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Abstract

Rheumatoid arthritis (RA) is an autoimmune disease characterized by
chronic inflammation of the synovial joints. Infiltrating and resident cells
participate in a sustained inflammatory response within the joint and release
multiple mediators of inflammation, among them species with mitogenic and
mutagenic potential. The frequency with which somatic mutations occur in cells
within the inflamed joint is elevated. For example, the mutation frequency (MF)
of a gene used as a marker of genetic damage, the hypoxanthine
phosphoribosyltransferase (hprf) gene, was shown to be elevated in peripheral T
cells from RA patients and was increased further in T cells from the synovial
tissue of these patients. In addition, synoviocytes from RA patients have been
reported to have a high frequency of p53 mutations. Therefore, we postulate
that a mutagenic environment exists within the inflamed joint.

There is evidence that nitric oxide (NO), a reactive free radical produced
in large quantities by resident synoviocytes, chondrocytes and infiltrating
macrophages, is elevated in the synovial fluid and serum of RA patients. NO
and its related nitrogen species have been shown to induce DNA damage in the
form of small mutational events such as deaminations, leading to base-pair
changes. However, observations within our lab suggest that NO may be capable
of causing mutations of significant size, including large-scale deletion (LSD)
mutations. We define LSD mutations as events that cause the loss of several

hundred to several thousand DNA base-pairs. These mutations are therefore
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detectable by PCR. Since NO has been shown to cause DNA damage and
since genetic changes also occur in the inflamed joints, we hypothesize that NO
may participate in the genotoxic environment of RA joints.

To determine if LSD mutations contribute to the increase in T cell hprt MF
observed earlier, hprt mutant (hprt =) T cells were isolated from RA patients and
screened by multiplex-PCR (MP-PCR) for deletion of hprt exons. Fifty-four hprt -
T cell clones were isolated from 16 RA patients and 5 (9.3%) clones had
substantial deletions. Although the ends of the LSD mutations were not mapped
precisely, these mutations included 2 clones missing hprt exons 2, 3 and 7/8, 1
clone missing hprt exons 2 and 3, 1 clone lacking hprt exon 2 and another
missing hprt exon 3. From 6 patients with osteoarthritis (OA), a non-autoimmune
joint disease of a less inflammatory nature than RA, 19 hprt - T cell clones were
isolated and screened by MP-PCR. One clone lacked hprt exon 2; no mutations
were detectable by MP-PCR in the remaining 18 clones.

To determine if NO is capable of inducing LSD mutations such as those
found in RA and OA T cells, two human B lymphoblastoid cell lines (TK6 and
WIL2-NS) were exposed to NO-donating drugs and the resulting hprt ~ clones
were examined for hprt LSD mutations by MP-PCR. Both cell lines were shown
to weakly metabolize two NO-donating drugs, nitroglycerin (NG) and sodium
nitroprusside (SNP). Although the hprt MF of TK6 cells was elevated in cultures
treated with NG or SNP, results were inconsistent, likely due to the tendency of
this cell line to readily undergo apoptosis. Furthermore, in spontaneously arising
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hprt ~ TK6 clones, a high background rate of large-scale hprt deletions (80%)
was observed by MP-PCR. Therefore, experiments were repeated using WIL2-
NS cells. This cell line was derived from the same patient as TK6 cells, but
expresses mutant p53 protein and is less prone to apoptosis. Hprt mutations
could be induced in WIL2-NS cells by treatment with NG and SNP, an effect that
could be reduced by exhausting these drugs of NO prior to treatment. Few
spontaneously arising hprt = WIL2-NS clones (11.8%) had LSD mutations. In
hprt - WIL2-NS clones isolated after treatment with NG or SNP, a significant
increase in both the number and size of hprt deletion mutations was observed.
These deletions ranged from 1.6 Kb, found also in spontaneous hprt = WIL2-NS
clones, to larger than 1.2 Mb.

In summary, LSD mutations were observed in RA peripheral T cells and,
to a lesser extent, in OA peripheral T cells. The frequency of these mutations,
however, was similar to the frequency of large hprt mutations reported to occur in
T cells from normal individuals. Although LSD mutations did not predominate in
hprt ~ T cell clones from this small number of patients, in vitro evidence suggests
that NO is capable of inducing such mutations. Deletion mutations of > 826 Kb
and > 1.2 Mb were present in WIL2-NS cells treated with NG or SNP,
respectively, indicating that NO is capable of causing genetic damage that far
exceeds previously reported NO-induced mutations. Since DNA damage may
contribute to RA pathology, this study provides additional evidence that inhibition

of NO may have therapeutic benefits in this disease. This study also provides
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additional information about the genotoxic potential of NO which may help

explain the link that exists between inflammation, genetic damage and increased

cancer risk.
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Chapter 1: General introduction
1.1 Rheumatoid arthritis

Rheumatoid arthritis (RA) is an autoimmune disegse characterized by
chronic inflammation of the synovial joints and synovial hyperplasia. Following
initiating events that remain unclear, inflammatory cells including T and B
lymphocytes, monocytes and neutrophils migrate to the synovium and synovial
fluid of the affected joints. Here they participate in a sustained inflammatory
response, causing tissue injury. Infiltrating and resident cells contribute to the
local increase of inflammatory products such as IL-1, TNF-a and reactive oxygen
and nitrogen species. Since the etiology of RA remains unclear, understanding
the role of inflammatory products in RA pathology may lead to more targeted

therapies with fewer toxic side effects than current treatments.

1.2 Nitric oxide

Nitric oxide (NO) is a reactive free radical produced by many cells present
within the inflamed joints of RA patients, including resident synoviocytes,
chondrocytes and infiltrating macrophages (Mcinnes et al. 1996). NO reacts
quickly with species of oxygen to form other reactive nitrogen compounds. It
should be noted that reference to NO also includes the related nitrogen species
derived therefrom. NO is very short-lived and is therefore detected by indirect
methods. For example, the presence of NO is often detected by assaying for a

more stable product, such as nitrite. Nitrite levels have been found to be

1



elevated in the synovial fluid and serum of patients with RA as measured by the
presence of nitrite, and correlate with disease activity (Ueki et al. 1996).
Inducible nitric oxide synthase (iINOS) is one of three enzyme isoforms
responsible for the production of NO and is capable of producing large amounts
(Hmolar) of NO. iINOS is expressed by several cell types within the inflamed
joints of RA patients but is not detected in the joints of normal individuals
(Sakurai et al. 1995; St Clair et al. 1996). Inhibition of INOS ameliorates disease
in many animal models of RA (McCartney-Francis et al. 1993: Connor et al.
1995; Miesel et al. 1996). Methotrexate and dexamethasone, drugs used in the
treatment of RA, have been found to have beneficial effects due in part to their

ability to inhibit INOS (Radomski et al. 1990; Murrell et al. 1996).

1.3 Nitric oxide and rheumatoid arthritis

NO contributes to RA pathogenesis in several ways: by inhibiting
chondrocyte collagen and proteoglycan production (Amin and Abramson, 1998:
Clancy et al. 1998), by enhancing vascular permeability and prostaglandin
formation within the synovium, and by altering bone remodeliing. NO has also
been found to cause genetic damage in a variety of bacterial and mammalian
cell types in vitro. These NO-induced mutations include DNA deaminations
(Wink et al. 1991; Routledge et al. 1993) and single-strand breaks (Nguyen et al.
1992). Observations in our laboratory suggest that NO may be capable of
inducing more substantial DNA damage, including large-scale deletion (LSD)
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mutations, in a murine tumour cell line. For the purposes of this study, LSD
mutations are defined as events that cause the loss of several hundred to
several thousand DNA base-pairs (bp) and are therefore detectable by PCR.
Small mutational events generally result from a localized alteration of the DNA
that, when repaired, causes a mutation of one or several bases. In contrast,
LSD mutations likely result from two genetic “hits” that cause DNA double-strand
breaks at sites separated by a significant length of genomic sequence. Ligation
of these breaks then results in a LSD mutation. However, the ability of NO to
cause LSD mutations in vitro or in vivo has not been addressed to date.

A recent study from our lab has shown that mutations can be detected in
T lymphocytes from patients with RA (Cannons et al. 1998). The mutation
frequency (MF) of a marker gene, the hypoxanthine phosphoribosyltransferase
(hprt) gene, commonly used as a marker of somatic mutations in vivo, was
significantly increased in RA peripheral T cells compared to age and sex
matched controls. The hprt MF of synovial T cells from the same patients was
10-fold higher than that of peripheral T cells, suggesting that a mutagenic
environment exists within the inflamed joints of RA patients. The hprt MF of T
cells from patients with osteoarthritis (OA), a joint disease of a less inflammatory
nature than RA, fell in an intermediate range between the hprt MF of T cells from
controls and RA patients. The nature of the mutagenic events giving rise to the
increase in hprt MF in RA and OA T cells was not examined in this earlier study.

The subject of this thesis was to determine the extent that LSD mutations
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may be responsible for the observed increase in the hprt MF of RA and OA T
cells. T cells mutated at the hprt locus (hprt =) were isolated from the peripheral
blood of RA and OA patients, and hprt = T cell clones were screened by
multiplex-PCR (MP-PCR) for LSD mutations that included one or more hprt
exons. To determine if NO is capable of producing LSD mutations, two human B
lymphoblastoid cell lines, TK6 and WIL2-NS, were exposed to the NO-donating
drugs nitroglycerin (NG) and sodium nitroprusside (SNP) in vitro. The ability of
these drugs to cause mutations was assessed by measuring the hprt MF of TK6
and WIL2-NS cells following drug treatment. TK6 and WIL2-NS hprt - clones

that arose spontaneously or after drug treatment were then screened for hprt

LSD mutations by MP-PCR.

1.4 Hypothesis

In RA, cells present within the inflamed joints are exposed to a mitogenic
and mutagenic inflammatory environment, where they sustain genetic damage.
Genotoxic species, such as NO and reactive oxygen and nitrogen species, are
responsible for DNA damage and may produce a distinctive pattern of mutations
at the genomic level, including large-scale deletions. If NO is responsible for the
genetic damage believed to occur within the inflamed joints, then cells exposed

to NO-donating drugs in vitro will develop mutations similar to those found in RA

T cells.



1.5 Objectives
a) To determine if LSD mutations occur in T cells from RA patients by isolating T
cells mutated at the hprt locus (hprt =) from the peripheral blood of these

individuals, and by screening hprt = T cell clones by MP-PCR for large deletions.

b) To determine if NO is capable of producing LSD mutations in vitro by exposing
two human B lymphoblastoid cell lines to NO-donating drugs and analysing the

resulting hprt - clones for deletion mutations by MP-PCR.

1.6 Significance

The present study is novel in that it represents the first attempt to
determine whether or not LSD mutations occur preferrentially within the inflamed
joints of RA patients. Genetic damage may contribute to RA pathology and
therefore a better understanding of the mutations that occur in the RA joint may
be of value. Synoviocytes from RA patients have been found to express high
levels of mutated p53 protein (Firestein et al. 1997; Aupperle et al. 1998). p53is
a tumour suppressor gene that, when dysfunctional, may promote synovial
hyperplasia, which is a hallmark of RA. Mutational events that affect oncogenes
could be partially responsible for the link that exists between RA and certain
cancers of the hematopoieitic system (Laakso et al. 1986; Cibere et al. 1997). A
better understanding of the genotoxic potential of NO and its role in RA

pathology may lead to therapies that target this molecule to reduce inflammation
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and prevent the outcome of DNA damage. This study is also the first to
determine if NO is capable of causing genetic damage other than small
mutational events, information that may contribute to our current understanding

of the link between inflammation, genetic damage and increased cancer risk.



