ml of RIPA buffer was added,
and each tube was gently mixed and incubated on ice for 30 min. Each sample was passed
through a 21-gauge needle 4-5 times to further disrupt the cells. To each sample, 10 ul of
PMSF (10 mg/ml) was added, followed by incubation for 30 min on ice. The samples were
centrifuged at 12,000g for 10 min at 4°C. Supernatants were removed to new tubes and the
pellets discarded. Aliquots of the supernatants were frozen at —80°C. The protein
concentratiqn of the supernatants was determined by using 5 ul of sample in duplicate in the

BioRad Protein Assay with BSA at 1 mg/ml used for the standard curve.

24.3 Immunologic reagents

Primary antibodies used include:

(i) Ercc1 (clone 8F1) affinity-purified mouse monoclonal antibody raised against the
full length, His-tagged recombinant human Ercc1 protein (PharMingen, San Diego, CA, USA,
1:100).

(ii) p53 (Pab 1801) affinity-purified mouse monoclonal antibody raised against the
amino-terminal epitope mapping between amino acids 32-79 of human origin (Santa Cruz,
1:1,000).

(iii) Xpf rabbit polyclonal antibody, which was generously provided by Maureen
Biggerstaff (Imperial Cancer Research Fund, Hertfordshire, England) for detection of human

Xpf (1:15,000).
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(iv) Actin (1-19) goat polyclonal antibody (IgG) raised to the carboxy terminus of

human actin, which recognizes a broad range of actin isoforms (Santa Cruz, 1:800).
Secondary antibodies used include peroxidase-conjugated, affinity-purified, goat anti-

rabbit IgG (H+L) (Jackson ImmunoResearch, West Grove, PA, USA, 1:10,000); peroxidase-

conjugated goat anti-mouse IgG (H+L) (Jackson , 1:10,000); and peroxidase-conjugated

donkey anti-goat IgG antibody (sc 2020; Santa Cruz, 1:1,000).

2.4.4 Western blot analysis

Protein samples of 50 ug were denatured by adding sample buffer (0.125 M Tris-HCI
[pH 6.8], 20% glycerol, 4% SDS, 10% B-mercaptoethanol, 0.0025% bromophenol blue) and
boiling for 10 min. Samples were loaded onto a 4-12% Tris-Glycine (pH 6.8-8.8) gradient gel
in a MiniProtean H electrophoresis apparatus (BioRad). The gel was run in running buffer
(25 mM Tris, 192 mM Giycine, 0.1% SDS) at 150 V until the dye front had run close to the
bottom. The run was then stopped and the gels removed to transfer buffer for 10 min at room
temperature. Gels were transferred to nitrocellulose membranes (Trans-Blot™, BioRad) in
transfer buffer (25 mM Tris, 192 mM Glycine, 20% Methanol) at either 100 V for 1 h or 30 V
overnight. Nitrocellulose membranes were blocked in PBST (PBS + 0.05% Tween 20) + 5%
skim milk at room temperature for 1 h with rocking. The membranes were then placed in a
solution containing primary antibody diluted in PBST + 5% skim milk and incubated at room
temperature for 1-2 h or overnight at 4°C with rocking. The membranes were washed 3 times
for 10 min in PBST at room temperature with rocking and then placed in a solution containing
secondary antibody conjugated to horseradish peroxidase in PBST + 5% skim milk and
incubated for 1 h at room temperature or overnight at 4°C with rocking. The membranes
were washed 3 times for 10 min in PBST at room temperature with rocking. Detection of
protein bands was performed using ECL or ECL plus (Amersham Pharmacia Biotech,
Piscataway, NJ, USA) added at 2 ml/membrane followed by incubation for 1-5 min at room

temperature. The membranes were wrapped in Saran wrap and exposed to Kodak XR-5
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x-ray film. Protein bands detected on Western blots were quantitated by densitometry as

outlined in section 2.4.6.

245 Cyclohexamide time course assay

Protein half-lives were determined by exposing exponentially growing cultures to
cyclohexamide (Sigma-Aldrich, Oakviille, ON) and harvesting the cells at varying time points.
Briefly, cells were plated at 1.5 x 10° in 150-mm dishes containing supplemented growth
medium 24 h prior to treatment with cyclohexamide. The next day the medium was removed,
20 pg/ml of cyclohexamide in supplemented growth medium was added, and the dishes were
incubated at 37°C. Cells were harvested at various times later by trypsinization and pelleted
in a 50 ml conical centrifuge tube by centrifugation at 1,000g for 10 min at 4°C. The
supernatant was decanted and the pellet resuspended in 1 ml of ice-cold PBS. The pellet
was transferred to a 1.5 mi Eppendorf tube and centrifuged as above. The supernatant was
removed and the pellet washed 2 more times with PBS. After the final wash, as much of the
supernatant was removed as possible and the pellet was frozen at —80°C. Protein extracts

were obtained as outlined in sections 2.4.1 and 2.4.2.

2.4.6 Densitometry

The bands detected by Western or Northern blotting were quantitated by densitometry
from developed film. Each image was captured using a video camera linked to the
Interactive Image Acquisition and Processing Program Version 3.4 Cancer Imaging (IPRO
program with grain count, from the BC Cancer Research Agency). Quantitation of band
intensities was done by outlining a band six different times and, using the computer program
mentioned above, the integrated optical density (OD) was determined. The average band
intensity for each protein or mRNA band was calculated and normalized to the average actin

band intensity, within an experiment, according to:

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



33

Normalized band intensity = average OD of protein or mRNA band
average OD of actin protein or mRNA band

The band intensities obtained for protein and mRNA above are, therefore, relative.

25 DNA Analysis
2.51 DNA extraction

Exponentially growing cells were detached by exposure to trypsin and 3 x 10° cells
were transferred to a 15 ml conical centrifuge tube and pelleted by centrifugation at 1,000g
for 15 min at 4°C. Pellets were washed twice by resuspension in PBS and centrifugation as
above. After the last wash, cells were resuspended in 0.5 ml of PBS and transferred to a
microcentrifuge tube to be pelleted again, as above. As much of the supernatant as possible
was removed, and to each pellet was added 100 pl of digestion buffer (100 mM NaCl, 10 mM
Tris-HCI [pH 8.0], 25 mM EDTA [pH 8.0], 0.1% SDS, 1 mg/ml proteinase K) for every 10°
cells. Samples were mixed and incubated at 50°C overnight. Genomic DNA was phenol-
chloroform extracted by the method outlined by the Current Protocols in Molecular Biology
Vol. 1 (1993). The resulting pellet was dissolved in 500 ul of T buffer (10 mM Tris-HCI [pH
8.0]) containing DNAse-free pancreatic RNAse at 20 ug/m|, incubated at room temperature
for 1 h, and isopropanol precipitated. The resulting pellet was dissolved in 500 ul of T buffer.
DNA concentrations were determined on an UV spectrophotometer at wavelengths 260 nm

and 280 nm.

2.5.2 PCR analysis of genomic DNA

PCR analysis was used to determine if the antisense-ERCC1 cDNA of the pD3aE1
construct had integrated into the genomic DNA of the GMO00637A transfected cell lines.
Genomic DNA was extracted from each of the GM00637A and transfected cell lines as

outlined in section 2.5.1. The promoter primers T7 (5'-TAA TAC GAC TCA CTA TAG G-3)
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and Sp6 (5'-ATT TAG GTG ACA CTA TAG-3') were used for the PCR amplification reaction;

these primers correspond to the promoter regions in the pcDNA3 vector on either side of the
MCS (see Figure 2-1). The amplification reaction involved an initial denaturation at 94°C for
3 min; 30 cycles of denaturation at 94°C for 1 min, annealing at 55°C for 1 min, elongation at
72°C for 1 min; and a final extension at 72°C for 7 min. The resulting PCR product
corresponds to 775 bp (antisense-ERCC1T) or 146 bp (no antisense-ERCC1, i.e. empty

vector) when run out on a 0.8% agarose gel and stained with 0.5 pg/ml ethidium bromide.

2.5.3 Southern blot analysis

Samples of genomic DNA were aliquoted to give 10 ug in a 1.5 ml microcentrifuge tube,
incubated in restriction enzyme buffer at 4°C for ~2 h, and then restricted with Bam HI. The
samples were concentrated by ethanol precipitation to 15 pl in sterile mQH,O. To each
sample was added sample buffer (0.25% xylene cyanol, 0.25% bromophenol blue, 40%
sucrose) and the samples were loaded onto a 0.8% agarose gel made with 0.5X TBE (Tris-
borate-EDTA buffer). The samples were allowed to sit for 2-3 min to allow DNA diffusion in
the well. Gels were run in 0.5X TBE at 12 V for 18-20 h. The genomic DNA was visualized
on the gel by staining with 0.5 ug/ml ethidium bromide in dH,O. Transfer of the genomic
DNA was accomplished by the standard protocol of Sambrook et al. (1989). Briefly, the DNA
was denatured by soaking the gel in a denaturing solution (0.5 M NaOH, 1.5 M NaClt) for
45 min with gentle shaking. The gel was rinsed briefly in dH,O then soaked in a neutralizing
solution (0.5 M Tris, 1.5 M NaCl [pH 7.5]) two times, once for 30 min and a second time for

15 min. The DNA was blotted onto a nylon membrane (Hybond-N+, Amersham Pharmacia

Biotech) overnight using the standard procedure outlined in Sambrook et al. (1989). The next
day, the membrane was dried for 1 h at 80°C and then stored at —-20°C. Membranes were
probed using **P-radiolabelled ERCC1 cDNA produced from the single strand DNA synthesis
reaction outlined by Feinberg and Vogelstein (1983, 1984). The reaction used the T7 primer,

[a-**P]dCTP (3000 Ci/mmol, DNA Core Services, University of Alberta) and E. coli Klenow
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(Amersham Pharmacia Biotech). Unused nucleotides were removed using Bio-Spin 30
columns (BioRad). Membranes were prehybridized at 68°C for 20 min in RapidHyb™
(Amersham Pharmacia Biotech) and then hybridized for 2 h with 2p_|abeled probe.
Membranes were washed once with 2X SSC/0.1% SDS for 20 min at room temperature,
twice with 1.0X SSC/0.1% SDS for 15 min at 65°C, and twice with 0.1X SSC/0.1% SDS for

15 min at 65°C. Membranes were wrapped in Saran wrap and exposed to Kodak XR-5 x-ray

film with an intensifying screen for 3 days at —-80°C.