Chapter 2: Hprt deletion mutations in T lymphocytes from patients with
arthritis

2.1 Introduction

2.1.1 Rheumatoid arthritis

Rheumatoid arthritis (RA) is an often debilitating autoimmune disease that
affects approximately 1% of the world’s population (Maini and Zvaifler, 1994).
This disease is characterized by chronic inflammation of the synovial joints that
leads to the loss of joint structure and function. Although the events that cause
the initiation of RA are not clear, there is a link between the development of
disease and an HLA-DR allele, suggesting that MHC-Class Il restricted T cells
may be involved. Depletion of T cells by means of anti-CD4 antibodies is of
limited therapeutic benefit in RA since T cells within the inflamed joints remain
relatively unaffected by treatment (Jendro et al. 1995). For example, treatment
of RA patients with monoclonal antibodies against the CD4 molecule has
resulted in depletion of naive peripheral CD4* T cells, while primed, IFN-y-
producing T cell numbers remain constant (Rep et al. 1997). Therefore, cells
thought to participate in the autoimmune response of RA were least affected by
anti-CD4 antibody treatment.

The progression of RA, however, is better characterized. Following
initiation, inflammatory cells such as T lymphocytes, B lymphocytes, mast cells,
macrophages and neutrophils are found in the synovium and synovial fluid (SF)
of the affected joints. The synoviocytes that make up the synovial membrane

7



become hyperplasic and phenotypically resemble transformed cells
(Muller-Ladner et al. 1995). The synovial membrane increases in thickness from
1-3 cell layers in normal individuals to greater than 10 cell layers in RA patients.
Metalloproteinases are produced by chondrocytes, leading to degradation of the
protective cartilage, and eventually the underlying bone. Inflammatory products
such as IL-1, TNF-a and reactive oxygen and nitrogen species are produced by
infiltrating and resident cells, causing pain, swelling, tissue damage and further
recruitment of inflammatory cells. The cycle of inflammation continues until the
synovial cartilage is destroyed. ldentifying key players in the perpetuation of RA
may lead to new therapies that more effectively reduce inflammation while

limiting toxic side effects.

2.1.2 Nitric oxide

Nitric oxide (NO) is a short-lived free radical produced in large quantities
by many cell types found within the inflamed joints of RA patients. NO is formed
from L-arginine and oxygen by the nitric oxide synthase (NOS) family of
enzymes (Figure 2-1). Immunohistochemical staining reveals that the inducible
form of NOS (INOS) protein is expressed by several cell types within the RA
synovium. These include the synovial lining cells, endothelial cells,
chondrocytes and infiltrating mononuclear cells (Sakurai et al. 1995). Synovium
from patients with osteoarthritis (OA), a non-autoimmune joint disease of a less
inflammatory nature than RA, also expresses iNOS, although to a lesser extent

8



Figure 2-1. The conversion of L-arginine to L-citrulline and nitric oxide by
nitric oxide synthase.
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than RA synovium. Normal synovium shows no sign of iNOS expression
(Grabowski et al. 1997). In many animal models of RA, the inhibition of iNOS
can prevent the onset of RA-like disease or reduce symptoms of established
disease (McCartney-Francis et al. 1993; Connor et al. 1995: Miesel et al. 1996;
Tanaka et al. 1998). The beneficial effects of methotrexate and dexamethasone,
drugs commonly used to treat RA, may be due to their ability to inhibit INOS
(Radomski et al. 1990; Murrell et al. 1996). In addition to expressing iINOS
protein, synovial tissue samples from RA patients spontaneously produce large
quantities of NO in culture. NO reacts rapidly with oxygen species to form more
stable compounds such as nitrite. Nitrite concentrations have been shown to be
elevated in RA patient serum and SF compared to controls, and correlate with
periods of acute disease activity (Ueki et al. 1996). Lower nitrite levels are found
in the serum and SF of OA patients. Therefore, evidence suggests that high

levels of NO are formed within the joints of patients with RA.

2.1.3 Nitric oxide and rheumatoid arthritis

NO may contribute to RA pathogenesis in several ways. NO reacts
quickly with oxygen species also present within the inflamed joint to form other
reactive nitrogen compounds (Figure 2-2). For example, NO reacts rapidly with
superoxide (O, ") to form peroxynitrite (OONO ) that can have a half-life of

several minutes. Peroxynitrite causes the nitrosylation of protein residues such
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Figure 2-2. A schematic of interactions between NO and other reactiv
oxygen species.
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as tyrosine. 3-nitrotyrosine levels are elevated in the serum and SF of RA
patients, suggesting that NO plays a role in the oxidative damage seen in the
inflamed jbint (Kaur and Halliwell, 1994). In animal experiments, NO causes
increases in enzymes that degrade the protective cartilage matrix of the synovial
joint, while NO inhibits the formation of new cartilage (Amin and Abramson,
1998; Clancy et al. 1998). For example, incubation of bovine chondrocytes with
donors of NO was shown to increase the expression of collagenase mRNA while
the addition of an inhibitor of NOS attenuated the IL-1-mediated increase in
collagenase expression (Lo et al. 1998). It has been suggested that NO may act
as an intracellular messenger in response to extracellular stimuli, transducing
signals to the cell nucleus to increase gene expression. NO has been shown to
increase matrix metalloproteinase (MMP-2 and MMP-9) production in rabbit
articular chondrocytes while decreasing collagen and proteoglycan formation
(Tamura et al. 1996). In human neutrophils, MMP-8 activity is enhanced by
incubation with peroxynitrite (Okamoto et al. 1997). NO also promotes vascular
permeability (St.Clair, 1998), mediates the formation of other pro-inflammatory
molecules such as prostaglandins (de Mello et al. 1997) and may contribute to

bone resorption (Hukkanen et al. 1995; Ralston and Grabowski, 1996).

2.1.4 Nitric oxide and genetic damage

In addition to contributing directly to the symptoms of RA, NO is capable



of causing genetic damage that may contribute further to RA pathology. In vitro,
NO has been shown to cause DNA deaminations that lead to C to T transition
mutations (Wink et al. 1991; Routledge et al. 1993), and to induce DNA strand
breaks (Nguyen et al. 1992). The ability of NO to produce mutations that exceed
base-pair changes has not been addressed in the literature to date. Data also
suggests that NO may be responsible for genetic damage in vivo; DNA single-
strand breaks are found to be elevated in mononuclear cells (MNCs) from RA
patients but not in MNCs from healthy individuals (Bhusate et al. 1992). Our
laboratory has also demonstrated that genetic damage occurs in T lymphocytes
isolated from RA patients (Cannons et al. 1998). The frequency with which a
marker gene, the hypoxanthine phosphoribosyltransferase (hprt) gene, was
mutated was found to be elevated in peripheral T cells from RA patients but not
in the peripheral T cells of age and sex-matched controls. In addition, the hprt
mutation frequency (MF) of T cells from the synovial tissue of the same RA
patients was 10 times higher than that of peripheral T cells, suggesting that a
genotoxic environment exists within the inflamed joints. The hprt MF of
peripheral and synovial T cells from patients with OA was intermediate between
controls and RA. The nature of the mutagenic events giving rise to the
increased hprt MF of RA or OA T cells was not examined.

The genetic damage that occurs within the inflamed joint can affect cell
types other than lymphocytes and may contribute directly to RA pathology. For
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example, high levels of mutant p53 protein are expressed by synoviocytes from
RA patients but not in normal synoviocytes (Firestein et al. 1997). p53is a
tumour suppressor gene that when dysfunctional, may permit the destructive
synovial hyperplasia that is characteristic of RA (Aupperle et al. 1998). Many of
the p53 mutations identified in synoviocytes from RA patients have also been
identified in human cancers. Mutation of oncogenes other than p53 by products
of inflammation may partially explain the correlation that exists between RA and
cancers of the hematopoietic system (Laakso et al. 1986: Cibere et al. 1997). A
better understanding of the genotoxic potential of NO and its role in RA
pathology may lead to therapies that target this molecule to reduce inflammation
and prevent the outcome of DNA damage.

Although NO has not previously been shown to cause genomic mutations
of significant size, indirect evidence from our lab suggests that NO may be
capable of causing large-scale deletion (LSD) mutations that result in the loss of
several hundred to several thousand DNA base-pairs. For example, mouse
tumour cells exposed to NO-donating drugs both in vitro and in vivo, occasionally
produced clones with mutations at the hprt locus that were slow growing.
Although these mutations have not been fully characterized at the DNA level, the
possibility remains that the slow-growing phenotype of these clones was due to
large clastogenic events affecting genes neighbouring the hprt locus. In
addition, the MFs induced by clastogenic agents known to cause LSD mutations,
and by NO-donating drugs, were similar at isocytotoxic doses in this mouse cell
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line.

2.1.5 The hypoxanthine phosphoribosyltransferase gene

The hprt gene has been used extensively as a marker of genetic damage
to characterize mutational events occurring both in vitro and in vivo. The hprt
enzyme is involved in the purine salvage pathway and, upon mutation, confers
resistance to the cytotoxic drug 6-thioguanine (6-TG). Hprt * (non-mutant) cells
are able to metabolize 6-TG to its toxic metabolite, which is incorporated into
DNA and RNA, while hprt = (mutant) cells are unable to produce this toxic
metabolite and consequently they survive. The mechanism of 6-TG-induced
death in hprt * cells, although not fully understood, is thought to involve
postreplicative DNA mismatch repair (Swann et al. 1996).

The use of the hprt gene as a marker of genetic damage has many
advantages; this system has the ability to detect as few as 1 hprt ~cell in 1 x 10°
cells, large deletions (>2 Mb) are tolerated near this locus without interfering with
cell viability (Fuscoe et al. 1992; Fuscoe et al. 1994) and many different types of
mutations, such as transitions, transversions, deletions and insertions, can be
induced. The hprt gene has therefore been used in many studies to assess
somatic mutations induced by disease and exposure to environmental pollutants.
T lymphocytes are commonly used to study hprt mutations since they are readily
obtained from peripheral blood. The hprt MF of T lymphocytes from normal
individuals is approximately 1-5 mutants per 1 x 108 cells (Nicklas et al. 1987;

15



Nicklas et al. 1988), although this increases slightly with age (+1.3 hprt ~ cells per
1 x 10° cells every 10 years) (Akiyama et al. 1995). The hprt MF of T cells has
been shown to be elevated not only in RA, but also in other inflammatory
diseases such as scleroderma (Sfikakis et al. 1994), multiple sclerosis (MS)
(Sriram, 1994) and systemic lupus erythematosus (SLE) (Dawisha et al. 1994,
Theocharis et al. 1995). Exposure to cigarette smoke (Vrieling et al. 1992:
Ammenheuser et al. 1997), radiation (Skandalis et al. 1997) and other pollutants
also increases T cell hprt MF.

Molecular analysis of the hprt gene (Figure 2-3) can sometimes be used
to provide evidence of exposure to a particular mutagen, as some mutagens
produce a distinct “fingerprint” of DNA lesions. For example, ionizing radiation
tends to produce hprt LSD mutations that are observed less frequently in
unexposed individuals (Da Cruz and Glickman, 1997). In contrast, exposure to
cigarette smoke causes an increase in T cell hprt MF without producing a
specific mutational spectrum (Vrieling et al. 1992). To determine if NO is
capable of producing hprt deletion mutations that exceed those arising
spontaneously, the normal “spontaneous” spectrum of T cell hprt mutations must
first be examined. Several groups have isolated hprt ~ T cells from the peripheral
blood of healthy individuals and screened the resuiting clones for large deletions
by means of Southern blot or multiplex-PCR (MP-PCR). Hprt mutations involving
the deletion of 1 or more exons at the genomic level have been reported to occur
in anywhere from 0.5% to 19% of T cell clones studied (Albertini et al. 1985;
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Figure 2-3. Schematic of the hprt gene and flanking regions. The hprt gene
(not shown to scale) is located on the X chromosome and consists of large
intronic sequences and 9 small exons. The flanking regions DXS79 and DXS86
are approximately 400 Kb and 800 Kb from the 5' and 3' ends of the hprt gene,
respectively. The HF9 gene is found distal to the hprt gene on the X
chromosome.
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Turner et al. 1985; Nicklas et al. 1987; Fuscoe et al. 1992; Steingrimsdottir et al.
1993; Osterholm et ai. 1995; Burkhart-Schultz et al. 1996; Huttner and Holzapfel,
1996). In contrast, a study of individuals accidentally exposed to '*¥’Cs radiation
has shown that large hprt deletions occur in 36.7% of peripheral hprt = T cell
clones, a 2-fold increase above background (Da Cruz and Glickman, 1997). If
the elevated hprt MF observed in RA T cells is largely due to LSD mutations,
then these should be detected more frequently in hprt - T cells from RA patients
than in controls.