i 2.6 RNA Analysis
| 2.6.1 RNA Extraction

Total RNA was isolated from cells using TRIzol™ reagent (Invitrogen, Carlsbad, CA,
USA) according to the manufacturers instructions with slight modifications. Briefly, cells were
grown to ~80% confluence, detached by exposure to trypsin, and pelleted in 15 ml conical
tubes by centrifugation at 1,000g for 10 min at 4°C. Pellets were resuspended in 1 ml of ice-
cold PBS and transferred to 1.5 ml Eppendorf tubes and centrifuged as above. Pellets were
washed 2 more times in 1 mi of ice-cold PBS and the final pellet was resuspended in 1 ml
TRIzol™. Samples were incubated at room temperature for 3 min, after which 200 pl of
chloroform was added. The samples were mixed, incubated at room temperature for 2-3 min
and centrifuged at 12,000g for 15 min at 4°C. The top (aqueous) layer was removed to a
new tube. The TRIzol™ (lower) layer was back-extracted with 100 ul of 10 mM Tris-HCI (pH
8.0), and the aqueous (upper) layer was removed and added to the tube containing the
previously extracted aqueous layer. The samples were extracted with phenol-chloroform,
isopropanol precipitated, and the RNA pellet was rinsed twice with 1 ml of ice-cold 75%
ethanol. Pellets were dried at room temperature and resuspended in steriie mQH,O.
Samples were stored at —80°C. RNA concentrations were determined by spectrophotometric

analysis at a wavelength of 260 nm.
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2.6.2 Actinomycin D time course assay

Actinomycin D (Amersham Pharmacia Biotech) was used to determine the half-life of
ERCC1 mRNA. Cells from either GM38 or GM00637A cultures were aliquoted at 1.0-1.5
x 10° cells per 150-mm dish containing supplemented growth medium and incubated for 24 h
prior to treatment with actinomycin D. The next day, the medium was removed and replaced
with 15 ml of supplemented growth medium containing 5 ng/ml actinomycin D. The dishes
were then incubated at 37°C for various times until they were harvested. Harvesting the
treated cells involved removing the drug and washing the cells with warm PBS. The cells
were detached by exposure to trypsin, after which they were transferred to a 50-ml conical
centrifuge tube and centrifuged at 1,000g for 10 min at 4°C. Cell numbers were determined
using the Coulter® Multisizer Il. The cell pellets were washed 3 times with 1 ml of ice-cold
PBS, with the first PBS wash being used to transfer the suspension to a 1.5 ml Eppendorf
tube. All washes were as above. As much of the supernatant was removed as possible and
1 ml of TRIzol™ was added. Each of the samples was mixed by inversion and placed at

—80°C. RNA extraction with TRIzol™ was done as outlined in section 2.6.1.

2.6.3 Northern blot analysis

Samples of total RNA were aliquoted to give 17 pg in a 1.5 ml microcentrifuge tube
and were concentrated by ethanol precipitation to a volume of 7 ul in sterile mQH,O. To
each sample, 23 pl of sample buffer (6% deionized formaldehyde, 50% deionized formamide,
20 mM morpholinopropanesulfonic acid (MOPS)) was added and the samples were
incubated at 65°C for 15 min then cooled on ice. After incubation, 3 ul of loading dye (50%
glycerol, 1 mM EDTA, 0.4% bromophenol blue plus 0.4% xylene cyanol) and 0.5 ul of
ethidium bromide (10 mg/ml) were added to each sample. RNA samples were loaded onto
a 1.4% denaturing agarose-formaldehyde gel in MOPS running buffer (400 mM MOPS,
100 mM sodium acetate, 10 mM EDTA) containing 6% formaldehyde. The RNA gel was run

in MOPS buffer and electrophoresed for 3-5 h at 90 V. After electrophoresis, the gel was
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rinsed in dH,O for 30 min and the RNA was transferred onto a nylon membrane (Hybond-N+,
Amersham Pharmacia Biotech) overnight using the standard procedure outlined in Sambrook
et al. (1989). The following day, the membrane was dried between two pieces of Whatmann
3-MM paper for 1 h at 80°C and stored at —20°C. Equal RNA loading was determined by
visualization of the 18S and 28S ribosomal RNA bands on ethidium bromide stained gels
using a UV light.

The ERCC1 probe was prepared and used as outlined in section 2.5.3. The B-actin
probe was produced using the Rediprime Il DNA labeling system (Amersham Pharmacia
Biotech) and used as outlined in section 2.5.3. RNA bands detected on Northern blots were

quantitated by densitometry as outlined in section 2.4.6.

26.4 RT-PCR

RT-PCR analysis of transfectant (GM00637A + pD3aE1/Pvul) and GMO0637A
mRNA was accomplished using 1 pg total RNA in a reaction with oligo(dT) and Superscript II
reverse transcriptase (Invitrogen) to produce the single strand ¢cDNA, as outlined by the
manufacturer. The single strand cDNA was amplified by using 1 w in a PCR reaction
containing the appropriate primers. For the detection of the antisense-ERCC7T mRNA, the T7
and Sp6 promoter primers (sequences can be found in section 2.5.2) were used. The
amplification reaction involved an initial denaturation at 94°C for 3 min; 30 cycles of
denaturation at 94°C for 1min, annealing at 55°C for 1 min, elongation at 72°C for 1 min; and
a final extension at 72°C for 7 min. The resulting band size for the amplified antisense-
ERCC1 mRNA was 775 bp (a band of 146 bp would be produced if the empty control vector
transcribes mRNA).

The B-actin primer pairs identified by Raff et al. (1997), which avoid the co-
amplification of contaminating genomic DNA, were used for the detection of the human
B-actin mRNA: B-actin 1-1 (5'-CCT CGC CTT TGC CGA TCC-3'} and B-actin 1-2 (5-GGA

TCT TCA TGA GGT AGT CAG TC-3'). The amplification reaction for B-actin involved an
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initial denaturation at 94°C for 5 min; 30 cycles of denaturation at 94°C for 1 min, annealing at
60°C for 1 min, elongation at 72°C for 1 min; and a final extension at 72°C for 7 min. The

resulting band size for the B-actin was 626 bp.
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CHAPTER 3: RESULTS

3.1 Sensitivity of GM00637A, XPF, and XPA cells to phosphoramide mustard

The sensitivity of the GM00637A (normal), XP2YO(SV) (XPF) and XP12T703 (XPA)
human cell lines to PM can be seen in Figure 3-1. The ICq, (inhibiting concentration of drug
resulting in 90% growth arrest) values derived from these survival curves were: GMO0637A,
530 pg/ml; XP2YO(SV) (XPF), 301 ug/ml; and XP12T703 (XPA), 646 ng/ml (Murray et al.
2002). The unexpectedly modest sensitivity of the XP2YO(SV) cells to PM of ~1.75 fold is far
less than the 22-fold sensitivity of the corresponding CHO mutant UV41 (XPF) to PM
(Andersson et al. 1996). The human XP12T703 (XPA) cell line was assessed for its
sensitivity to PM because it is not known if the Xpa protein is required for ISC repair. No
CHO mutants for XPA have been isolated, and the XPA” knockout mice generated by
Nakane et al. (1995) and de Vries et al. (1995) have not been tested for their sensitivity to
crosslinking agents to our knowledge. As seen in Figure 3-1, XP12T703 (XPA) cells have
normai PM sensitivity compared to GM00637A cells. This may imply that the Xpa protein

does not have a significant role in ISC repair.

3.1.1  Ercc1 protein expression in XP2YO(SV) cells

The level of Ercc1 protein in XP2YO(SV) cells, as well as the non-transformed
parental line XP2YO, has been reported by Yagi and colleges (Yagi et al. 1997, 1998a,
1998b) to be very low even though the level of ERCC1 mRNA transcripts had been reported
to be normal (Yagi et al. 1998a, van Duin et al. 1989b). As shown in Figure 3-2, GMQ0637A
cells expressed high levels of Ercc1 protein, whereas XP2YO(SV) cells did not express Ercc1
protein at levels detectable by Western blotting. The undetectable Ercc1 protein level in the
nuclear fraction of XP2YO(SV) cells correlates well with previously published results of Ercc1
protein expression in these cells (Biggerstaff et al. 1993, van Vuuren et al. 1995, Yagi et al.

1997, 1998a, 1998b).
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Figure 3-1.

Phosphorarride Mustard (ug/mL)

Sensitivity of GM00637A (normal @), XP12T703 (XPA A), and XP2YO(SV)

(XPF H) human SV40-transformed fibroblasts exposed to PM for 15 minutes at 37°C,

assessed using the clonogenic survival assay.

The graph is the result of 3 separate

experiments for each cell line.
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Figure 3-2. Western blot analysis of Ercc1 protein expression in nuclear extracts of
GMO00637A and XP2YO(SV) cell lines. Expression of the actin protein was also measured as
a control.

3.2 Antisense-ERCC1 cDNA expression in normal human cells.

Eliminating the expression of a specific NER protein in the human fibroblast cell
background could help to determine its role in a particular repair pathway. With Xpf and
Ercc1, creating a human cell line deficient in either protein would help delineate their
functions not only in NER but aiso in ISC repair. At the time this project was begun, the
human XPF gene had not been cloned and no human cell line deficient in the Ercct protein
was available. However, van Duin et al. (1987) had determined the DNA sequence of the
ERCC1 gene. An antisense-ERCC1 cDNA was used in an attempt to make a “null” ERCC1
mutant in a human background. The full-length ERCC7 cDNA (1098 bp) was modified and
used to produce a 629 bp fragment that contained 70% of the coding region starting in exon
I, where the translation (ATG) start site is located, up to and including part of exon VIl (see
Figures 2-1A, and 2-1B). This modified ERCC? fragment was inserted into the MCS of the
mammalian expression vector pcDNA3 in the reverse orientation (Figure 2-1C). The pcDNA3
vector allows for stable, but random, integration into the human genome, and contains a CMV
(cytomegalovirus) promoter for high expression of the antisense-ERCC17 cDNA insert. The
resulting pD3a.E1 construct was linearized with Pvu | and used to transfect the normal SV40-

transformed human fibroblast cell line GMO0637A. Protic-Sabiljic et al. (1985) had previously
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reported that GMO0637A cells were suitable for gene transfer, resulting in a high frequency of

transfection and plasmid DNA gene expression, whereas primary non-transformed human

cell lines generally gave a low transfection efficiency and did not allow prolonged culture of

transformants. Stable transfectants were selected by growing the cells in G418 (geneticin)-

containing medium. Transfectants were screened for UV-C sensitivity, PM sensitivity, Ercc1

protein expression, presence of the antisense-ERCC7 cDNA within the transfectant genome,

and antisense-ERCC7 mRNA expression.

Nomenclature pertaining to the antisense

transfectants (A) and the transfectant controls (B) are shown in the following examples:

A. 637pD3aE1-22C.1 where: 637
pD3
oE1
22

C
A
B. 637pD3-22B.3B where: 22
B

.3B

transfected cell line GMO0637A
plasmid pcDNA3 used for transfection
antisense-ERCC1 cDNA insert in pD3
220 volts used in electroporation
carrier DNA added to electroporation
subclone number

220 volts used in electroporation
blank, i.e., no antisense-ERCC1 cDNA

subclone number

The transfectant nomenclature throughout will be referred to in an abbreviated form

(in bold above) containing only the reference to the voltage used for electroporation,

presence/absence of carrier DNA, and the subclone number.
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3.3 UV-C and PM growth inhibition assays

3.3.1  UV-C growth inhibition assay of GM00637A transfectant cell lines

If the transfectant cell lines have an impaired NER pathway in relation to the
presence of the antisense-ERCC7 cDNA then an increase in UV-C sensitivity would be
expected. The growth inhibition assays showing the sensitivity of the various GM0O0637A
transfectants to UV-C can be found in Appendix A (see Figures A-1 to A-4).

The control transfectant cells 22B.1A, 22B.3A and 22B.3B had modest UV-C
resistance and 22B.2A had a high UV-C resistance (~1.8 fold), when compared to
GMO00637A cells (see Figure A-1). These results suggest that the vector alone can exert a
significant influence on UV-C sensitivity. This may be the result of the random integration of
the vector into the genome or the transfection and/or selection of the resulting clones.

Transfectant cell lines obtained using the vector plus the antisense-ERCC1 insert
have varying UV-C sensitivities; however, only a few of these exhibited the high UV-C
resistance that was characteristic of the control transfectants (see Appendix A, Figures A-1 to
A-4). The most UV-C resistant transfectant cell line was 25.4 (~1.4 fold; see Appendix A,
Figure A-3). Most of the transfectant cell lines had either modest UV-C resistance or UV-C
sensitivity approaching normal when compared to GM0O0637A cells. Transfectant cell lines
22.3, and 22.11 (see Figures A-1 and A-2) had modest UV-C sensitivity when compared to
GMOO0637A cells, with 22.3 cells being the most UV-C sensitive (~1.2 fold; see Appendix A,

Figure A-1).

3.3.2 PM growth inhibition assay of GM00637A transfectant cell lines
Transfectant cell lines that were sensitive to UV-C, with respect to the presence of

the antisense-ERCC1 cDNA, would also be expected to be sensitive to PM. An initial screen
of all of the transfectant cell lines using a single concentration of 600 ug/mt PM (Figures 3-3
and 3-4) showed that the various GM00637A transfectants exhibited a range of responses

from modest sensitivity to high resistance.
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Figure 3-3. Sensitivity of GM0O0637A transfectant cell lines exposed to PM for 15 minutes at
37°C as measured using the growth inhibition assay. Transfectants were obtained using 220
volts to electroporate GMQ0637A cells without carrier DNA and with carrier DNA (22C.1).
Analysis of each assay was done with the Prism™ 3.0 computer program.
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Figure 3-4. Sensitivity of GM0O0637A transfectant cell lines exposed to PM for 15 minutes at
37°C as measured using the growth inhibition assay. Transfectants were obtained using 250
volts to electroporate GMQO0637A cells without carrier DNA. Analysis of each assay was
done with the Prism™ 3.0 computer program.
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The control transfectant cells appear to vary in sensitivity, with 22B.3A being the
most PM sensitive and the other three (22B.1A, 22B.2A, and 22B.3B) showing no significant
difference when compared to GM00637A cells. This result was somewhat unexpected since
all control transfectant cells were UV-C resistant and might, therefore, have been expected to
be PM resistant.

Transfectant cell lines obtained using the vector plus the antisense-ERCC1 insert
also displayed varying sensitivities to PM. Transfectant cells that exhibit a response to PM
comparable to GMQO0637A in this assay were 22.5, 22.7, 22C.1, 25.6, 25.15, and 25.19.
Transfectant cells that ranged from high to moderate PM resistance were 22.6 > 22,12 ~
25.18 > 25.4 > 22,13 > 25,14 ~ 25.16 ~ 25.21. Transfectant cells that ranged from high to
moderate PM sensitivity were 22.3 > 22,11 > 25,13 > 22.2 > 22.14 > 25.22. Transfectant
celis that showed the highest PM resistance (22.12, 25.18, and 25.4), with the exception of
22.6, were also UV-C resistant.

Those transfectant cell lines determined to be the most sensitive to PM (22.3 and
22.11) were further analyzed in a more extensive PM growth inhibition assay, along with
transfectant cell lines 25.15 and 22B.3B for comparison (Figure 3-5). The sensitivity of 22.3
and 22.11 cells was ~1.50 fold and ~1.36 fold respectively, compared to the GM00637A cell
line (see Figure 3-5). When the PM sensitivities of 22.3 and 22.11 cells were compared to
their UV-C sensitivities, only 22.3 cells showed both the NER (UV-C®) and ISC (PM?®) repair
pathways being inhibited. This may indicate that in this particular cell line, the antisense-
ERCC1 mRNA is indeed affecting the sense-ERCC1 mRNA expression and ultimately Erccl
protein expression. However, for the 22.11 cell line there appears to be a differential
phenotypic effect with high sensitivity to PM but not to UV-C, suggesting that the ISC repair

pathway is inhibited but the NER pathway remains unaffected.
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Figure 3-5. Sensitivity of GM00637A transfectant cell lines (22.3, 22.11, 25.15 and 22B.3B)
exposed to PM for 15 minutes at 37°C as measured using the growth inhibition assay.
Analysis of each assay was done with the Prism™ 3.0 computer program. The graph is the
result of 3 separate experiments for each cell line.
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3.3.3  Scatter plot analysis of UV-C Dy and PM ICg, values

Using the PM data points of Figures 3-3 and 3-4, a linear relationship between
—log(SF) and drug concentration was assumed based on the linear nature of the survival
curve for the GM0O0B37A cell line. This enabled the calculation of a PM ICg, value (and thus
of a dose modifying factor) for each of the GM0O0637A transfectants. The dose modifying
factor for the PM growth inhibition assay was used in conjunction with the determined UV-C
Dgo (dose resulting in 90% growth inhibition) value for each of the transfectant cell lines in
order to generate a scatter plot relating the relative responses of the cell lines to the growth-
inhibitory effects of PM and UV-C (Figure 3-6). When the derived UV-C Dgy and PM ICg
values were plotted using GMO0637A cells as the normal control, the majority of the
transfectant cells were seen to be UV-C resistant but to have a wide range of PM sensitivities
(Figure 3-6A). When the UV-C Dgy and PM ICgy, values were plotted after normalizing to an
average of all the control transfectant cells, the majority of the antisense transfectant cell
lines appear to be UV-C sensitive and more of the transfectant cell lines display apparent PM
resistance (Figure 3-6B). All of the antisense transfectant cell lines except for 25.4 showed
some degree of UV-C sensitization, but only three of the antisense transfectant cell lines

(22.3, 22.11, and 25.13) displayed obvious UV-C and PM sensitivity (Figure 3-6B).

34 Western blotting of whole cell extracts and nuclear extracts

Ercc1 protein levels in each of the GM00637A transfectant cells were measured to
examine whether the antisense-ERCC7 mRNA was affecting the expression of the Ercc1
protein. Whole cell extracts, as well as nuclear extracts, were prepared and Western blotting
was performed using the anti-Ercc1 monoclonal antibody obtained from PharMingen. If the
antisense-ERCC7 mRNA was inhibiting the sense-ERCC7 mRNA, a decrease in the Erccil

protein levels would be expected.
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Figure 3-6. Scatter plot of UV-C Dg, vs. PM ICg, (dose modifying factor) for each transfectant
cell line (A) relative to the transformed parental cell line GM00637A (GM37) and (B) relative
to the average of the GMO0637A transfectant control cells (22B.1A, 22B.2A, 22B.3A, and

22B.3B) - represented by the intersecting lines.
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3.4.1 Ercc1 protein levels in whole cell extracts

The expression of the Ercc1 protein in whole cell extracts was determined in all
GMO00637A transfectant cell lines, as shown in Figure 3-7. Protein bands detected in
Western blots were quantitated by densitometry in order to detect changes in protein levels.
Protein band intensities were normalized to actin within the same experiment and plotted in
Excel (Figures 3-8). The control transfectant cell lines 22B.1A and 22B.3B have an Ercct
protein expression comparable to GM0O0637A cells, whereas the Ercc1 protein expression in
22B.2A and in 22B.3A cells is higher and lower, respectively, when compared to GM00637A
cells. The variation in Ercc1 protein levels apparent in the empty-vector controls was also
evident in the antisense transfectant cell fines.

Transfectant cell lines determined to have a lower Ercc1 protein expression than
GMO0637A cells were 22.2, 22.6, 22.11, 22.12, 22.13, 22.14, 22C.1, 25.14, and 25.21
(Figures 3-8). Transfectant cell lines determined to have a higher expression of the Ercc1
protein than GMO0637A cells were 22.3, 22.5, 22.7, 25.4, 25.6, 25.13, 25.16, 25.18, 25.19,
and 25.22 (Figures 3-8). Only the 25.15 cell line had an Ercc1 protein level similar to
GMO0B37A cells.

It should be noted that Western blotting of whole cell extracts only measures the total
amount of Ercct protein within a cell. Yu et al. (1998) suggested that measurement of the
total amount of Ercc1 protein might be insufficient to obtain a true assessment of the
biologically effective Ercc1 protein. Indeed, Houtsmuller et al. (1999) demonstrated a
predominantly homogenous nuclear distribution of the Ercc1-GFP/Xpf complex in CHO cells
that was equivalent to that seen in the human Hela cell line using an anti-Ercc1 antiserum.
Therefore, detection of Ercc1 protein expression in the nuclear extract may give a more

relevant estimate of the biologically effective Ercc1 protein.
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Figure 3-7. Western blot analysis of Ercc1 protein expression in whole cell extracts from
GMO00637A transfectant cell lines. Expression of p53 and actin proteins were also measured
as controls.
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Figure 3-8. Analysis of Ercc1 and 33 kDa protein band values obtained by densitometry of
Western blots of whole cell lysates from GM00637A transfectant cell lines. Protein band
values were normalized to actin within each experiment. Graphs are the result of 3 separate
experiments for each celi line.
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3.4.2 Ercc1 protein levels in nuclear extracts

The ‘expression of the Ercc1 protein in nuclear extracts was determined in all
GMO0637A transfectant cell lines, as shown in Figure 3-9. Protein bands detected in
Western blots were quantitated by densitometry, and protein band intensities were
normalized to actin within the same experiment and plotted in Excel (Figures 3-10). Control
22B.1A and 22B.2A cells were found to have a higher expression of the Ercc1 protein in the
nucleus compared to GM00637A cells (Figure 3-10), whereas the control 22B.3A and 22B.3B
cells were found to have a lower expression (Figure 3-10). The Ercc1 protein levels
determined for the 22B.2A and 22B.3A cell lines in the nuclear and whole cell extracts were
higher than the GM00637A cell line (see Table 3-1). However, the level of Ercc1 protein
expression determined for the 22B.1A and 22B.3B cell lines in the nuclear extracts were
higher and lower, respectively, than those determined in the whole cell extracts (see Table

3-1).