Since the hprt gene is located on the X chromosome, DNA studies must
be conducted using cells from male individuals. Cells from females can be
selected for the hprt - phenotype in 6-TG but will contain the mutated hprt gene
on the active X chromosome while the hprt gene present on the inactivated X
chromosome need not be mutated. PCR ampilification of the hprt gene using
female DNA therefore results in two different products: one derived from the
mutant form of the hprt gene and the second, from a potentially non-mutated
gene present on the inactivated X chromosome. If deletion mutations do occur
in the mutated hprt gene, they are “covered” by positive PCR signals from the
intact gene. Therefore, DNA from male T cells must be used to detect LSD

mutations.
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2.1.6 Hypothesis

During the course of RA, inflammatory cells migrate through the inflamed
joints where they are exposed to mitogenic and mutagenic species and
subsequently incur genetic damage (Figure 2-4). NO and other reactive oxygen
and nitrogen species are able to contribute to this DNA damage and may

produce LSD mutations.

2.1.7 Specific Objectives
a) To determine if LSD mutations occur in T cells from RA patients, by analysing
hprt =T cell clones from male patients for large mutations at the hprt locus by

MP-PCR.

b) To determine if NO may be responsible for LSD, by analysing hprt = T cell
clones from OA patients, presumably exposed to lower levels of NO than RA T

cells, for large hprt mutations.

Significance

This research is of significance since it represents the first attempt to
characterize the genetic damage that occurs in RA T cells, and potentially in any
cell exposed to the mutagenic environment of the inflamed joint. Somatic
mutations may contribute to RA pathology and, if NO is identified as a significant
mutagen, then new drugs that target this molecule may be useful in therapy.
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Figure 2-4. Hypothetical model of a normal synovial joint and a synovial
joint from a patient with RA. Cells trafficking to and from the inflamed joints of
RA patients become exposed to the mutagenic environment and incur genetic
damage, such as hprt mutations. Reactive oxygen and nitrogen species, such as

NO, may be responsible for genetic damage since they are prevalent in the
inflamed joint.
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2.2 Materials and Methods
2.2.1 Criteria for the selection of arthritis patients

RA is an autoimmune disease characterized by high levels of NO within
the inflamed joints, whereas OA is a non-autoimmune disease of the synovial
joints in which NO levels are lower. Therefore, mutations that occured in RA and
OA T cells was compared. Peripheral blood (PB) samples were obtained from
16 male patients diagnosed with RA and from 6 male patients diagnosed as with
OA. Informed consent was obtained prior to PB collection and this study was
approved by the Ottawa Hospital's Research Ethics Boards. RA patients fulfilled
the criteria of the American College of Rheumatology for the classification of RA
(Arnett et al. 1988). The patient's age, disease duration and disease severity
were recorded. The patients’ previous and current use of medication was also

noted when available.

2.2.2 Isolation of hprt = T cell clones from the peripheral blood of arthritis
patients

Approximately 20 m! of heparinized venous PB was obtained from RA and
OA patients. From this, T lymphocytes were isolated and grown in medium
selective for the generation of hprt ~ clones according to a modified protocol
(Cannons et al. 1998) of Albertini et al. (Albertini et al. 1982). In brief, peripheral
blood mononuclear cells (PBMCs) were obtained from blood centrifuged over

Ficoll-Hypaque. The number of viable PBMCs was determined by trypan blue
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exclusion and cells were seeded in 96-well plates at 2x10° viable PBMCs per
well, along with 1x10° lethally irradiated TK6-D1 “feeder” cells in a total of 200 ul
complete selection medium (RPMI 1640 medium containing 10% Fetal Calf
Serum (FCS), 20% Hybridoma Serum-Free Medium, 2 mM L-glutamine, 1 ug/m!
phytohemagglutinin (PHA), 30 U/ml IL-2, and 100 uM 6-TG to select for cells
expressing the hprt - phenotype). TK6-D1 is an hprt - cell line derived from the
TK6 B lymphoblastoid cell line (ATCC CRL 8015) following exposure to 1 Gy of
ionizing radiation and was provided by D. Wilkinson (Wilkinson, unpublished
work). This cell line was found by PCR to lack hprt exons 2, 3, 7/8 and 9, along
with the anonymous flanking regions, DXS79 and DXS86. Therefore, these cells
were chosen as “feeder” cells since the would not produce a PCR background
signal at the time of hprt~ T cell clone analysis. TK6-D1 cells were irradiated
with a total of 80 Gy using the *"Cs Gamma Cell-40 at the University of Ottawa
and served as a source of feeder cells during T cell growth. After 1 week, plates
were examined for clonal growth; “positive” wells contained visibly viable hprt - T
cells while “negative” wells contained only dead feeder cells and dead and dying
hprt* PBMCs. When, after 2 weeks of growth, hprt~ T cell clones consisted of
approximately 200 live hprt - cells, DNA was isolated for PCR analysis.
Non-mutant (hprt *) T cell clones were also generated from each patient
by plating 1 or 10 PBMCs per well in 96-well plates along with 1x10° irradiated
TK6-D1 feeder cells in a total of 200 ul complete selection medium lacking 6-TG.

When peripheral white blood cell (WBC) DNA was not available as a positive
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control for PCR analysis, DNA was isolated from several non-mutant clones after

2 weeks of growth.

2.2.3 Isolation of DNA from patient peripheral white blood cells
Approximately 5 m! of patient PB was collected, using EDTA as a
anticoagulant. DNA was isolated from the buffy coat using a phenol/chloroform
extraction-EtOH precipitation method (Appendix I1). DNA concentrations were

determined using the diaminobenzoic acid (DABA) fluorometric method

(Appendix (1),

2.2.4 PCR strategy for the detection of LSD mutations in hprt~T cell clones

To detect LSD mutations by MP-PCR, DNA from hprt - T cell clones was
used to amplify regions spanning the hprt gene (exons 2, 3 and 7/8) as well as
the flanking regions DXS79 and DXS86. A portion of the HF9 gene, distal to the
hprt locus on the X chromosome and not expected to be co-deleted with the hprt
gene, was co-amplified as a positive internal control. To ensure that PCR
amplification failure was not due to allelic variation between patients, WBC DNA
from each patient was also analysed by MP-PCR. If WBC DNA was not
available for this purpose, 2-3 non-mutant (hprt *) T cell clones from the patient
were used instead. Hprt~ T cell clones that failed to amplify one or more PCR
bands while amplifying the HF9 fragment, were considered deletion mutants.
When LSD mutation occurred and when 2 or more PCR products failed to
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amplify, the intervening DNA was assumed to have been deleted, although
future sequencing will be needed to confirm this and to map the exact ends of

the deletion.

2.2.5 Hypotonic shock/micrococcal nuclease treatment of T cell clone
lysates prior to PCR analysis

In order to detect deletion mutations, DNA from hprt = T cell clones must
be analysed in the absence of an hprt * background PCR signal. Although hprt *
PBMCs are killed by the cytotoxic actions of 6-TG, these cells remain sufficiently
intact such that their DNA could be amplified by PCR even after several weeks in
culture. To circumvent this problem it was therefore necessary to devise a
method to eliminate the DNA associated with dead hprt * cells prior to PCR
analysis. The procedure that was eventually developed involves the exposure of
cells to a hypotonic shock followed by digestion with micrococcal nuclease
(Grant et al. 1998). After 2 weeks of growth in complete selection medium in 96-
well plates, the contents of “positive” wells, containing viable hprt - T cell clones,
were transferred to individual sterile 0.6 ml thin-wall microfuge tubes for PCR
analysis. To optimize the recovery of the low number of T cells in each clone, 2
x 10° TK6-D1 cells were added as a “carrier”. Since TK6-D1 cells lack the hprt
and flanking regions under study, they did not contribute to PCR background.
Tubes were centrifuged for 5 min at 1,500 rpm (150 x g) and the supernatant

was carefully removed and discarded. To the cell pellets, 20 pi of hypotonic
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shock buffer (40 mM NaCl, 1 mM CaCl,, 5 mM Hepes, pH 7.4) was added and
samples were carefully mixed by gently tapping the sides of the tube. After 1
min, tonicity was restored with 4.4 pl of 0.5 M NaCl. Samples were incubated
with 0.1 U/ml micrococcal nuclease at 37°C for 20 min. Nuclease digestion was
terminated by chelating the remaining Ca®" with 1.2 mM EGTA. The tubes were
centrifuged at 1,500 rpm for 3 min and the supernatant was removed. Intact
(i.e., hprt~) T cells remaining in the tubes were lysed according to a modification
of the protocol of Lui et al. (Liu et al. 1992). Cell pellets were lysed in 5 pl of lysis
buffer (0.68% Tween 20, 0.68% NP-40, 76 mM KCI, 26.2 mM Tris-HCI, pH 8.3)
and incubated with 100 pg/ml proteinase K for 30 min at 52°C. Proteinase K
was heat-inactivated at 95°C for 20 min. Lysates were stored at 4°C until PCR

analysis was carried out.

2.2.6 MP-PCR analysis of T cell clones

T cell clone lysates were divided into two 2.5 ul portions; one was used in
a MP-PCR reaction to co-amplify hprt exons 2, 3 and 7/8 and a portion of the
HF9 gene as an internal control (MP-PCR reaction #1). The remainder was
used in a second MP-PCR reaction to amplify a portion of the HF9 gene along
with two regions flanking the hprt gene; DXS79 that lies 400 kb from the 5' end of
the hprt gene, and DXS86 that lies 800 kb from the 3' end (see Figure 2-2). The
sequences of all primers and their positions in the genome are given in Appendix
IV. Reactions were performed in thin-wall PCR tubes in a total of volume of 25
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ul. MP-PCR reaction #1 contained 10% DMSO, 600 uM of each dNTP, 5 pmol
of each hprt exon 2 and hprt exon 3 primer, 45 pmol of each hprt exon 7/8
primer, 3 pmol of each HF9 primer, 2.5 pl of cell lysate, 2 units AmpliTaqg DNA
polymerase and PCR buffer with a final concentration of 4 mM MgClL,, 16.6 mM
(NH,),SO,, 5 mM 2-mercaptoethanol, 6.8 uM EDTA and 65 mM Tris-HCI, pH 8.8.
MP-PCR reaction #2 contained the reagents above, except that 400 uM of each
dNTP was used and the following primer pairs and concentrations were
employed; 20 pmol of each DXS79 and DXS86 primer and 1 pmol of each HF9
primer. Positive control reactions were run during each analysis using both 100
ng of TK6 genomic DNA and 100 ng of patient total WBC DNA. When patient
WBC DNA was not available, 2.5 pl of non-mutant (hprt *) T cell clone lysate was
used as a positive control. A negative control, containing no DNA, was also
included using 2.5 ul of sterile H,0. One drop of DC 200/200 silicone oil was
added to each tube and sampies were heated to 94°C for 4 min in an MJ
Research Programmable Thermal Controller. MP-PCR reaction #1 samples
were cycled 35 times through a 30 sec 94°C denaturing step, a 2 min 54°C
annealing step and a 2 min 68°C extension step. Samples were held for an
additional 5 min at 68°C during the final round of amplification. MP-PCR
reaction #2 samples were subjected to similar amplification conditions except
that the annealing temperature was 58°C and an elongation temperature of
72°C was used. PCR products were separated on a 2% NuSieve+1.5%

agarose gel. Gels were stained with 1 ug/mi ethidium bromide and visualized
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under UV light.

2.2.7 Interpretation of data and statistical methods

LSD mutations were identified as hprt = T cell clone lysates in which one
or more PCR bands failed to amplify while the HF9 internal control was
amplified. Differences between RA and OA T cell frequency of large-scale hprt

deletion mutations were analysed using one-way analysis of variance (ANOVA).