Table 3-1. Comparison of the relative UV-C and PM sensitivities of the control transfectant
cell lines with the Ercc1 protein expression levels (in both nuclear and whole cell extracts)
relative to the parental GM00637A cell line as detected by Western blotting and quantitated

by densitometry.
Transfectant Cell uv-C PM Ercc1 Protein Band Intensity
Line Sensitivity Sensitivity Whole cell extract | Nuclear extract
22B.1A MR N N H
22B.2A HR N H H
22B.3A MR MS L L
22B.3B MR N N L

The above table reflects a comparison of control transfectant cell lines to the parental
GMO00637A cell line. MR — modest resistance; HR — high resistance; N — approximately
normal; MS — moderate sensitivity; H — high; L — low.
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Figure 3-9. Western blot analysis of Ercc1 protein expression in nuclear extracts from
GMO00637A transfectant cell lines. Expression of p53 and actin were done as controls.
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Figure 3-10. Analysis of Ercc1 and 33 kDa protein band values obtained by densitometry of
Western blots of nuclear extracts from GMO00637A transfectant cell lines. Protein band
values were normalized to actin within each experiment. Graphs are the result of 3 separate
experiments for each cell line.
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The difference detected in expression levels between the nuclear and whole cell lysates of
the 22B.1A and 22B.3B control cell lines, relative to the parental GM00637A cell line, could
reflect differences in the amount of biologically important Ercc1 protein, as noted by Yu et al.
(1998).

GMO00637A cells transfected with the antisense-ERCC? cDNA determined to have a
higher level of Ercc1 protein in the nuclear extract than the parental GMO0637A cells were
22.7, 22.12, 22.13, 22C.1, 25.13, 25.15, and 25.19 (Figure 3-10). Transfectant cell lines
determined to have a lower level of Ercc1 protein expression compared to GM00637A cells
were 22.2, 22.3, 22.5, 22.6, 22.11, 22.14, 25.4, 25.6, 25.14, and 25.18 (Figures 3-10). The
transfectant cell line 25.16 was found to have an Erccl protein level comparable to

GMOO0637A cells.

3.4.3 Scatter plot analysis of Ercc1 protein expression levels relative to UV-C Dy, and
PM ICq, values

If the Ercc1 protein expression was being modulated through the activity of the
antisense-ERCCT mRNA, a decrease in Erccl protein levels would be expected in
transfectant cell lines to result in a corresponding increase in UV-C sensitivity and possibly an
increase in PM sensitivity. Scatter plots were used to analyze the relationship of the UV-C
Dgo and PM ICq values, determined in section 3.3.3, to the Ercc1 protein expression levels of
the GMQ0637A transfectant cell lines (see Figures 3-11 and 3-12).

Analysis of the control transfectant cell lines revealed a possible correlation between
the Ercc1 protein expression level (in both the nuclear and whole cell extracts) and UV-C
resistance in the 22B.2A cell line (see Table 3-1 and Figure 3-11). The increase in the Ercc1
protein levels in nuclear or whole cell extracts of 22B.2A cells, however, was not associated
with a significant alteration in PM sensitivity relative to the norm represented by GM00637A
cells (see Table 3-1 and Figure 3-12). The 22B.3A control cells also appear to show a

correlation between low Ercc1 protein expression (in the nuclear and whole cell extracts) and
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o doee.

(normalized to actin with in each experiment) from (A) nuclear extracts vs. the UV-C Dgyg, and
(B) whole cell extracts vs. the UV-C Dg, for each cell line.
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a modest PM sensitivity, although these cells display moderate UV-C resistance (see Table
3-1 and Figures 3-11 and 3-12). The Ercc1 protein expression level in the nuclear and whole
cell extracts of the other two contro! transfectant cell lines, however, does not appear to
correlate with their respective UV-C and PM sensitivities (see Table 3-1 and Figures 3-11 and
3-12).

The UV-C sensitivity of transfectant cell lines 22.3 and 22.11 appears to correlate
with low Ercc1 protein levels in nuclear extracts, however, this correlation did not extend to
the whole cell extract (see Figure 3-11). A general lack of correlation between the Ercc1
protein levels, in both the nuclear and whole cell lysates, and UV-C sensitivity for the rest of
the antisense transfectant cell lines can be seen in Figure 3-11. The same situation can be
seen when the Ercc1 protein levels for the antisense transfectant cell lines are compared to
PM sensitivity (see Figure 3-12). There appears to be a correlation between low Ercct
protein expression levels in the nuclear extracts and high PM sensitivity for the transfectant
cell lines 22.3 and 22.11, but no such correlation could be ascertained with whole cell
extracts. Again, no general correlation was apparent between PM sensitivity and Ercc

protein expression levels for the rest of the transfectant cell lines (see Figure 3-12).

3.4.4 Expression of the Ercc1-related 33 kDa protein

An unusual feature seen when using the Ercc1 monoclonal antibody from
PharMingen was the appearance of a second, smaller, protein band at ~33 kDa (see Figures
3-7 and 3-9). Other researchers have also detected a smaller protein band when assessing
Ercc1 protein expression. The smaller protein band was believed to be either an alternatively
spliced variant or a degradation product of the Ercc1 protein (van Duin et al. 1986, Belt et al.
1991, Bramson and Panasci 1993, Yu et al. 1998, Goukassian et al. 2002). The possibility
that the 33 kDa protein is an alternatively spliced variant of the Ercc1 protein could have an

impact on the full-length, biologically active, Ercc1 protein expression, as suggested by Yu et
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al. (1998). Thus, the expression of the 33 kDa protein in GMO00637A cells and the

transfectant cells was also examined.

The expression of the 33 kDa protein in Western blots of the whole cell extracts
(Figure 3-7) and nuclear extracts (Figure 3-9) was quantitated by densitometry and
normalized to actin within each experiment (see Figures 3-8 and 3-10). If the 33 kDa protein
is an alternatively spliced variant of the Ercc1 protein that can inhibit DNA repair, as
suggested by Yu et al. (1998), then some type of correlation between protein expression and
UV-C or PM sensitivity might be expected. However, examination of the 33 kDa protein
levels in the whole cell extracts, as well as the nuclear extracts, gave no apparent correlation
with the UV-C or PM sensitivities determined in section 3.3 (see Appendix A, Figures A-5 to
A-10).

If the 33 kDa protein is a degradation product of Ercc1, then the 33 kDa protein band
detected in whole cell extracts (Figure 3-7) and nuclear extracts (Figure 3-9), may indicate a
problem with the protein isolation procedure. This possibility is emphasized by the observed
variation in the 33 kDa protein levels within a single transfectant cell line. An example would
be the 25.18 cell line, where the whole cell lysate gives a definite 33 kDa band (Figure 3-7)
but in the nuclear extract the 33 kDa protein band was barely detectable (Figure 3-9). It is
unlikely that the Ercc1 protein is being degraded by proteases because stringent steps were
taken to limit protein degradation by the addition of protease inhibitors. Sequencing of the
33 kDa protein would be required to determine whether it is either a related protein or a
degradation fragment of the Ercc1 protein. If the 33 kDa protein was translated from an
alternatively spliced variant of the ERCC1 mRNA, the possibility of it acting as an inhibitor or
regulator of DNA repair, as hypothesized by Yu et al. (1998), was not apparent from this

study.
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3.45 Expression of the p53 and actin proteins

The level of p53 protein in a normal non-transformed fibroblast cell line has been
determined to be very low and, although the distribution of p53 can vary throughout the cell
cycle, it is localized for the most part in the cytoplasm in the absence of genotoxic stress
(Deppert and Haug 1986, Hess and Brandner 1997, Ozbun and Butel 1997, May and May
1999, Jiang et al. 2001). Transformation of a normal fibroblast cell line with SV40 results in
an overall increase in the steady-state levels of the p53 protein due to the SV40 large T
antigen binding to and sequestering the p53 protein within the nucleus (Deppert and Haug
1986, Hess and Brandner 1997, Ali and DeCaprio 2001).

As a loading control for Ercc1 immunoblotting, each blot was probed for p53 and
actin proteins. Examination of whole cell extracts and nuclear extracts of GMOO637A
transfectant and the parental GMO0637A cells, seen in Figures 3-7 and 3-9 reveals a very
high level of p53 protein expression, which is as expected for an SV40-transformed cell line.
The p53 protein expression was determined in the GM00637A transfectant cell lines as a
positive control to confirm a high level of expression that would be expected to be similar
between each cell line.

Actin was used as an internal loading control for all protein analyses. The level of
actin protein in both the whole cell extracts and the nuclear extracts of ali GM00637A
transfectant cells, as well as the parental GM00637 cell line (see Figures 3-7 and 3-9)

appears to be similar between each cell line.

3.5 Cyclohexamide time course assay
The inability to effect a decrease in Ercc1 protein levels with a corresponding

increase in either UV-C/PM sensitivity in the GM00637A transfectant cells could be the result
of a high degree of Ercc1 protein stability. In some CHO ERCC17 mutant cell lines and the

XPF cell line XP2YO(SV), low levels of Ercc1 protein expression that result in residual NER
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may be sufficient for normal ISC repair (van Vuuren et al. 1993, Brookman et al. 1996,
Sijbers et al. 1996a, Yagi et al. 1997, 1998a, 1998b, Matsumura et al. 1998, Zhang et al.
2000, Gaillard and Wood 2001). If the Ercc1 protein is highly stable then this could directly
influence NER and ISC repair. Such an increase in Ercc1 protein stability may be related to
the SV40-transformation of the parental GM00637A cell line. Fanning and Knippers (1992)
noted that transformation of a cell line with SV40 could affect a number of cellular proteins.
To determine if the Ercct protein stability has been affected by SV40-transformation, the
Ercc1 protein half-life was measured in both the SV40-transformed GM00637A and non-
transformed GM38 human fibroblast cell lines using cyclohexamide. Cyclohexamide inhibits
protein synthesis by binding the 60S subunit of the ribosome, thereby blocking the
translocation step of translation (Kendrew and Lawrence 1994). The use of cyclohexamide to
determine the rate of protein turnover has been found to give similar results to ¥S-methionine

labeled proteins measured within a 4 h time course (Pan and Haines 1999).

3.5.1 (GM38time course : 048 h

The cyclohexamide time course assay using GM38 cells to determine the Ercci
protein half-life is shown in Figure 3-13A. Nuclear extracts were analyzed for Ercc1, Xpf, p53
and actin protein expression by Western blotting. The protein band intensities were
quantified by densitometry, normalized to actin, and then normalized to the initial band value
(Figure 3-13B). As seen in Figure 3-13B, the Ercct protein expression significantly
decreases to less than half its initial value by 2 h and there is little change at 4 h.

The 33 kDa protein detected in this assay does not appear to change appreciably,
although it must be stressed that this is only a single experiment (see Figure 3-13).

The Xpf protein was also assessed for its half-life in GM38 cells. In Figure 3-13B, the
Xpf protein expression can be seen to decrease to less than half of the initial value at 4 h.

The p53 protein was analyzed as a positive control because the protein half-life has

been well documented (Reich et al. 1983, Caelles et al. 1994, Maki and Howley 1997, Ozbun
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Figure 3-13. Cyclohexamide time course assay with GM38 nuclear extracts from 0-48 h.
(A) Expression of Ercc1 and Xpf proteins detected by Western blotting. Expression of p53
and actin proteins were done as controls. (B) Analysis of protein band values for Ercc1,
33 kDa, Xpf, and p53. Time points were normalized to the zero time point after normalization
to the actin protein within each sample. Only time points up to 4 h were plotted.
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and Butel 1997). The half-life of the p53 protein has been determined to be 20—40 min in a

normal non-transformed cell line (Ozbun and Butel 1997). As expected, p53 protein
expression was seen to decrease to less than half the initial value at 2 h (the earliest time
point studied) in GM38 cells (Figure 3-13B). This would also indicate that the concentration
of 20 pg/ml cyclohexamide used for the time course assay was sufficient to allow
measurement of protein half-life. A cyclohexamide concentration as low as 10 pg/ml has
been previously shown to give ~95% inhibition of protein synthesis within 30 min as
measured by **S-methionine incorporation into total cellular protein (Caelles et al. 1994).

A dramatic increase in protein levels was observed at 24 h and 48 h for all proteins
except the 33 kDa protein, which appeared to decrease at 48 h (Figure 3-13A). The increase
in specific protein levels at the later time points is probably an artifact of loading the gels on
the basis of protein concentration, which will generate artifacts due to both enrichment and
saturation. This experimental protocol should lead to the enrichment of proteins that are
degraded slowly. Saturation would occur when proteins are no longer degraded because the
proteases themselves may have a limited half-life or are limited in activity due to lack of
cofactors. Thus an equilibrium would be achieved between the proteins being degraded and

the proteases that degrade them.

3.5.2 GMO0OO0O637A time course: 0-6 h

Since the Ercct1 protein half-life appeared to be between 0-2 h for GM38 cells
(Figure 3-13B), the Ercc1 protein half-life within GMO0637A cells was determined using a
cyclohexamide time course assay over a period of 0-6 h (Figure 3-14A). Whole cell extracts
were analyzed for Ercc1, Xpf, p53, and actin protein expression by Western blotting. Protein
band intensities were quantified by densitometry, normalized to actin and then normalized to
the initial band value (Figure 3-14B). The Ercc1 protein level drops slightly at 0.5 h, a level

that remains relatively unchanged at 6 h (see Figure 3-14B).
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Figure 3-14. Cyclohexamide time course assay with GM00637A whole cell extracts from

0-6 h. (A) Expression of Ercc1 and Xpf proteins detected by Western blotting. Expression of
p53 and actin proteins were done as controls. (B) Analysis of protein band values for Ercc1,
Xpf, and p53. Time points were normalized to the zero time point after normalization to the
actin protein within each sample. The graph represents 3 separate experiments.
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The lack of a significant decrease to half the initial value for the Ercc1 protein in
GMO00637A cells in this assay would suggest an increase in the Ercc1 protein stability when
compared to GM38 cells where the Ercc1 half-life is <2 h (see Figure 3-13B). Therefore, it
would seem that SV40-transformation of GM0O0837A cells might impact the stability of the
Ercc1 protein.

Analysis of Xpf protein expression in the whole cell extracts of GMO0637A cells (see
Figure 3-14B) reveals an increase at 1 h and then a decrease to less than half the zero time
point at 4 h. The half-life of the Xpf protein in GM00637A cells (2-4 h) is very similar to the
half-life (2-4 h) observed in the GM38 cell line (see Figure 3-13B). The consistent finding for
the Xpf protein between the non-transformed GM38 cell line and the SV40-transformed
GMO00637A cell line would imply that the Xpf protein stability is unaffected by transformation
with SV40 regardless of the increase seen in the Ercc1 protein stability.

Several researchers have observed that transformation of a cell line with SV40 can
result in an increased stability of the p53 protein, resulting in a half-life that can exceed 22 h
(Reich et al. 1983, Caelles et al. 1994, Hess and Brandner 1997). The p53 protein
expression in the whole cell extracts as seen in Figure 3-14B, remained relatively unchanged
over the 6 h time frame compared to the GM38 cell line (t1,=<2 h), which is as expected for

an SV40-transformed cell line.

3.6 Genomic DNA - PCR

Stable expression of the pD3 vector or pD3aE1 construct within the GM00637A
transfectant cell lines would be expected to result in transfectants that retain the G418
resistance gene of the pD3 vector given that the isolation of the cell lines was achieved using
G418 selection medium. However, it cannot be automatically assumed that the rest of the
pD3 vector or the antisense-ERCC7 cDNA insert within the MCS of pD3 were also integrated
into the genome of a particular transfectant cell line. In order to determine if the antisense-

ERCC1 cDNA insert was integrated into the genome of a transfectant cell line, PCR was
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performed on genomic DNA. The PCR reaction involved the use of the T7 and Sp6 promoter
primers that bind to the respective sequences that flank the MCS of the pD3 vector (see
Figure 2-1C). PCR products were separated on agarose gels and the antisense-ERCC1
cDNA insert was detected as a 775 bp band (Figure 3-15). The MCS, without the antisense-
ERCC1 cDNA, of the pD3 vector (control) would be detected as a 146 bp band in the control
PCR of pD3/Pvu | (Figure 3-15); however, no band at 146 bp was detected within the control
transfectant cell lines (22B.1A, 22B.2A, 22B.3A, and 22B.3B). This would suggest that the
control transfectant cell lines have a stable integration of only the G418 resistance gene
based on their ability to grow in G418 medium.

All transfectant cell lines containing the pD3a.E1 construct show the presence of the
775 bp band (see Figure 3-15). Detection of the 775 bp band verifies that the antisense-
ERCC1 cDNA insert within the MCS, the T7 and Sp6 promoters that flank the MCS, and the
G418 resistance gene of the pD3aE1 construct were integrated into the genome of the
GMO0637A cell line. These results do not, however, allow for the determination of the
orientation of integration, location of integration, the number of copies of the vector that may

have been integrated, or the level of antisense-ERCC7 mRNA transcription.

37 Southern blotting

Verification by PCR that the antisense-ERCC7 cDNA insert is present within the
genomic DNA of the transfectant cell lines, other than the control transfectant cell lines,
confirms that at least one copy of the antisense-ERCC7 cDNA insert is present within their
genome. The genomic DNA of each transfectant was analyzed by Southern blotting to
determine the number of copies of the pD3aE1 construct that may have integrated (Figure
3-16). Since the vector randomly integrates, the number of copies that integrate within the
genome can greatly affect the transfectant cell line depending on the integration site(s).

The genomic DNA from each of the transfectant cell lines was isolated and restricted

with Bam HI. The Bam HI restriction enzyme resuits in a single cut within the MCS of the
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Figure 3-15. PCR amplification of antisense-ERCC7 c¢DNA using genomic DNA from
GMO00637A transfectant cell lines. The T7 and Sp6 promoter primers were used in the PCR
reaction and the aERCC7 cDNA insert was detected as a 775 bp band. Controls were the
GMO0637A cell line, pD3aE1/P construct and pD3/P vector. MWM — 100 bp molecular
weight ladder (Amersham Pharmacia Biotech). Abbreviations are P — Pvu | and oERCCT —
antisense-ERCC1 cDNA.
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Figure 3-16. Southern blot analysis for antisense-ERCC1 cDNA in genomic DNA restricted
with Bam HI for GMO0637A transfectant cell lines. Bands detected using an antisense-
ERCC1 probe made by random priming with the T7 promoter primer. MWM — 1 kb Plus DNA
ladder (Life Technologies, Rockville, Maryland, USA). Arrow indicates the location of the >10
kb band.
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pD3 vector on the 3’ end of the antisense-ERCC7 cDNA insert (see Figure 2-1C). The

restricted genomic DNA was run on an agarose gel, transferred to a Hybond-N+ nylon
membrane, and blotted with a T7 probe generated by single strand synthesis with 2p using
ERCC1 cDNA. As seen in Figure 3-16, a single band at >10 kb can be seen for GM0O0637A
cells, indicating the presence of the endogenous ERCC1 gene. The transfectant cell lines
22C.1 and 25.14, however, show only the >10 kb band which corresponds to the
endogenous ERCC1 gene. In these cases, the antisense-ERCC7 cDNA is likely co-migrating
with the endogenous ERCC17 gene considering that PCR with genomic DNA in Figure 3-15
showed a band for the antisense-ERCC1? cDNA insert in both of these cell lines as well.
Therefore, based on these results, the cell lines 22C.1 and 25.14 may be considered to have
at least one copy of the antisense-ERCC7? cDNA insert. All other transfectant cell lines can
be seen to have the >10 kb band as well as other smaller bands, which suggests the
presence of more than one integrated copy of the vector construct in addition to any at >10
kb. Itis possible that the pD3aE1 construct has integrated as a tandem repeat, and when cut
with Bam HI this would be equivalent to ~6.0 kb. As seen in Figure 3-16, both the 25.21 and
25.6 cell lines have a band that corresponds to ~6.0 kb, which may indicate >1 copy of the
pD3aE1 construct integrated into the GM0O0637A genome in this way. DNA bands smaller
than ~6.0 kb may indicate partial integration of the pD3aE1 construct and could include the
G418 resistance gene (based on selection with G418) and the antisense-ERCC1 cDNA
insert, the size of which would be between 3-5 kb. Unfortunately, use of a single restriction
enzyme only enables detection of the antisense-ERCC7 cDNA in conjunction with the
genomic DNA it is associated with. Therefore, the >10 kb band detected in all transfectants
could represent >1 copy of the antisense-ERCC7 cDNA but without the use of a second
restriction enzyme (that does not cut within the antisense-ERCC7 cDNA) it is difficult to
determine an actual number of integrated copies. The Southern blot in this case also does
not allow for the determination of the vector integration sites within the GM00637A genome;

or whether the vector has integrated with the CMV promoter intact, or in which direction the
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vector has integrated into the genome. A possible method to determine the location of the
integrated vector within a particular transfectant cell line would be the use of FISH

(fluorescence in situ hybridization).