2.3 Results
2.3.1 Hypotonic shock/micrococcal nuclease treatment

The process of cloning rare hprt ~ mutant T cells from a large population of
non-mutant hprt * cells can give rise to clones consisting of fewer than 200 cells
growing in the presence of large numbers of hprt * cells killed by 6-TG. DNA
from these dead cells remained intact even after 2-4 weeks in 6-TG, as
demonstrated by the production of a significant PCR signal when dead and dying
hprt* PBMCs from “negative” wells were subjected to PCR (Figure 2-5, lane 5).
Therefore, a method was developed to separate “live” cells from “dead” cells by
means of hypotonic shock. By ethidium bromide staining it was evident that
dead and dying hprt * cells were lysed or became permeable during this
treatment while live hprt = T cells remained intact (data not shown). Subsequent

treatment with micrococcal nuclease permitted the digestion of hprt * DNA and

RNA prior to PCR analysis.



Figure 2-5. Hypotonic shock treatment of dead and dying hprt * PBMCs
after 2 weeks in 6-TG. Lanes 2, 3 and 4 contain PCR products generated
without DNA template, using 200 ng of TK6 genomic DNA or 200 ng TK6-D1
DNA, respectively. Lanes 5 and 6 contain PCR products generated from
negative wells without carrier before and after hypotonic shock treatment,
respectively. Lane 7 contains PCR products from a negative well that was first
spiked with carrier and then exposed to hypotonic shock. Lanes 8-14 contain
PCR products from a series of negative wells with carrier to which 5x10?, 1x102,
500, 200, 100, 50 or 20 viable T cells were added prior to hypotonic
shock/micrococcal nuclease treatment. Lanes 1 and 15 contain 250 ng of 100
base-pair ladder marker.



Hypotonic shock - + +
Carrier cells - -+

T cells

1 2 3 4 5 6 7 8 9 1011 12 13 14 15

hprt exon 2

[ —




After only 2 weeks of growth ex vivo, T cell clones consisted of a very
small number of live cells existing in the presence of a large number of dead
cells. To assess the efficacy of the hypotonic shock treatment, a series of
“negative” selection wells containing dead and dying hprt * PBMCs were used to
amplify hprt exon 2 and HF9 fragments before and after hypotonic
shock/micrococcal nuclease treatment. The PCR signal associated with negative
wells was eliminated after hypotonic shock/micrococcal nuclease treatment
(Figure 2-5, lane 6). However, the number of cells from negative wells was small
and it was possible that the material was simply lost from the walls of the tube
during manipulations. To ensure that the small amount of material from the
negative wells was in fact eliminated by the hypotonic treatment, negative wells
were first “spiked” with carrier cells (2 x 10* TK8-D1 cells) to increase the
efficiency of cell recovery. TK6-D1 cells were chosen as carrier since, lacking
hprt exons 2, 3, 7/8 and 9 along with the flanking regions DXS79 and DXS86,
they do not represent a source of PCR background signal (Figure 2-6). While
the HF9 signal from the carrier cells could be detected, the hprt exon 2 signal
associated with killed cells was again abolished by hypotonic shock /micrococeal
nuclease treatment (Figure 2-5, lane 7). The efficiency of live T cell recovery
subsequent to hypotonic shock/micrococcal nuclease treatment was then
assessed. To determine the minimum number of cells that could be recovered to
generate a PCR signal subsequent to the hypotonic shock treatment, a series of
negative wells with carrier cells were spiked with decreasing numbers of live T

29



Figure 2-6. MP-PCR ampilification of the hprt gene and flanking regions.
100 ng of TK6, WIL2-NS and TK6-D1 DNA was used to amplify hprt exons 2, 3,
7/8, 9 and flanking regions DXS79 and DXS86. A portion of the HF9 gene, distal
to the hprt gene on the X chromosome, was co-amplified within each reaction as
a positive control. While TK6 and WIL2-NS cells are positive for all regions
examined, TK6-D1 cell are negative for all but the HF9 distal marker. A negative
control subjected to identical PCR conditions but without DNA template was
included as a negative control. Outside lanes contain 250 ng of 100 bp ladder

marker.
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cells, subjected to hypotonic shock/micrococcal nuclease treatment and

analysed by PCR. Although the PCR signal associated with carrier cells
remained constant, the hprt exon 2 band decreased in intensity as the number of
live T cells was reduced (Figure 2-5, lanes 8-14). A PCR band corresponding to
hprt exon 2 could be detected when as few as 20 live T cells were used

(Figure 2-5, lane 14).

2.3.2 RA and OA patients
T cell clones mutated at the hprt locus were isolated from the peripheral
blood of 16 RA patients and 6 OA patients. Their average age, disease duration

and medication use at the time of analysis are given in Table 2-1.
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Table 2-1. Age, disease duration and medication use of RA and OA
patients. Age and duration of disease are given as the mean in years * the
standard deviation. Medication use is reported as drugs that were being taken at
the time of hprt = T cell clone isolation. Several RA patients were being treated
with more than one drug at the time that PB was taken.
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RA (n=16) OA (n=6)
Age (years) 58.3 £8.1 59.0+£124
Disease duration (years) 10.7+8.0 26.3+£17.3
Current medication
(number of patients)
methotrexate 10 0
cyclosporine 2 0
prednisone 9 1
myochrysine 1 0
NSAIDS 7 1







2.3.3 Hprt deletion mutations in hprt~ T cell clones isolated from arthritis
patients

A total of 54 hprt ~ T cell clones from 16 RA patients and 19 hprt ~ T cell
clones from 6 OA patients were analysed for deletion mutations by MP-PCR.
LSD mutant clones were identified as those that failed to amplify one or more
PCR fragments while still amplifying the HF9 internal control. When two or more
PCR bands failed to amplify, the intervening DNA sequence was assumed to
have been deleted, although sequencing data will be needed to confirm this
absolutely. The distance between primer pairs represents the minimum deletion
size, since the exact ends of the LSD mutations were not mapped. Three RA
patients produced a total of 5 clones with hprt LSD mutations whereas 1 OA
patient produced 1 clone with a large hprt mutation. The clearest example of
LSD mutations detected in hprt = T cell clones from an RA patient is shown in
Figure 2-7. RA and OA patients whose hprt~ T cell clones showed evidence of
deletion mutations are identified as Patients A through D. The spectrum of hprt
regions deleted in T cell clones from these patients is shown in Figure 2-8.
Patient A produced 2 clones lacking hprt exons 2, 3 and 7/8, representing LSD
mutations of at least 26 Kb, in addition to another clone missing hprt exons 2 and
3, a deletion of > 2.6 Kb. RA patient B had 1 hprt = clone lacking hprt exon 2 (>
572 bp deletion) while Patient C produced 1 clone missing hprt exon 3 (> 535 bp
deletion). Patient D was the only OA patient to produce a LSD mutant T cell

clone and this lacked hprt exon 2.
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Figure 2-7. Large-scale hprt deletion mutations in hprt~ T cell clones from
a patient with RA. Lanes 3-7 represent positive controls and contain PCR
products amplified using 100 ng TK6 DNA, 100 ng WBC DNA and cell lysates
from 3 non-mutant T cell clones from one RA patient, respectively. Lanes 8-13
contain PCR products amplified using cell lysates from 6 hprt ~ (mutant) T cell
clones isolated from the same patient. Two clones lack hprt exons 2, 3 and 7/8
(lanes 9 and 12) whereas another clone was negative for hprt exons 2 and 3
(lane 13). Lanes 1 and 14 contain 250 ng of 100 bp ladder marker.
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Figure 2-8. Summary of hprt LSD mutations found by MP-PCR in hprt- T
cell clones from RA and OA patients. Hprt ~ clones were isolated from the
peripheral blood of RA and OA patients and screened for LSD mutations by MP-
PCR. Bars represent the minimum size of hprt LSD mutations, since the ends of
the mutations were not mapped precisely. LSD mutants were identified as clones
that failed to amplify one or more PCR fragments. If two or more PCR bands did
not amplify, the intervening DNA sequence is assumed to have been deleted.
Numbers correspond to the number of clones with LSD mutations out of the total
number of hprt ~ T cell clones analyzed from that patient. The hprt gene and
flanking regions are not drawn to scale.
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Of the RA patients that produced hprt ~ T cell clones with LSD mutations,
Patient A was 54 years of age with active RA, Patient B was 71 years of age
with moderately active disease and Patient C was 64 years of age with stable
disease status. The duration of RA for Patients A, B and C was 4, 13 and 12
years, respectively. Patient A and C were taking methotrexate at the time of
study, while Patient B was not. Patient D, an individual with OA that produced 1
hprt =~ T cell clone with a LSD mutation, was 50 years of age and was not taking
medication. Although the exact duration of disease was not available, OA had

been long-standing and was secondary to a congenital displasia of the hip.

2.4 Discussion
2.4.1 Development of the hypotonic shock/micrococcal nuclease protocol
To detect deletion mutations by PCR, the mutant cells examined must
represent a single clone and must not be contaminated with non-mutant DNA.
Since deletion mutations are defined by the absence of PCR bands, non-mutant
DNA could produce a signal that would obscure the presence of a mutation.
After 2 weeks of growth in 6-TG, hprt - T cells were successfully isolated from
the peripheral blood of RA and OA patients, but represented a mixture of viable
hprt - T cells growing in the presence of a large number of dead and dying hprt *
PBMCs. PCR analysis revealed that DNA from cells killed by 6-TG remained
sufficiently intact to be detectable by PCR. Other investigators that examine

genomic alterations in hprt ~ T cells have dealt with this problem of PCR
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background signal in several ways. Many studies expand T cell clones beyond 2
weeks in culture prior to analysis, thereby “diluting” out cells that contribute to
PCR background (Vrieling et al. 1992; Kusunoki et al. 1995) and also allowing
the use of other techniques that require larger cell numbers, such as Southern
blotting (Nicklas et al. 1987; Steingrimsdottir et al. 1993). Another study simply
disregarded any hprt -~ T cell clones that amplified faint and strong PCR bands
together, suggesting that the faint bands resulted from amplification of DNA from
the feeder cells used, which contained a nearly intact hprt gene (Fuscoe et al.
1992). These practices have several disadvantages. T cells have a limited life-
span ex vivo and in our experience, not every T cell clone remains viable beyond
2 weeks in cuiture. A bias is therefore introduced in studies that only examine T
cell clones that survive for ionger periods of time. In addition, the expansion of T
cell clones beyond 2 weeks is time and labour-intensive. Therefore, we
developed a methodology that allowed the early PCR analysis of hprt = T cell
clones while eliminating DNA from cells that contribute to PCR background.

The treatment developed distinguished between viable cells and those
killed by 6-TG on the basis of hypotonic shock. Dead and dying hprt * cells were
lysed or became permeable while live hprt ~ cells withstood the hypotonic
environment. After tonicity was restored, micrococcal nuclease, a
Ca?-dependent exonuclease/endonuclease, was added to digest the DNA and
RNA associated with lysed and permeabilized cells. Digestion could easily be
terminated by the addition of EGTA, a Ca*-specific chelator. Viable hprt~ T cells
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were then lysed and the hprt gene was analysed by PCR for deletion mutations.
Since the number of hprt = T cells within each clone was small (< 200 cells), a
source of carrier material was needed to ensure the recovery of cells during
isolation. TK6-D1 cells were chosen since PCR analysis revealed that they
lacked the hprt exons and flanking regions under study. This 6-TG-resistant cell
line was isolated following exposure to ionizing radiation (Wilkinson, 1997).
Although the precise ends of the TK6-D1 mutation have not been identified, MP-
PCR analysis suggests that this cell line possess a large hprt deletion (>1.2 Mb)
that is consistent with mutations caused by radiation (Nicklas et al. 1991). This
cell line was also used as a source of irradiated “feeder” cells during T cell
cloning and therefore precluded additional PCR background. Sufficient numbers
of carrier cells were used to form a visible pellet during the centrifugation steps of
the hypotonic shock/micrococcal nuclease procedure; this allowed the detection
of a PCR signal following treatment when as few as 20 live T cells were used.
Once the hypotonic shock/micrococcal nuclease method was developed, it was
subsequently used to generate hprt = T cell DNA from RA and OA patients for
PCR analysis.