3.8 RT-PCR of antisense-ERCC7 mRNA

RT-PCR was performed to determine if the antisense-ERCC7 cDNA within each of
the transfectant cell lines was expressed as mRNA. Total RNA was used in the reverse
transcription reaction to produce single stranded DNA. The resulting single stranded DNA
was in turn used in a PCR reaction with the T7 and Sp6 promoter primers that bind to the
respective sequences that flank the MCS of the pD3 vector (see Figure 2-1C). The products
of the PCR reaction were separated on an agarose gel, an example of which can be seen in
Figure 3-17. All transfectant antisense and control cell lines can be seen in Figure 3-18. The
antisense-ERCC171 mRNA was detected as a 775 bp band and the B-actin mRNA control was
detected as a 626 bp band. As expected, GM00637A and the empty vector control cell lines
do not generate the 775 bp band, although the control transfectant cell line 22B.3B does
show a band of ~100 bp which may indicate expression of the pD3 MCS. RT-PCR confirms
the presence of the antisense-ERCC7 mRNA expression in all of the transfectant cell lines as
seen by the presence of the 775 bp band (see Figure 3-18). The exception is the 25.13 cell
line in which the 775 bp band is absent; however, the lack of a 775 bp band in this case does
not appear to be due to a lack of mRNA (in general) since the B-actin control resulted in a

definite 626 bp band.

3.9 Actinomycin D time course assay

At the time the cyclohexamide time course assay was performed, it was unknown if
the stability of either the ERCCT mRNA or Ercc1 protein had been altered in the SV40-
transformed GMO0O0637A cell line. As with protein stability, the stability of certain mRNA

transcripts in SV40-transformed cells can also be affected (Fanning and Knippers 1992).
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Figure 3-17. Example of a 0.8% agarose gel with RT-PCR reactions of total RNA from
transfectant cell lines using the T7 and Sp6 promoter primers for detection of the antisense-
ERCC1 mRNA. Area of interest is the bottom third of the gel (). MWM — 100 bp molecular
weight l[adder (Amersham Pharmacia Biotech).
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Figure 3-18. RT-PCR reactions for antisense-ERCC1 mRNA in GM00637A transfectant cell
lines using the T7 and Sp6 promoter primers. Antisense-ERCC7 mRNA was detected as a
775 bp band. RT-PCR of total RNA for B-actin mRNA expression was done as a control.
MWM — 100 bp molecular weight ladder (Amersham Pharmacia Biotech).
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Fanning and Knippers (1992) noted that the SV40 large T antigen has an associated RNA

helicase activity that may somehow be involved in translational regulation by resolving
double-stranded regions in certain mMRNA species. Reich et al. (1983) demonstrated in
SV40-transformed mouse cells that high levels of p53 protein expression was due to high p53
mRNA expression that resulted from the regulation of the rate of either mRNA transcription or
turnover. Thus, it became relevant to determine the stability of the ERCCT mRNA in the
SV40-transformed GM00637A cell line in conjunction with the cyclohexamide time course
assay.

The ERCC1 mRNA half-life was determined in non-transformed (GM38) and SV40-
transformed (GM00637A) human fibroblast cell lines using actinomycin D in a time course
assay. Actinomycin D inhibits transcription by forming a non-covalent complex with DNA by
intercalation, thereby preventing the movement of the DNA-dependent RNA polymerase
along the template by steric hindrance (Kendrew and Lawrence 1994). A concentration of
5 ug/ml actinomycin D has previously been shown to result in a 94% inhibition of RNA
transcription (Chrzanowska-Lightowlers et al. 1994). In each of the time course assays total
RNA was extracted, run on a denaturing gel, and transferred to a Hybond-N+ membrane.
The ERCC1 mRNA bands were detected using an ERCC7-specific ¢cDNA probe, and
quantified by densitometry. The band intensities were normalized to B-actin mRNA within

each time point then normalized to the initial band value, and graphed in Excel.

3.9.1 GM38 time course of ERCC1 mRNA levels (0-24 h)

The Northern blot for the GM38 time course assay from 0-24 h can be seen in Figure
3-19A. The quantified ERCC7 mRNA band intensities for the GM38 cell line, seen in Figure
3-20A, show the ERCC1 mRNA decreases to less than half of the initial intensity at 2.0 h.
There is a continual decrease in ERCC1 mRNA expression to ~10% of the initial value at 4 h
and to a barely detectable level at 24 h (Figures 3-19A and 3-20A). This was a somewhat

unexpected result since Li et al. (1998) had previously reported the ERCC7 mRNA half-life in
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Figure 3-19. Northern blot analysis for ERCCT mRNA from actinomycin D time course
assays with GM38 (A) and GMQ0637A (B) cells from 0-24 h. Expression of B-actin mRNA
was measured as a control.
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Figure 3-20. Analysis of ERCC1 mRNA levels for actinomycin D time course assays with
GM38 (A) and GM00637A (B) cell lines from 0-24 hours. Time points were normalized to the
zero time point after normalization to the B-actin mRNA within each sample. Each graph
represents one experiment.
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human ovarian carcinoma cells to be much longer, on the order of 15 h.

3.9.2 GMO00637A time course of ERCC7 mRNA levels (0-24 h)

If cell transformation is an important determinant of ERCC7 mRNA stability, then it is
plausible that the SV40-transformed GM00637A cells could have ERCCT mRNA with an
increased stability. Figure 3-19B shows a Northern blot for the actinomycin D time course
assay over 0-24 h for GMO0637A cells. When the band intensities were quantified by
densitometry and graphed (Figure 3-20B), the ERCC1 mRNA shows a large increase at 0.5 h
with a gradual decrease at 1.5 h, after which levels remain relatively unchanged until a
dramatic decrease at 24 h. The initial increase in the ERCC1 (1.1 kb) transcript could be the
result of post-transcriptional modification of larger ERCC1 transcripts (3.8 and 3.4 Kb) that
are known to exist in transformed (HelLa) and normal cells (van Duin et al. 1986). The
increased half-life seen with the ERCC1 mRNA from the GM00637A cells was as expected,
and seems to indicate that the SV40-transformation of this cell line may indeed have a major

effect on ERCC71 mRNA stability when compared to the GM38 cell line.

3.9.3 GMO0O0637A Time Course of ERCC1 mRNA Levels (0-12 h)

To further define the ERCC1 mRNA half-life in the GM00637A cell line, a 0-12 h time
course assay was performed (Figure 3-21). The ERCC1 and B-actin mRNA bands detected
in Northern biots (Figure 3-21) were quantitated by densitometry and the band intensities
were graphed separately as seen in Figure 3-22. The B-actin mRNA was originally detected
as a control against which the ERCC7 mRNA could be normalized, however, as seen in
Figures 3-21 and 3-22B, there is an obvious decrease in the level of B-actin mMRNA over the
12 h time period. The B-actin mRNA expression becomes approximately half the initial value
at 8 h. Comparison of the B-actin mRNA half-life with other published values is not
particularly informative since there is the complication of dependence on cell type and

intracellular concentrations of polymerized vs. heteromeric proteins (Chrzanowska-
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ERCC11.1kb ---

B-Actin ---

Figure 3-21. Northern blot for ERCCT mRNA from an actinomycin D time course assay with
GMOO0637A cells from 0-12 h. Expression of ERCCT mRNA was detected by Northern
blotting. Expression of p-actin mRNA was done as a control.

Lightowlers et al. 1994).

The level of ERCCT mRNA expression can be seen in Figure 3-22A to decrease to
less than half the initial value at 8h and remains unchanged at 12 h. From the data obtained,
the apparent ERCC7 mRNA half-life in GM00637A cells is between 6 h and 8 h, indicating
that the ERCCT mRNA is very stable when compared to this mRNA in GM38 cells (t;,= 1.5-
2.0 h). The increase in ERCC71 mRNA stability seen in the GM0O0637A cell line in this study,
and the ERCC71 mRNA half-life (t/» = 15 h) reported by Li et al. (1998), would imply that the
transformation state of a cell can have a major impact on ERCC1 mRNA stability, and
possibly on Ercc1 protein levels. When comparing the GM0O0637A and GM38 cell lines, it is
important to remember that they are not isogenic. That is, the GM00637A cell line is not the
SV40-transformed product of the GM38 cell line. In order to determine the impact of SV40-

transformation on ERCC7 mRNA stability it would be prudent to use related cell lines, i.e., a
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Figure 3-22. Analysis of ERCC7 mRNA (A) and B-actin mRNA (B) levels for an actinomycin
D time course assay with GM00637A cells from 0-12 h. Time points were normalized to the
zero time point and represent one experiment.
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normal non-transformed cell line such as GM38 and its SV40-transformed counterpart.

It should also be noted that the use of actinomycin D has been reported to stabilize
mRNA and, as a result, the mRNA half-life can be almost double the actual mRNA half-life
(Johnson et al. 1991). Therefore, to obtain a more accurate determination of the ERCC1
mRNA half-life within transformed vs. non-transformed cell lines, [3H]uridine may be a better
choice since it has been demonstrated to give no apparent effect on mRNA stability and it

can be used to measure very long-lived transcripts (Johnson et al. 1991).
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CHAPTER 4: DISCUSSION

41 Sensitivity of human xeroderma pigmentosum cell lines to phosphoramide
mustard

In the present study the sensitivity of human NER-deficient cell lines XPF
(XP2YO(SV)) and XPA (XP12T703) to PM-induced DNA lesions was determined in order to
assess the possible role of the Xpf and Xpa proteins in ISC repair. The comparatively normal
sensitivity of the XPA cell line to PM would suggest that the Xpa protein is not required for
recognition or processing of PM-induced ISCs. Mimaki et al. (1996) observed that unless an
XPA cell line is homozygous for a mutation that ultimately does not generate the full
length/wild type Xpa protein, a truncated protein could still have some DNA-binding activity
and possibly DNA repair function. This is emphasized by the recent findings of Muotri et al.
(2002), who found that even low Xpa protein expression was sufficient for total
complementation of cellular UV sensitivity and DNA repair activity in human XPA cells.
Initially, XP cells were grouped by the extent of their defect in NER when exposed to UV, with
XPA cells being the most defective (Freidberg et al. 1995). The human XP12T703 cells were
derived from a patient with the classical XPA phenotype that is typified by severe skin
symptoms and neurological abnormalities (Satokata et al. 1992). Molecular characterization
has determined that the XP12T703 cells are homozygous for a mutation in exon 5 (which
encodes the DNA-binding domain) of the XPA gene that alters the Arg207 codon to a
nonsense codon (R207stop) (Satokata et al. 1992, States et al. 1998). This mutation results
in decreased or undetectable levels of XPA mRNA and undetectable Xpa protein, effectively
making this cell line a human XPA null mutant (Tanaka et al. 1990, Satokata et al. 1992,
Kobayashi et al. 1998, Mellon et al. 2002). Thus, the lack of sensitivity of these cells to PM
observed in this study would indeed suggest that the Xpa protein is not required in the major
repair pathway of PM-induced DNA damage. Based on previous findings that XP12T703

cells are sensitive to MMC, this observation would suggest a fundamental difference in the
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mechanism of repair of MMC-induced DNA crosslinks compared to PM-induced DNA
crosslinks (O’Driscoll et al. 1999).