Although this method was used to analyse the hprt gene in T cell clones,
the hypotonic shock/micrococcal nuclease treatment may have broader
applications. Other selection systems to which this methodology could be
applied include 8-azaadenine isolation of aprt ~“mutants (Pongsaensook et al.
1997) and the trifluorothymidine selection of tk ~ mutants (Spencer et al. 1994).
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2.4.2 Hprt LSD mutations in T cell clones from arthritis patients

LSD mutations (affecting 1 or more hprt exons) were detected in hprt - T
cell clones in both RA and OA patients, although the total number of patients
analysed was too small for statistical inferences to be drawn. Since RA affects
males and females at a ratio of approximately 1:3 (Grossman and Brahn, 1997),
during the time of this project only 16 male RA patients and 6 male OA patients
were analysed. Of the 54 hprt~RA T cell clones examined, 5 (9.3%) of the
clones from 3 individuals had LSD mutations whereas 1 (5.3%) of the 19 hprt -
OAT cell clones examined had a similar mutation. The remaining hprt ~ clones
may have arisen from small mutations that were not detectable by PCR or
mutations that fell within the hprt regions not studied (hprt exons 1, 4, 5 and 6).
The LSD mutations observed were not due to an artifact of PCR or a reflection
of the limited amount of DNA available, since all clones were positive for the HF9
distal marker and the flanking regions DXS79 and DXS86. Although the TK6-D1
cells used as carrier also amplify the HF9 PCR fragment, these cells are
negative for the flanking regions. Therefore, there was sufficient DNA from all
clones with and without hprt LSD mutations to be detected by PCR.

The majority of primers used in MP-PCR analysis of T cell lysates
annealed to sequences within introns, and patient allelic variation represented a
possible source of false LSD mutations. Therefore, total WBC DNA from each
patient was included in MP-PCR analysis to ensure that failure of amplification
did not result from patient allelic variation. WBC DNA from every patient
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amplified all hprt and flanking regions under study, indicating that hprt = T cell
deletion mutations did not result from the failure of primers to anneal to intronic
sequences.

Of the 3 RA patients that generated hprt -~ T cell clones with deletion
mutations, Patient A produced several clones with deletion of all hprt exons
examined. Six hprt~ T cell clones from this patient were examined; 2 lacked hprt
exons 2, 3 and 7/8 while a third lacked hprt exons 2 and 3. Although the exact
ends of these mutations were not mapped, these represent deletions of > 26 Kb
and > 2.6 Kb, respectively. The possibility exists that the 2 clones with deletions
> 26 Kb may have identical mutations and are siblings. Although a theoretical
possibility, this seems unlikely since they were cloned from the peripheral blood.
T cell receptor (TCR) expression is often used to distinguish between T cell
clones; clones having identical TCRs are considered sibs whereas clones
expressing different TCRs are not clonally related. The variable region of TCR 8
chain mRNA is usually amplified by RT-PCR and sequenced. However, many
variable region families exist (at least 24 to date) and clones are screened for
each separately. This technique is complex, requiring large numbers of T cells
since multiple RT-PCR reactions are needed, and was therefore beyond the
scope of this project. However, in studies of healthy subjects, 88-89 % of the
hprt =T cell clones examined were not clonally related (Nicklas et al. 1987; Hou
et al. 1993). The phenomenon of clonal expansion of RA T cells has been
previously addressed. T cell clones from SF and synovial tissue have been
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analysed for specific TCR usage, with the hope that the subset(s) of T cells that
may participate in RA initiation and/or progression could be identified. Although
there is some evidence that certain TCRs are over represented in RA joints,
results are not consistent from patient to patient (Broker et al. 1993; Sakkas et
al. 1994; Wagner et al. 1998). Therefore, there is evidence that clonal
expansion can occur in the inflamed joints of RA patients but further studies are
needed to determine what percentage of T cells with mutations at the hprt locus
arise due to clonal expansion versus independent mutagenic events.

DNA damage, and therefore hprt mutations, can potentially be caused by
drugs used in the treatment of RA. One such drug is methotrexate, an inhibitor
of dihydrofolate reductase (DHFR) that interferes with DNA synthesis by
depleting cells of thymidylate and purine nucleotides. In vitro, methotrexate has
been found to increase DNA strand breaks in human HL-60 cells (Mietz et al.
1992). However, although cancers of the hematopoietic system occur more
frequently in RA patients than in individuals without RA, in many studies these
malignancies are not found more frequently in RA patients receiving
methotrexate compared to RA patients that are not treated with this drug
(Hoffmeister, 1983; Williams et al. 1996; Bologna et al. 1997). In addition,
although 2 of the 4 patients with LSD mutations were being treated with
methotrexate, 2 were not. Therefore, factors other than medication are likely to
be responsible for the observed hprt mutations.

T cells from OA patients were also screened for hprt LSD mutations for
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comparison with RA patients. Hprt~ T cell clones from normal individuals were
not initially examined for several reasons. An earlier study from our lab shows
that the hprt MF of normal individuals is low (1 in 1 x 108 cells) and therefore
obtaining clones mutated at this locus requires plating very large numbers of
cells (Cannons et al. 1998). OA is a joint disease often associated with wear of
the joint over time, and therefore the age of OA patients tends to be higher than
that of RA patients. However, this age difference did not reach statistical
significance in our study (58.3 £ 8.1 years (RA) vs 59.0 £ 12.4 (OA)). Therefore,
OA hprt~ T cells, presumably exposed to lower levels of NO, were also screened
for deletion mutations and 1 LSD mutant was isolated. Few conclusions can be
drawn because of the small number of patients examined thus far.

The occurrence of large-scale mutations in hprt = T cells from normal
individuals must be established to determine conclusively if these mutational
events arise more frequently in RA. Studies of hprt = T cell clones from healthy
males have been conducted in other laboratories to characterize the spectrum of
mutations that occur spontaneously. Four studies have previously examined
peripheral T cell clones from healthy males for deletion of 1 or more hprt exons
by MP-PCR. Fuscoe et al. (Fuscoe et al. 1992) screened a total of 218 hprt -
clones from 6 normal males by MP-PCR using K-ras as a positive internal
control. Of the 218 hprt ~ T cell clones, 16 (7%) arose due to a total gene
deletion whereas 1 clone had a partial gene deletion, retaining hprt exons 1-4.
Osterholm et al. (Osterholm et al. 1995) studied a total of 156 hprt ~ T cell clones
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from 14 non-smoking males (age 36.1 + 8.9 years) by MP-PCR using the NAT2
gene as an internal PCR control. Five (3.2%) of the clones showed deletions of
1 or more hprt exons; 1 clone lacked the entire hprt gene, 1 was negative for part
of exon 2, 1 was missing part of exon 3, another lacked all of exon 3 and 1 was
negative for part of exon 4. In the study of Burkhart and Jones (Burkhart-Schultz
and Jones, 1997), 27 (12%) of 217 hprt = T cell clones examined were missing 1
or more hprt exons and more deletions occurred in Aprt exon 2 than in any other
exon. Huttner et al. (Huttner and Holzapfel, 1996) studied 44 male blood donors
for hprt mutations and found deletion mutations of 1 or more exons in 6% of all
clones examined. From these studies it would appear that the percentage of
LSD mutations that occur in normal individuals ranges from 3.2% to 12%.

Of the hprt ~ T cell clones from RA and OA patients examined during the
course of this project, 9.3% and 5.3% arose due to the deletion of 1 or more hprt
exons, respectively. Both of these numbers fall within the percentage of hprt
LSD mutations that arise in healthy individuals, and do not differ significantly
from each other. However, since not all regions of the hprt gene were examined
by MP-PCR, the possibility exists that LSD mutations affecting hprt exons 1, 4, 5,
6 or 9 occurred in some T cell clones and were simply not detected.
Alternatively, many hprt - T cells may have arisen due to mutagenic events not
seen by MP-PCR, such as base-pair changes or small deletions. Among the
hprt = T cell clones that had LSD mutations, all 6 were missing hprt exon 2 and/or
3. Other studies have noted that this region is often deleted (Osterholm et al.
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1995; Burkhart-Schultz and Jones, 1997), suggesting that a mutational “hotspot”
exists in this area. In addition, 2 hprt ~ T cell clones from an RA patient studied
here lacked the entire hprt gene but not the flanking regions DXS79 and DXS86,
consistent with mutations that are tolerated at this locus (Fuscoe et al. 1992;
Morris et al. 1993).

Not every mutagen that causes an increase in hprt MF produces a distinct
pattern of mutations. For example, although the hprt MF of peripheral T cells
was shown to be elevated significantly by 36% in smokers when compared to
non-smoking controls, no difference in the pattern of hprt mutations was found in
these 2 populations (Vrieling et al. 1992). In contrast, exposure to ionizing
radiation produces both an increase in peripheral T cell hprt MF and twice the

expected number of hprt LSD mutations (Da Cruz and Glickman, 1997).

2.4.3 Summary and future work

Hprt - T cell clones from RA and OA patients were screened for LSD
mutations by MP-PCR following isolation from hprt * cells by means of 6-TG
selection and a newly-developed hypotonic shock/micrococcal nuclease
treatment. Of 54 hprt~RA T cell clones and 19 hprt ~ OA T cell clones
examined, § and 1 had deletions of 1 or more hprt exons, respectively. The
percentages of RA and OA T cells with deletion mutations (9.3% and 5.3%) were
not statistically different and both fell within the range of hprt LSD mutations
found in healthy individuals. Hprt mutations detected included loss of hprt exons
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2, 3 and 7/8, as well as deletions of hprt exon 2 or 3 or both; all are mutations
previously reported in the literature. The issue of hprt ~ T cell clonallity was not
addressed in this study. T cells from the synovium were not examined since
they did not generally survive 2 weeks in culture and therefore did not yield a
sufficient number of cells for study. In the future however, it would be of interest
to screen these clones for LSD mutations by MP-PCR. Since evidence
suggests that a mutagenic environment exists within the inflamed joints of RA
patients, it is possible that LSD mutations may be more prevalent in synovial T
cells than in peripheral T cells.

Current work is being conducted to screen a greater number of hprt = T
cell clones from RA and OA patients and from normal age and sex-matched
controls. This will give us information regarding the nature of the mutagenic
events that occur in RA and may have led to the increase in T cell hprt MF
observed in an earlier study. In addition to analysing the hprt gene at the
genomic level, RT-PCR amplification of hprt mMRNA and sequencing of the
resulting cDNA would allow the characterization of small mutations not
detectable by PCR. A new method of analysing TCR mRNA using consensus
primers is being developed. This may allow the amplification of hprt = T cell
clone TCR mRNA in one RT-PCR reaction rather than many. Information
regarding the relationships between hprt~ T cell clones will provide information
on clonal expansion within the joints of RA patients and the number of hprt = T

cells that arise from distinct mutational events.
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Chapter 3: Hprt mutation frequency and deletion mutations in human cell
lines exposed to NO-donating drugs
3.1 Introduction
3.1.1 Nitric oxide

Nitric oxide (NO) is a reactive, short-lived free radical capable of diffusing
across cell membranes and is produced by many cell types. This molecule is
generated from L-arginine and molecular oxygen by nitric oxide synthase (NOS).
Neuronal NOS (nNOS) is expressed constitutively by cells of the nervous system
and is involved in neuronal signalling, while endothelial NOS (eNOS) is
expressed by the endothelium of the blood vessels and contributes to the
maintenance of vascular tone. Both of these enzymes are Ca®*-dependent and
produce low concentrations (pmolar) of NO. The inducible form of NOS (iNOS)
is expressed by immune cells such as macrophages and neutrophils and is
responsible for many of the antimicrobial effects of these cells. iINOS is a Ca%-
independent enzyme and is capable of producing large quantities of NO (umolar)
relative to the constitutively expressed NOS isoforms. Although NO is beneficial
with respect to normal physiological responses and host defence, it is often
produced in large amounts in inflammatory diseases such as rheumatoid arthritis
(RA) and is thought to contribute to pathogenesis (Mclnnes et al. 1996; Wigand

et al. 1997).
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3.1.2 Nitric oxide and genetic damage

Previous studies have shown that NO can cause genetic damage in vitro.
For example, NO was shown to be mutagenic when bacteria were incubated with
aqueous NO or donors of NO such as nitroglycerin and spermine-NO (Wink et al.
1981). Analysis of the hisG46 gene in these bacteria indicated that the majority
of mutations arose due to DNA deaminations. [n another study, incubation of
plasmid DNA containing the supF gene with saturated aqueous NO produced a
mutation rate that was 44-fold greater than spontaneously occurring mutations in
human Ad293 cells (Routledge et al. 1993). The majority of point mutations
analysed were C to T transitions. NO is thought to cause these transition
mutations by deaminating cytosine to uracil that, when excised, is replaced with
adenine (Wink et al. 1991). Exposure to aqueous NO was also found to
increase the mutation frequency (MF) of the hypoxanthine
phosphoribosyltransferase (hprt) gene in TK6 cells and to increase the number
of DNA strand breaks (Nguyen et al. 1992). Although NO has been shown to
induce genetic damage in the form of DNA deaminations, its ability to induce
changes that exceed small mutational events has not been addressed to date.
Observations within our lab, however, suggested that NO may be capable of
producing large-scale deletion (LSD) mutations at the hprt locus in a mouse
tumour cell line (Sandhu and Birnboim, 1997). LSD mutations are defined as
mutations that result in the deletion of several hundred to several thousand
base-pairs (see Chapter 1, section 1.3).
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3.1.3 Nitric oxide, inflammation and genetic damage

Evidence suggests that NO is capable of inducing genetic damage in vivo.
RA is an autoimmune disease characterized by chronic inflammation of the
synovial joints and is associated with elevated serum and synovial fluid (SF)
levels of nitrite, a more stable product of NO formation (Ueki et al. 1996). Levels
of 3-nitrotyrosine are high in the serum and SF of RA patients but not in healthy
controls (Kaur and Halliwell, 1994), indicating that NO-mediated oxidative
damage occurs in the joints of RA patients. DNA single-strand breaks are found
more frequently in mononuclear cells from RA patients than in mononuclear cells
from controls (Bhusate et al. 1992). In macrophages stimulated to produce large
quantities of NO, the MF of the hprt marker gene is elevated 15-fold above
background, indicating that NO is capable of causing genetic damage (Zhuang
et al. 1998). The hprt MF is also elevated in many inflammatory diseases that
are associated with high levels of NO, including RA (Cannons et al. 1998),
multiple sclerosis (Sriram, 1994) and systemic lupus erythematosus (Dawisha et
al. 1994; Theocharis et al. 1995). Many inflammatory disorders associated with
bacterial or parasitic infection and are also characterized by high levels of local
NO production. In many cases, the risk of developing cancer at the site of
inflammation is elevated, suggesting that NO can cause carcinogenic gene
alterations (Ohshima and Bartsch, 1994). For example, Helicobacter pylori
infection of the stomach induces a large production of NO (Tsuji et al. 1996) and
causes gastric ulcers. These individuals are more likely to develop stomach
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cancer than individuals without gastric ulcers (Kuipers, 1997). Individuals with
chronic inflammatory diseases of the bowel such as Crohn'’s disease and
ulcerative colitis, have an increased risk of developing colorectal cancer at the
site of inflammation (Choi and Zelig, 1994). Chronic Hepatitis B infection of the
liver is associated with a 200-fold increased risk of developing hepatocellular

carcinoma (Milich et al. 1994).

3.1.4 Cell lines and NO-donating drugs

To address the question of whether NO is capable of inducing mutations
of significant size, two human cell lines were exposed to NO-donating drugs in
vitro. The two cell lines chosen to determine the mutagenicity of NO were TK6
and WIL2-NS. These two B lymphobiastoid cell lines were isolated from the
spleen of a male patient and are karyotypically normal. While the TK6 cell line
has been shown to express normal p53 protein, WIL2-NS cells over express
mutant p53 protein (Zhen et al. 1995). When treated with radiation and other
mutagens, WIL2-NS cells undergo apoptosis more slowly than TK6 cells
(Greenwood et al. 1998).

Two NO-donating drugs were chosen for this study; nitroglycerin (NG) and
sodium nitroprusside (SNP). NG is employed in the treatment of angina pectoris
and SNP is used to reduce blood pressure in cases of hypertensive emergency.
Both drugs require metabolism to donate NO, although the mechanisms through
which this is accomplished are not fully elucidated.
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3.1.5 Hypothesis

The NO donated by NG and SNP in cultures of TK6 and WIL2-NS cells is
capable of causing genetic damage and is therefore expected to increase the
hprt MF of these cells. The DNA damage induced by NO and resulting reactive
oxygen and nitrogen species may produce characteristic mutations in the hprt

gene, including LSD mutations.

3.1.6 Specific objectives
a) To determine if NO is capable of inducing DNA mutations in vitro, by
assessing the hprt mutation frequency (MF) of TK6 and WIL2-NS cells treated

with the NO-donating drugs NG and SNP.

b) To characterize the mutational events that occur at the hprt locus in drug-

treated cells by analysing hprt ~ clones for LSD mutations by multiplex-PCR (MP-

PCR).

Significance

This study is novel in that it represents the first attempt to determine if NO
is capable of causing genetic damage that exceeds small mutational events such
as DNA deaminations. Such mutations may form the basis of a mutational
“fingerprint” that can be assigned to NO and allow the assessment of its
genotoxic role in inflammatory diseases such as RA. Such information will also
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contribute to the understanding of the mutational role of NO in the development

of cancer.

3.2 Materials and methods
3.2.1 Metabolism of NG and SNP by TK6 and WIL2-NS cells

The ability of TK6 (ATCC CRL 8015) and WIL2-NS (ATCC CRL 8155)
cells to metabolize NG or SNP and release NO was determined by measuring
nitrite accumulation in drug-treated cultures with the colorimetric Griess reaction
(Appendix V). For all experiments invoiving NO-donating drugs, fresh NG was
obtained within 24 hours of treatment and filtered through a 0.2 ym membrane.
Similarly, stock 50 mM SNP was prepared in RPM! 1640 medium at the time of
treatment and filter-sterilized. Both NG and SNP are light sensitive and therefore
were handled in a darkened laminar flow hood. Duplicate 1 ml cuitures
containing no cells or 2.5x10° cells/ml + 400 uM NG or 0.5 mM SNP were set up
in 12-well plates for each time point (0, 4, 8 and 24 hours). Since phenol red
interferes with the colorimetric Griess reaction, all samples were maintained in
RPMI 1640 phenol red-free medium supplemented with 10% Fetal Calf Serum
(FCS) and 2 mM L-glutamine at 37°C and 5% CO,. At each time point, samples
were transferred to 1.5 mi microfuge tubes and centrifuged at 1,500 rpm (150 x
g) for 5 min. Supernatants were collected and analysed for nitrite formation by
means of the Griess reaction. Equal volumes of Griess Reagent A (0.1% N-(1-
napthyl) ethylene diamine dihydrochioride in ddH,0) and Griess Reagent B (1%
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p-aminobenzenesulfanilamide in 5% phosphoric acid) were combined and 800 pl
of this solution was added to sterile 1.5 ml microfuge tubes. To the tubes, 200 pl
of supernatant was added and samples were left in the dark at room
temperature for 10 min. Sample absorbance at A=543 nm was measured using
a Perkin Elmer Lambda 4 UV Vis spectrophotometer. Nitrite concentrations
were determined with reference to a standard curve generated using freshly

prepared sodium nitrite.

3.2.2 Determining the cytotoxic effects of NG and SNP on TK6 and WIL2-NS
cells

The cytotoxic effects of NG and SNP on TK6 and WIL2-NS cells were
assessed by measuring the plating efficiency (PE) of cultures with and without
drug treatment. Cells were plated in 10 cm tissue culture dishes containing
5x10° celis/ml in 10 ml RPMI 1640 medium with 10% FCS, 2 mM L-glutamine
and either no drug or increasing concentrations of NG or SNP. Cultures were
incubated at 37°C and 5% CO, for 24 hours. Drug treatment was terminated by
transferring the cultures to sterile 15 ml tubes, centrifuging for 5 min at 700 rpm
(70 x g) and removing the supernatant. Cell pellets were washed with § mi
phosphate buffered saline (PBS, 2.7 mM KCI, 1.5 mM KH,PO,, 137 mM NaCl, 8
mM Na,HPO,) and centrifuged again. PBS was removed, the cell pellet was
brought up in RPMI 1640 and viable cell numbers were determined using trypan
blue exclusion. Cells were plated in 200 yl RPMI 1640 medium containing 10%
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FCS and 2 mM L-glutamine in triplicate 96-well plates at a density of either 0.25,
0.5, 1 or 2 cells per well. Plates were incubated at 37°C for 10 days and then
examined by light microscopy for growth. The PE of each culture was
determined, based on a Poisson distribution of clonable cells (Albertini et al.
1982), using the following formula:

PE = [-In (fraction of negative wells) / number of cells per well] x 100

The average PE of control cultures was assigned a value of 100 and the relative

PE of each treatment group was calculated as a percentage of the control value.

2.2.3 Treatment of TK6 and WIL2-NS cells with NG or SNP

To ensure that spontaneous hprt mutations were eliminated prior to all
experiments, stock TK6 or WIL2-NS cells were thawed each time and placed
immediately into medium selective for hprt * cells. Cultures were grown for 7
days in RPMI 1640 medium containing 10% FCS, 2 mM L-glutamine and
supplemented with 1x10° M hypoxanthine, 1x10° M aminopterin and 1x10° M
thymidine (HAT). Aminopterin, a folate analogue, selects for hprt * cells by
poisoning the cell's de novo purine synthesis. Cells therefore rely on the hprt-
dependent purine salvage pathway to obtain purine nucleotides for DNA
synthesis; hprt * cells survive in HAT by converting hypoxanthine to its purine
nucleotide while hprt ~ cells are incapable of producing purine nucleotides and
fail to replicate. Because direct removal of cells from HAT had previously been
shown to be toxic to cells due to the action of residual aminopterin, cultures were
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removed from HAT-supplemented medium and grown for an additional 48 hours
in medium supplemented with 1x10° M hypoxanthine and 1x10° M thymidine
(HT) alone. Cells were then removed from HT-supplemented medium and
washed once with PBS. Cells were counted by hemocytometer using trypan
blue exclusion as a measure of viability, and plated in triplicate 10 cm tissue
culture dishes containing 5x10° viable cells/ml in 10 mi of medium supplemented
with filter-sterilized NG or SNP. Since SNP metabolism releases cyanide (CN),
in one experiment, cultures were exposed to 4 mM NaCN as a control. To
determine the spontaneous hprt MF during each experiment, another set of
triplicate cultures was maintained without drug. A positive control was included
in each experiment and consisted of irradiated cultures. WIL2-NS cells were
exposed to 400 rads using the X-ray source at the Ottawa Regional Cancer
Centre, Cancer Research Group. TK6 cells have previously been shown to be
sensitive to killing by radiation (Schwartz et al. 1995) and therefore were
exposed to only 70 rads. After 24 hours of drug exposure, or 24 hours after
irradiation, cells were removed from their treatment dishes, washed twice with
PBS and replated in medium without drug. Cells were maintained as individual
cultures for 8 days to allow the expression of the hprt -~ phenotype and were
subcultured by dilution at a ratio of 1:5, approximately every 2 days. At the end

of this period, cultures were challenged with 6-TG to select for hprt - cells.
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3.2.4 Photo-degradation (NO-exhaustion) of NG and SNP

To determine if hprt mutations were induced by the NO released from NG
and SNP, in one experiment these drugs were NO-depleted by exposure to light
before being used to treat WIL2-NS cultures. Stock 10 mM SNP prepared in
PBS, and stock 5 mg/ml NG, were transferred to clear 15 ml screw-cap Sarstedt
tubes. Both drugs were exposed to room fluorescent light at room temperature
for 7 days.

To confirm that these light-treated drugs no longer produced high levels of
NO when metabolized, nitrite levels were measured by the Griess reaction in
WIL2-NS cultures treated with 800 uM NG or 2 mM SNP before and after Photo-
degradation. The hprt MF of WIL2-NS cells exposed to these NO-depleted

drugs for 24 hours was then determined as described below.