Although NER has been determined to play a minor role in ISC repair in human cells,
the major pathway for ISC repair is considered to be HR (Chaney and Sancar 1996, Wang et
al. 2001, Dronkert and Kanaar 2001). HR is thought to require some activity of the Ercc1 and
Xpf proteins, based on the severe sensitivity demonstrated by CHO mutants within these
complementation groups (CG1 and CG4, respectively) to the ISC-inducing agent MMC
(Busch et al. 1980, Thompson et al. 1980, 1982, Hoy et al. 1985). However, when the
human XPF (XP2YO(SV)) cell line was analyzed for its response to PM, only moderate
sensitivity (~1.75 fold) was observed. The discrepancy in PM sensitivity seen between the
human XP2YO(SV) and rodent UV41 cell lines may be related to the differing backgrounds of
these cell lines, as discussed below.

The human XPF cell line was isolated from an individual who displayed the clinical
phenotype of XP, with subsequent classification into CG4 by somatic cell hybridization.
Molecular characterization of XP2YO cells, the parental cell line to XP2YO(SV) cells,
revealed that both of the XPF alleles had point mutations in the proposed Ercc1 protein-
binding domain (Matsumura et al.1998). These mutations not only interrupt the binding of
Xpf to Ercc1 but also result in Xpf protein instability, leading ultimately to its degradation
(Matsumura et al.1998). Although XP2YO(SV) cells have mutations that do not result in
detectable Xpf protein when examined by Western blotting, even though XPF mRNA
expression is normal, the Xpf protein could still be produced below levels detectable by
Western blotting, resulting in the mild sensitivity to PM (Yagi et al. 1998a, van Duin et al.
1989b). This is supported by the observation that XP2YO(SV) cells retain a very low ability to
perform NER and this may be sufficient to cope with a low steady-state of DNA-damage
(Weeda et al. 1997). A byproduct of the loss of the Xpf protein is the instability induced upon

its binding partner, the Ercc1 protein; thus, Western blotting reveals little evidence of this
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protein as well (Biggerstaff et al. 1993, van Vuuren et al. 1993, Sijbers et al. 1996a, 1998,

Yagi et al. 1997, 1998a, 1998b).

The CHO UV41 (XPF) cell line, in contrast, is the result of extreme in vitro
mutagenesis of the wild-type AA8 cell line followed by the selection of individual mutant cells
based on UV sensitivity (Thompson et al. 1982). These cells are only required to survive as
discrete cells, rather than as part of a complex organism. The use of chemical mutagens for
conventional mutagenesis produces CHO mutants with some heterophenotypes with respect
to NER deficiency or cytotoxic and mutational responses (Rolig et al. 1998). This was
emphasized by the isolation of an XPF CHO CG4 mutant (UV140) that, in marked contrast
to UV41, exhibited only moderate UV sensitivity and a very mild sensitivity to the cross-linking
agent MMC (Busch et al. 1997). Although CHO UV140 cells differ from human XP2YO(SV)
cells in their response to UV and MMC (Busch et al. 1997), cell-free assays for NER and
CRS (cross-link induced-repair synthesis) activity have shown these two cell lines to be
similar (Zhang et al. 2000). Severe CHO mutant cell lines that have been isolated within the
same complementation group (CG4) have been shown to exhibit similar phenotypes to each
other when treated with UV or the ISC-inducing agents cisplatin or MMC (Hoy et al. 1985,
Friedberg et al. 1995, Andersson et al. 1996). The CHO UV41 (XPF") and UV20 (ERCCT")
cell lines, which are in CGs 4 and 1, respectively, have also been shown to have similar
phenotypes with respect to their extreme UV and MMC sensitivity (Busch et al. 1980,
Thompson et al. 1980, 1982, Hoy et al. 1985). This similarity in phenotype would be
expected considering that the Xpf and Ercc1 proteins associate to give a dimeric
endonuclease and that the absence of either protein results in instability in the binding
partner (Biggerstaff et al. 1993, van Vuuren et al. 1993, Sijbers et al. 1996a, 1998, Yagi et al.
1997, 1998a, 1998b).

The role of both the Ercc1 and Xpf proteins in HR would suggest that a complete
deficiency in either protein might be developmentally lethal, especially as embryonic lethality

is seen with other HR proteins, such as Rad51 (McWhir et al. 1993). However, ERCC1
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knockout mice can develop to term although they display severe growth retardation and a
limited life span (McWhir et al. 1993, Weeda et al. 1997). The XP2YO(SV) cell line has been
determined to be relatively defective in NER, but proficient in the CRS assay, indicating that
the essential recombination pathway remains intact (Zhang et al. 2000). However, unlike the
XP2YO(SV) cell line, the CHO UV41 cell line is deficient in both the NER and CRS assays
(Zhang et al. 2000). This would indicate that the UV41 cells are deficient in the HR pathway
and further that, because knockout mice for HR proteins are embryonic lethal, a combination
of an NER and HR deficiency is not likely to be achieved in a knockout mouse. Thus the
extreme CHO mutants represent a severe HR deficiency that would not be seen in a system
requiring embryonic development. This would suggest that in human cells an effective
method that results in the elimination of either ERCC1? or XPF gene expression from both
alleles is required in order to determine their role in ISC repair. Alternatively, there may be a
fundamental difference between human and rodent cells in this regard, that lead to a premise

that formed the initial rational for undertaking this study.

4.2 Transfection of the human fibroblast cell line GM00637A with antisense-ERCC1
cDNA

At present, no human disease has been associated with an ERCC1 deficiency; thus,
no human cell line has been isolated where the Ercc1 protein is deficient in association with a
genetic mutation. In an attempt to generate an ERCC1 deficient human cell line, antisense-
ERCC1 cDNA was inserted into a plasmid vector. The resulting vector construct (pD3aE1)
was used to transfect the SV40-transformed human fibroblast cell line GMOO0G37A.
Subsequent sub-cloning of G418 resistant colonies resulted in the recovery of a number of
transfectants. These transfectants were analyzed for UV-C sensitivity to determine if they
displayed the expected NER-deficient phenotype that would indicate whether the Ercci1

protein is being affected.
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Many of the empty vector control transfectants displayed an inherently UV-C resistant
phenotype, suggesting that the vector alone or possibly the integration sites(s) of the plasmid
vector were somehow influencing the response to UV-C injury. The majority of the antisense
transfectant cell lines (with the antisense-ERCC7 cDNA stably integrated within their
genome) also had an UV-C resistant phenotype when compared to the parental GMO0637A
cell line. Only two of the antisense transfectant cell lines were even moderately UV-C
sensitive — 22.3 and 22.11. The determination of PM sensitivity indicated primarily a
moderate PM sensitivity for all control transfectants. However, transfectants with the
antisense-ERCC1 cDNA displayed a wide range of PM sensitivity, with the 22.3 and 22.11
cell lines being the most sensitive to PM. When the antisense transfectant cell lines were
compared to an average of the transfectant control cell lines, there is a predominant UV-C
sensitivity, with the majority of the antisense transfectant cell lines also displaying resistance
to PM.

Analysis of Ercc1 protein levels in the antisense transfectant cell lines, however, did
not reveal a correlation between this parameter and UV-C/PM sensitivity. The lack of
consistency within the controls, and ultimately the transfectants with the antisense-ERCC1
cDNA, suggests that the impact of the random integration of the plasmid vector will confound
the interpretation of the observed results.

The detection of a second protein band with the anti-Ercc1 monoclonal antibody at
~33 kDa hinted at the possibility of a regulatory spliced variant of the Ercc1 protein, as noted
by other researchers (van Duin et al. 1986, Belt et al. 1991, Bramson and Panasci 1993, Yu
et al. 1998, Goukassian et al. 2002). However, no correlation between the 33 kDa protein
levels detected by Western blotting and UV-C/PM sensitivity could be determined. The
possibility that the 33 kDa protein was a degradation product could not be discounted based
on the observed data, and further examination of this protein would be required to resolve

this question.
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Each transfectant cell line was examined to determine if the antisense-ERCC7 cDNA
had integrated into the genomic DNA. PCR revealed a 775 bp band corresponding to the
antisense-ERCC17 cDNA in all transfectants (except the controls, as expected). An attempt to
determine the number of integrated copies of the antisense-ERCC7 cDNA was also done for
each of the transfectant cell lines however, determination of an exact number was limited by
the use of only one restriction enzyme. The result was Southern blots that could only confirm
the presence of one or more copies of the antisense-ERCC7 cDNA integrating into the
genome of the transfectant celis. An exact number of integrated copies would require the
use of a second restriction enzyme or an alternative technique such as FISH. A relationship
between the number of integrated copies of the antisense-ERCC? cDNA and PM/UV-C
sensitivity for each of the transfectant cell lines, therefore, could not be determined.

In order to determine if the antisense-ERCC7 cDNA was expressed as mRNA in
each of the transfectant cell lines, RT-PCR was performed. Analysis of each of the
transfectant cell lines revealed that all had the 775 bp band, except for sub-clone 25.13 (and
the transfectant control cell lines, as expected). However, since the RT-PCR assay only
detects the presence of the antisense-ERCC1 mRNA and is not quantitative, a comparison of
the antisense-ERCC1 mRNA expression to the UV-C/PM sensitivity of each transfectant cell
line also could not be determined.

The highly variable results in Ercc1 protein expression observed among the
transfectant cell lines would point to secondary effects that may be directly attributed to the
random integration of the vector construct or the transfection and/or selection of the resulting

clones.