3.2.5 Detection of hprt - TK6 and WIL2-NS cells

Hprt ~ cells were isolated 8 days after NO-donating drug or radiation
treatment by selecting for hprt ~ cells in RPMI 1640 medium supplemented with
50 uM 6-TG. TKG6 hprt ~ clones were isolated by limiting dilution in 96-well plates.
WIL2-NS cells though, tended to aggregate giving rise to the possibility that
hprt - mutants were being killed through metabolic cooperation. This situation is
of concern when cells are in direct contact with one another; toxic 6-TG
metabolites produced by hprt * cells can diffuse through cell membranes to kill off
nearby hprt ~ cells. Hprt~ WIL2-NS cells were therefore cloned in semi-solid
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methocellulose (MethoCult)y)RPMI 1640 medium containing 50 uM 6-TG.

3.2.5.1 Isolation of hprt = TK6 clones by limiting dilution

Viable cells were counted by hemocytometer 8 days post-treatment using
trypan blue exclusion, and plated at 1x10* viable cells per well in triplicate 96-
well plates in a total of 100 ul RPMI 1640 medium supplemented with 10% FCS,
2 mM L-glutamine and 50 yM 6-TG. To determine the PE of cultures at the time
of 6-TG challenge, cells from each individual culture were plated at 0.5 celis per
well in RPMI 1640 medium without 6-TG, in triplicate 96-well plates.

After 14 days, selection and PE plates were examined by light microscopy
for growth. Hprt - clones from 6-TG selection plates were selected, transferred
to 10 cm dishes and maintained in 10 mi of 50 uM 6-TG-supplemented medium
until cell numbers were sufficient for DNA extraction (approximately 1 week). At
this time, 1x10° cells were removed and stored at -100°C in RPMI 1640 medium
containing 20% FCS and 10% DMSOQO. DNA was extracted from the remaining
cells according to the methodology described in Appendix Il. In some cases,
clones were further expanded and RNA was isolated according to the protocol

described in Appendix V.

3.2.5.2 Isolation of hprt ~ WIL2-NS clones in methocellulose
Viable cells were counted by trypan biue exclusion 8 days post-treatment
and plated in triplicate wells at 1x10° viable cells per well in 6-well plates. Each
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well contained 2 ml of semi-solid medium with a final concentration of 0.6%
methocellulose, 10% FCS, 2 mM L-glutamine and 50 yM 6-TG in RPMI 1640.

To determine PE, 200 cells from each culture were plated in triplicate wells using
12-well plates. Each well contained 1 ml of semi-solid medium described above
but without 6-TG. After 11 days, the number of colonies per well was determined
for both selection and PE plates. Hprt -~ WIL2-NS colonies were isolated from
selection plates and maintained in RPMI 1640 medium supplemented with 50
pM 6-TG until the time of DNA extraction. 1x10° cells from each clone were also

stored at -100°C as described above.

3.2.6 Determining TK6 and WIL2-NS hprt mutation frequencies

The hprt mutation frequency (MF) of TK6 cultures was determined from
96-well selection plates using the following formula:

MF = [-In (fraction of negative wells) / number of cells per well]

The plating efficiency (PE) of TK6 cultures was determined by
examination of 96-well PE plates and calculated using the formula described in
section 3.2.2. The hprt MF of WIL2-NS cultures was obtained by scoring the
number of hprt ~ colonies in 6-TG-supplemented methocellulose per 1 x 10° cells
originally plated. The PE of WIL2-NS cultures was determined by counting the
number of colonies per well in PE plates and calculated as the number of
colonies per 200 cells originally plated.

The average PE of each individual culture was determined along with the
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average hprt MF per 1x10° cells plated. This MF value was adjusted for
differences in PE between treatment groups by dividing the MF by the PE for

each culture. This value is the corrected MF (cMF).

2.2.7 MP-PCR analysis of TK6 and WIL2-NS hprt - clones
After DNA was extracted from hprt ~ clones, DNA was quantified using the

DABA method (Appendix 1ll). From each clone, 100 ng of DNA was used in one
MP-PCR reaction to amplify hprt exons 2 and 3 (MP-PCR reaction #1, see
Section 2.2.6). Another 100 ng of DNA was used to amplify hprt exon 9 and 2
regions flanking the hprt gene, DXS79 and DXS86 (MP-PCR reaction #2).
MP-PCR reaction #2 was performed as described as in Section 2.2.6 with the
exception that Aprt exon 9 was amplified instead of hprt exon 7/8. Within both
MP-PCR reactions, a portion of the HFS gene was co-amplified and served as a
positive internal control. MP-PCR primer sequences are given in Appendix IV.
PCR products were separated on a 2% NuSieve+1.5% agarose gel. Gels were

stained with 1 pg/ml ethidium bromide and visualized under UV light.

2.2.8 Reverse-transcriptase-PCR analysis of TK6 mRNA

To detect hprt mutations that were too small to observe by MP-PCR, hprt
mRNA from TK6 hprt ~ clones was examined by a reverse-transcriptase-PCR
(RT-PCR) procedure. It was expected that, in some cases, hprt mMRNA would
not be detected. To ensure that such a lack of amplification was not due to
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technical problems, first strand synthesis was primed with an oligo dT primer to
make cDNA for the amplification of both hprt mMRNA and a portion of thymidylate
synthase (TS) mRNA as an internal control. Total RNA was isolated from TK6
hprt ~ clones, quantified according to the protocol described in Appendix VI, and
3 ug was used to synthesize cDNA. In sterile 0.6 ml PCR tubes, total RNA was
combined with 30 pmol oligo dT,,.,s primer; sterile ddH,O treated with diethyl
procarbonate (DEPC) was added to a total volume of 10 ul. After 1 drop of
silicone oil was added, tubes were incubated at 65°C for 5 min and then placed
on ice. To the samples, 4 pl of 5x first strand buffer (375 mM KCI, 0.1 mM
CDTA, 250 mM Tris-HCI, pH 8.3) and 2 pl of 10 mM dNTPs was added.
Samples were incubated at 50°C for 1- 2 min, after which 1 pl of 60 mM MgCl,, 2
ul of 0.1 M dithiolthrietol and 1 pl of SuperScript reverse transcriptase (RT from
GibcoBRL) was added. Negative controls were included to demonstrate the
absence of chromosomal DNA, and consisted of 3 ug total wild-type TK6 RNA,
treated as above but without RT. cDNA was synthesized by incubating samples
at 50°C for 60 min. From this, 2 yl was used as a template for the PCR
amplification of hprt and TS cDNA. Primer sequences are given in Appendix IV.
PCR reactions were performed in sterile 0.6 mi PCR tubes in a total volume of
25 yl and consisted of 2 ul cDNA, 10% DMSO, 400 uM of each dNTP, 10 pmol
of each hprt mRNA primer, 5 pmol of each TS primer, 2 units AmpliTaq DNA
polymerase and PCR buffer with a final concentration of 4 mM MgCl,, 16.6 mM
(NH,),SO,, 5 mM 2-mercaptoethanol, 6.8 yM EDTA and 65 mM Tris-HCI, pH 8.8.
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One drop of silicone oil was added and the tubes were placed in an MJ
Research Programmable Thermal Controller. The following amplification
conditions were employed: 4 min at 95°C followed by 35 cycles of 30 sec at
95°C, 30 sec at 56°C and 1 min at 72°C. After the final round of amplification,
samples were held for an additional 5§ min at 72°C. RT-PCR products were
separated on a 2% agarose gel that was stained with 1 ug/ml ethidium bromide

and visualized under UV light.

3.2.9 Interpretation of data and statistical methods

Statistical differences between the hprt MF of spontaneous and drug-
treated cultures were determined using one-way analysis of variance (ANOVA)
Dunnett's post-test. Differences in the number hprt LSD mutations occurring in
spontaneous versus drug-treated cultures were also analysed by one-way

ANOVA.

3.3 Results
3.3.1 Metabolism of NG and SNP by TK6 and WIL2-NS cells

Both NG and SNP caused an increase in nitrite concentrations in TK6 and
WIL2-NS cultures over 24 hours, indicating that these cells were capable of
metabolizing the two drugs with the release of NO (Figure 3-1). Both NG and
SNP also produced a rise in nitrite levels in the absence of cells (open symbols),
indicating that the spontaneous release of NO contributed significantly to the
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Figure 3-1. Supernatant nitrite levels of TK6 and WIL2-NS cultures treated
with 0.5 mM SNP or 400 uM NG. Supernatant nitrite levels of TK6 cultures (A)
and WIL2-NS cultures (B) were assessed using the Griess reaction. Cultures
with 2.5 x 10° cells per ml (closed symbols) or without cells (open symbols) were
incubated for various time points with 0.5 mM SNP (circles) or with 400 uM NG
(squares) in phenol red free RPMI 1640 medium. Cultures without any drug
treatment (pluses) were included as negative controls. Data points represent the
mean of duplicate samples + SEM. Error bars, when not shown, appear within
the symbol.
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rise in nitrite levels. However, after 24 hours, nitrite concentrations were found to
be significantly higher (2-tailed t-test) in drug-treated cultures that included cells
(closed symbols) than in those without cells. After 24 hours, nitrite
concentrations of TK6 and WIL2-NS cultures treated with 400 pM NG were
similar (22.0 £ 0.5 yM and 23.5 +0.3 uM, respectively) as were TK6 and WIL2-
NS cultures treated with 0.5 mM SNP (13.6 + 0.3 pMand 11.3 £0.7 uM ,

respectively).

3.3.2 The cytotoxic effect of NG and SNP on TK6 and WIL2-NS cells

As excessive killing of TK6 and WIL2-NS cells could potentially obscure
hprt MF increases caused by NG and SNP, the effect of these drugs on cell
viability was first examined. The PE of both TK6 and WIL2-NS cultures
decreased in a similar manner with increasing NG concentrations (Figure 3-2,
panel A). At a concentration of 400 uM NG, the PE of TK6 and WIL2-NS
cultures was 96.7 £ 9.6 % and 67.0 + 11.0 % of control values, respectively. Ata
concentration of 800 uM NG, TK6 and WIL2-NS PE was reduced to 14.4 + 2.0 %
and 30.1 7.2 % of control values, respectively. Higher NG concentrations
decreased PE values to lower than 1 % of controls. Therefore, NG
concentrations of 400 uM and 800 uM were chosen to determine the effect of
this NO-donating drug on the hprt MF of TK6 and WIL2-NS cells, respectively.
Although the cytotoxic effect of NG was similar in both TK6 and WIL2-NS
cultures, the PE of these two cell lines treated with SNP was remarkably different
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Figure 3-2. The cytotoxic effects of NG and SNP on TK6 and WIL2-NS cells.
TK6 (@) and WIL2-NS (m) cultures (5 x 10° cells/ml) were treated with increasing
concentrations of NG (A) or SNP (B) for 24 hours. The cytotoxic effects of NG
and SNP were determined by comparing the plating efficiency (PE) of drug-
treated cultures to that of controls. Values are expressed as percent of control
PE and represent the mean of three replicates + SEM. Error bars, when not
shown, appear within the symbol.
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(Figure 3-2, panel B). Whereas the PE of TK6 cultures was reduced to 53.6 +
5.2 % of controls at 0.5 mM SNP and to 2.9 + 1.1 % of controls at 2 mM SNP,
the PE of WIL2-NS cultures was not reduced as dramatically. PE values
remained close to control values at 0.5 mM and 1 mM SNP (99.2 £ 0.8 % and
97.2 £ 1.7 %, respectively) and decreased slightly to 60.3 + 4.8 % of control
values at 2 mM SNP. Therefore TK6 cultures were treated with 0.5 mM SNP
during NO-donating drug mutational studies while WIL2-NS cells were treated
with 1 mM SNP or higher. Although cyanide toxicity was not examined in detail,
surprisingly, overt cell killing was not evident by gross observation of WIL2-NS

cells treated with 4 mM NaCN.