4.3 Determination of the Ercc1 protein and ERCCT mRNA half-lives in GM38 and
GMO00637A cells
The lack of UV-C/PM sensitivity in the transfectant cell lines led to the hypothesis that

the SV40-transformed normal human fibroblast cell line GM00637A (GM54 being the parental
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cell line to GM00637A) may have an altered Ercc1 protein or even ERCC1 mRNA expression

related to the SV40-transformation itself. SV40-transformation of a cell line is known to have
a range of effects on a cell, such as p53 sequestration within the nucleus (Deppert and Haug
1986, Fanning and Knippers 1992, Hess and Brandner 1997, Ali and DeCaprio 2001). New
roles for the SV40 large T antigen are being discovered, and not all of its functions are
known.

The Ercc1 protein half-life was determined within the GM38 and GMO00637A cell lines
to be <2 h and >6 h, respectively, using a cyclohexamide time course assay. The increase in
the Ercc1 protein half-life noted in the GMO0637A cells compared to the GM38 cells would
suggest that the SV40-transformation event does indeed have some influence on Erccl
protein stability. The Ercc1 protein half-life in primary human fibroblasts has been previously
reported to be < 1 h (van Vuuren et al. 1993, Sijbers et al. 1996a). However, the half-life
observed in those studies was determined by microinjection of excess purified human Ercc1
protein into the nucleus and, as previously noted, the Ercc1 protein is unstable in the
absence of the Xpf protein (van Duin et al. 1988, Sijbers et al. 1996a, de Laat et al. 1998).
The increased stability of the Ercc1 protein in GM00637A cells would suggest that this cell
line would not be ideal for down-regulation of the Ercc1 protein expression via antisense-
ERCC1 cDNA.

In parallel to the cyclohexamide time course assay, the ERCC71 mRNA half-life was
determined using actinomycin D in both GM38 and GMO00637A cells. An interesting
observation was an increase in the ERCC7T mRNA half-life in GMO0637A celis (6-8 h)
compared GM38 cell line (1.5-2 h). Thus, the ERCCT mRNA is also more stable in the
SV40-transformed GMO0637A cell line. The similarity between the ERCC71 mRNA half-life of
15 h determined by Li et al. (1998) in human ovarian carcinoma cells and that of the
GMO00637A cells in this study, when compared to the GM38 cell line, would indicate that

cellular transformation, whether as a cancer cell or viral infection, can somehow lead to
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increased stability of the ERCCT mRNA. On reflection, a better choice would have been the
use of a primary cell line such as GM38 in which to modulate the Ercc1 protein expression.
The determination of the Ercc1 protein and ERCCT mRNA half-life values in the
GM38 and GM00637A cell lines was not the initial impetus of this study, but rather evolved
from trying to understand the ineffectiveness of the antisense-ERCC7 cDNA in these cells.
The results from these experiments, however, would imply that transformation of a cell line
could have a dramatic impact on the level of the Ercc1l protein and ERCC? mRNA
expression. In turn, this could have important implications with regards to the use of
transformed cells in determining the role of the Ercc1 protein (or even the Xpf protein) in

human ISC repair.

4.4 Determination of Xpf and p53 protein half-lives in GM38 and GM00637A cell
lines

Assessment of the Xpf protein haif-life as being between 2-4 hours, using
cyclohexamide, in both the GM38 and GMO0O0637A cell lines indicated that Xpf protein
stability, unlike Ercc1, appears to be unaffected by SV40-transformation. This is an
interesting finding considering that both the Xpf and Ercc1 proteins have been determined to
be unstable in each others’ absence (Biggerstaff et al. 1993, van Vuuren et al. 1993, Sijbers
et al. 1996a, 1998, Yagi et al. 1997, 1998a, 1998b). Because of their functional association,
it might be expected that the degradation of these proteins might have similar kinetics.
However, an ~2 fold difference was observed between the Xpf and Ercc1 protein half-lives,
which may be the result of differences in domains responsible for protein destabilization and

the location of such domains (Tsurumi et al. 1995). Thus, the Xpf protein in the absence of
the Ercc1 protein may have a domain(s) that confer some minor stability before being
degraded.

The p53 protein was used as a control when Western biots were used to identify the

presence of the Ercc1 protein in each of the transfectants. The level of p53 protein
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expression is known to be relatively high in SV40-transformed cell lines due to the SV40
large T antigen binding to and sequestering the p53 in the nucleus, as noted previously in
section 4.3 (Deppert and Haug 1986, Hess and Brandner 1997, Ali and DeCaprio 2001). In
all of the GMO0637A transfectant cell lines, as well as in the GM00637A cell line itself, the
p53 protein was expressed at very high levels, as expected. The p53 protein was also used
as a control in the cyclohexamide time course assay because its half-life has been
determined previously in both normal (non-transformed) and transformed cell lines (Reich et
al. 1983, Caelles et al. 1994, Maki and Howley 1997, Ozbun and Butel 1997). As expected,
the half-life of the p53 protein was found to be {ess than 2 h (the shortest time point studied)
in GM38 cells. The increased stability of the p53 protein brought about by the SV40-
transformation of the GM0O0637A cells was manifested by a half-life that exceeded 6 h, also

as expected.

4.5 Antisense-ERCC17 mRNA effects in other studies

Although the antisense-ERCC7 mRNA approach used in this study did not appear to
greatly affect the sense-ERCC7 mRNA or Erccl protein expression in the majority of
transfectants, two other studies using antisense-ERCC7 mRNA were able to isolate sub-
clones displaying a significant decrease in sense-ERCC7T mRNA and Erccl protein
expression (Yang et al. 2000, Selvakumaran et al. 2003). These studies were able to show a
correlation between an -increase in cisplatin sensitivity and a decrease in ERCC1
mRNA/Ercc1 protein expression {(Yang et al. 2000, Selvakumaran et al. 2003). However,
these authors used cancer cell lines, either human colon or ovarian carcinoma cells, whereas
in this study non-cancerous cell lines were used. There are several possible reasons for the
differences in results. First, it is possible that the level of the Ercct protein could have a
greater impact on cisplatin sensitivity as opposed to PM sensitivity. Second, down-regulation
of the ERCC1 mRNA and Ercc1 protein observed by Yang et al. (2000) and Selvakumaran et

al. (2003) may influence the chemotherapeutic response of malignant cells but not of non-
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malignant cells. Another possibility is that changes in proteins that influence Ercct
expression/activity may be associated with the transformation of a normal cell into a cancer
cell. In particular, signal transduction pathways that regulate the expression of select
proteins upon exposure to genotoxic stress could have an influence on the expression of
ERCC1 mRNA or the Ercc1 protein. Likely candidates for regulatihng ERCC7 mRNA
expression, for example, are the oncogenes c¢c-FOS and c-JUN that together form the
transcription factor AP-1 (Friedberg et al. 1995). The identification of an AP-1-like site in the
promoter region of the ERCC1 gene makes it a likely target for transcriptional modulation by
AP-1 as observed by Li et al. (1998). The lack of consistency in correlating Ercc1 protein
expression with drug sensitivity in the existing literature would favor the theory that
transcriptional/translational modulation of the ERCC1 gene may be a byproduct of another
de-regulated pathway. However, the ERCC7 mRNA for instance could be used as a
surrogate indicator for chemotherapeutic response, as seen in many human ovarian cancers
where ERCC1 mRNA expression has been correlated with cisplatin sensitivity.

The results reported in this thesis demonstrate that modulation of the ERCC1 mRNA
and Ercc1 protein was not achieved in the human GM00637A fibroblast cell line transfected
with antisense-ERCC7 ¢DNA and thus, no extreme sensitivity to either UV-C or PM was
observed. The unexpected effect of integrated vector alone on UV-C sensitivity would
suggest the integration site may be important and may affect other systems. To avoid this
problem a stabie episomal vector (i.e. pCEP4) transfected into a primary cell line might be
more effective in avoiding potential problems with integration. However, from the results
obtained in this study, and the previously published reports with XP2YO(SV), the likelihood of
decreasing the expression of the Ercc1 protein to the point where there is a significant effect
on ISC repair may not be achieved with the present methods available given that very little
Ercc1-Xpf appears to be required for ISC repair.

The findings with the non-cancerous cell line GM38, in conjunction with those

reported by others for cancer cells (Yang et al. 2000, Selvakumaran et al. 2003), warrant
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further studies to determine, under the same experimental conditions, whether down-
regulation of the Ercct protein can selectively sensitize cancer cells to a particular
chemotherapeutic agent. These studies would enable the identification of chemotherapeutic
strategies that are more effective on certain types of cancer cells to chemotherapeutic

agents.
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CHAPTER 6: APPENDIX A

UV/PM Growth Inhibition Assays and Comparisons to Ercc1 Protein Expression for

GM00637A Transfectants
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Figure A-1.

using the growth inhibition assay.
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Figure A-2. Sensitivity of GM00637A transfectant cell lines exposed to UV-C as measured
using the growth inhibition assay.
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Figure A-3. Sensitivity of GM0O0637A transfectant cell lines exposed to UV-C as measured
using the growth inhibition assay.
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Figure A-4. Sensitivity of GM00637A transfectant cell lines exposed to UV-C as measured
using the growth inhibition assay.
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Figure A-5. Ercc1 and 33 kDa protein expression in whole cell extracts of GM0O0637A
transfectant cell lines with respect to their UV-C sensitivity. M* — moderate sensitivity, N —
normal, and H' — high resistance, M’ — moderate resistance.
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Figure A-6. Ercc1 and 33 kDa protein expression in nuclear extracts of GMOO0G637A
transfectant cell lines with respect to their UV-C sensitivity. M® — moderate sensitivity, N —
normal, M' — moderate resistance, and H' — high resistance.
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Figure A-7. Ercc1 protein expression in (A) whole cell extracts and (B) nuclear extracts of
GMOO0637A transfectant cell lines with respect to their UV-C sensitivity. M® — moderate
sensitivity, N — normal, M" — moderate resistance, and H' - high resistance.
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Figure A-8. Erccl and 33 kDa protein expression in whole cell extracts of GMO0637A
transfectant cell lines with respect to their PM sensitivity. H°® — high sensitivity, M°® — moderate
sensitivity, N — normal, H" — high resistance, and M' — moderate resistance.
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Figure A-9. Ercc1 and 33 kDa protein expression in nuclear extracts of GM00637A
transfectant cell lines with respect to their PM sensitivity. H® ~ high sensitivity, M® — moderate
sensitivity, N — normal, H' — high resistance, and M' — moderate resistance.
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Figure A-10. Ercc1 protein expression in (A) whole cell extracts and (B) nuclear extracts of
GMO0637A transfectant cell lines with respect to their PM sensitivity. H® — high sensitivity, M°
— moderate sensitivity, N — normal, M — moderate resistance, and H' — high resistance.
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