3.3.3 The hprt MF of TK6 and WIL2-NS cells treated with NG and SNP

To determine if the NO-donating drugs NG and SNP increase the hprt MF
of human cells, TK6 and WIL2-NS cultures were treated with either NG or SNP
for 24 hours. The “spontaneous” hprt MF was determined during each
experiment in cultures that had received no drug treatment. Cultures exposed to
radiation and then mairitained for the same time period as drug-treated cultures
were also included in each mutational assay as positive controls. All hprt MFs
are expressed as the number of 6-TG-resistant (hprt =) clones per 1 x 108 cells
plated and are corrected for differences in PE (cMF). All values represent the
mean of cMFs from at least three independent treatments + the standard error of

the mean.
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The spontaneous hprt cMF of TK6 cells was 4.6 + 1.4 hprt ~ mutants per 1
x 10° cells plated (Figure 3-3, panel A). Although the hprt cMF of drug-treated
and irradiated TK6 cuitures tended to be higher than that of spontaneous
cultures (26.4 £ 12.4, 17.7 £ 10.6, 11.2 + 3.3 and 19.7 + 6.4 hprt ~ mutants per 1
x 10° cells for cultures treated with 400 pM NG, 800 HM NG, 0.5 mM SNP and
70 rads, respectively), these increases did not reach statistical significance
(p>0.05) when analysed by one-way ANOVA. The PE values varied greatly
within each treatment group, contributing to the large scatter of cMFs. For
example, the PE of cultures treated with no drug, 400 pM NG, 0.5 mM SNP and
70 rads ranged from 11% to 77%, 2% to 77%, 29% to 48% and from 20% to
53%, respectively. Because of the inconsistent hprt cMFs observed in TK6 cells,
WIL2-NS cells, a B lymphoblastoid cell line isolated from the same male patient
as TK6, were employed to further study the effect of NG and SNP on hprt MF
further.

The spontaneous hprt cMF of WIL2-NS cells was 2.6 + 0.5 hprt ~ mutants
per 1 x 10° cells plated (Figure 3-3, panel B), while the hprt cMF of cultures
treated with 400 uM NG and 800 uM was 11.8 £ 1.1 and 15.0 £ 2.3 hprt -
mutants per 1 x 10° cells, respectively. The mean hprt cMF of WIL2-NS cells
treated with 800 uM NG was significantly higher than the cMF of spontaneous
controls (p<0.05). The hprt cMF of cultures treated with 400 rads as a positive
control was 26.5 + 5.8 hprt - mutants per 1 x 10° cells, significantly higher than
the spontaneous hprt cMF (p<0.01). The PE of drug-treated and untreated
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Figure 3-3. The hprt cMF of TK6 and WIL2-NS cells treated with NO-
donating drugs. TK6 (A) and WIL2-NS (B and C) cultures (5 x 10° cells/mi)
were treated with NG or SNP for 24 hours or irradiated. WIL2-NS cells were also
exposed to 4 mM NaCN for 24 hours as an SNP negative control. Cultures were
maintained for 8 days following drug removal and the hprt MF was caicuiated by
determining the number of 6-TG-resistant mutants per 1 x 108 cells. Cultures
maintained for 8 days but treated with no drug were included in each experiment
as negative controls and represent the spontaneous MF. Values represent the
mean MF corrected for PE (cMF) from at least 3 independent treatments + SEM.
Values that were found to be significantly higher than the overall spontaneous
cMF by one-way ANOVA are marked with an asterix (¥p<0.05, *%*p<0.01).
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cultures did not vary greatly and ranged from 60% to 82% for all experiments.

The hprt cMF of WIL2-NS cultures treated with SNP was found to be
elevated when compared to controls (Figure 3-3, panel C). Although the hprt
cMF did not increase in a dose-dependent manner (14.6 + 2.6, 14.8 + 2.6 and
38.2 £ 15.7 hprt ~ mutants per 1 x 10° cells for cultures treated with 1 mM, 2 mM
and 4 mM SNP, respectively), the hprt cMF of SNP-treated cultures was
significantly higher than spontaneous controls (p<0.05). The metabolism of SNP
releases both NO and cyanide (Feelisch and Stamler, 1996). However, the
mutagenic effect of SNP was not due to cyanide since the hprt cMF of WIL2-NS
cells treated with 4 mM NaCN was not significantly different from the
spontaneous hprt cMF (Figure 3-3, panel C).

To determine if the observed increase in hprt cMF of WIL2-NS cultures
treated with NO-donating drugs was indeed due to NO, stock NG and SNP were
inactivated by exposure to light for 1 week. To ensure that inactivation was
successful, supernatant nitrite levels were measured in WIL2-NS cultures treated
with freshly prepared or light-exposed drugs by means of the Griess reaction
(see section 3.2.1). After 24 hours of drug treatment, supernatant nitrite levels
were found to be elevated in cultures exposed to 800 uM NG and 2 mM SNP
prior to light inactivation (Figure 3-4, panel A). Culture supernatant nitrite levels
were reduced by 94% and 76% after treatment with light-inactivated NG and
SNP, respectively (Figure 3-4, panel A). When WIL2-NS cultures were treated
with either 800 uM of light-exposed NG or 2 mM of light-exposed SNP and then
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Figure 3-4. Supernatant nitrite levels and hprt cMF of WIL2-NS cultures
treated with 800 uM NG or 2 mM SNP before and after drug inactivation. (A)
Cells were plated at 2.5 x 10° cells/ml in phenol red free medium and treated
with drug for 24 hours. Supernatant nitrite concentrations were determined using
the Griess reaction. Values represent the mean of duplicate samples + SEM. (B)
WIL2-NS cultures (5 x 10° cells/ml) were treated for 24 hours with either freshly
prepared or photoinactivated 800 uM NG or 2 mM. Cultures were maintained for
8 days following drug removal and the hprt MF was calculated by determining
the number of 6-TG-resistant mutants per 1 x 10 cells. Cultures maintained for 8
days but treated with no drug were included as negative controls and represent
the spontaneous MF. Cultures irradiated with 400 rads were included as positive
controls. Values represent the mean corrected MF (cMF) from at least 3
independent treatments + SEM. Values that were found to be significantly higher
than the mean spontaneous cMF by one-way ANOVA are marked with an
asterix (*%p<0.01).
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subjected to an hprt mutational assay, the resulting hprt cMFs were1.9 + 0.5 and
2.6 £ 0.4 hprt ~ mutants per 1 x 10° cells, respectively (Figure 3-4, panel B).
Therefore, the hprt cMF of WIL2-NS cultures treated with 800 UM NG or 2 mM
SNP was reduced by 82.7% and 69.9%, respectively, compared to cultures
treated with active drugs (Figure 3-3, panels B and C). This decrease in hprt
cMF was not due to failure of the hprt mutational assay as the hprt cMF of WIL2-
NS cells exposed to 400 rads in the same experiment was significantly higher
(22.9 £ 2.2 hprt ~ mutants per 1 x 108 cells) than the spontaneous hprt cMF
(p<0.01) and similar to the radiation-induced hprt cMFs of other experiments

(Figure 3-3, panels B and C).

3.3.4 MP-PCR analysis of hprt~ TK6 and WIL2-NS clones

To determine the nature of the mutational events giving rise to the
increase in hprt MF observed in drug-treated cultures, hprt ~ TK6 and WIL2-NS
clones that arose spontaneously or after drug treatment were screened by MP-
PCR for LSD mutations. 100 ng of DNA from hprt - clones was used to amplify
hprt exons 2, 3, 9 and flanking regions DXS79 and DXS86.

A total of 5 spontaneous hprt ~ TKB clones were analysed by MP-PCR,
along with 26 hprt ~ clones isolated after treatment with 400 uM NG and 14 hprt -
clones obtained after exposure to 0.5 mM SNP. Hprt -~ TK6 clones showed a
high level of spontaneously occurring deletion mutations; 4 of the 5 spontaneous
clones had large-scale hprt mutations. Of the 26 NG-treated hprt ~ TK6 clones,
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only 1 had a LSD mutation, affecting hprt exons 2, 3 and 9. Al hprt ~ TK6 clones
isolated following 0.5 mM SNP treatment had LSD mutations: 13 lacked hprt
exon 2 and 1 was negative for hprt exon 2 and 3. A summary of hprt deletion
mutations found in hprt ~ TK6 clones isolated before and after NO-donating drug
treatment is given in Table 3-1.

To determine if the hprt mutational events described above affected hprt
mRNA transcription, total RNA was isolated from all hprt = TK6 clones and
mMRNA was amplified by RT-PCR. To ensure that the RT-PCR assay was
functional even in cases where hprt mMRNA was not detected. a portion of TS
mRNA was co-amplified as an internal control (Figure 3-5, panel A). All hprt -
TKE clones that had hprt LSD mutations failed to yield detectable hprt mRNA,
with the exception of 1 spontaneous Aprt - clone that generated a faint hprt RT-
PCR product but was shown to lack hprt exon 9 by MP-PCR. Of the 26 hprt -
clones isolated after NG treatment and without detectable genomic hprt deletion
mutations, 4 lacked detectable Aprt mMRNA and presumably had small mutations
that were not detected by MP-PCR. RT-PCR products from several hprt ~ clones
isolated following NG treatment are shown in Figure 3-5, panel B. All 14 of
theSNP-treated hprt ~ TK6 clones lacked hprt exon 2 or hprt exons 2 and 3, and
none of these produced detectable levels of hprt mRNA (data not shown).
Because of the high rate of spontaneous LSD mutations found in TK6 cells,
further studies into the mutagenic effects of NG and SNP were conducted with

WIL2-NS cells.



Table 3-1. Summary of hprt deletion mutations found by MP-PCR in TK6
hprt~ clones. Hprt - clones arising spontaneously or following treatment with
400 pM NG or 0.5 mM SNP were isolated and screened for hprt deletion
mutations by MP-PCR. Clones that failed to amplify one or more hprt exons or
flanking regions but not the HF9 internal control were considered deletion
mutants. The precise ends of deletion mutations were not mapped.
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Treatment Number of | Numberof | Description of Number of
group TK6 hprt~ | hprt deletion | Aprt deletion hprt ~ clones
clones mutations mutations with described
analysed deletion
mutation
Spontaneous 5 4 hprt exon 9 1
hprt exons 2, 3 3
and 9
400 uM NG 26 1 hprt exons 2, 3 1
and 9
0.5 mM SNP 14 14 hprt exon 2 13
hprt exons 2 1

and 3




Figure 3-5. RT-PCR products of RNA from TK6 cells, TK6-D1 cells and hprt -
TK®6 clones isolated after NG treatment. (A) Total RNA (3 ug) from TK6 and
TK6-D1 cells was used to synthesize cDNA using an oligo dT primer. PCR
products were amplified from 2 pl of cDNA using primers specific for a portion of
the hprt and TS cDNA. A negative control was included and consisted of 3 pg of
TK6 RNA subjected to identical RT-PCR conditions but without reverse
transcriptase (RT). Outside lanes contain 250 ng of 100 bp ladder marker. (B)
Hprt and TS products were amplified using 3 g of total RNA extracted from 6-
TG-resistant TK6 clones isolated after treatment with 400 uM NG. Although the
TS fragment is amplified consistently, some clones (%) lack detectable hprt
mRNA. Negative and positive controls were included and consist of 3 ug TK6
RNA subjected to amplification without RT (no RT control) and 3 pug of TK6 RNA
amplified with RT, respectively. Outside lanes contain 250 ng of 100 bp ladder
marker.
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A total of 17 spontaneously arising hprt = WIL2-NS clones were analysed
by MP-PCR, along with 20 hprt ~ clones isolated after exposure to 800 uM NG
and 16 hprt ~ clones obtained after treatment with 1 mM SNP. The high
frequency of spontaneous hprt LSD mutations that occurred in TK6 cells was not
observed in WIL2-NS clones. Of the 17 spontaneous hprt = WIL2-NS clones,
only 2 showed deletion mutations and all lacked hprt exon 9. However, larger
deletion mutations were detected in hprt = WIL2-NS clones isolated after NG
treatment (Figure 3-6) and following SNP treatment (Figure 3-7). Of the 20 hprt -
WIL2-NS clones isolated after NG treatment, 8 showed no detectable LSD
mutations, 3 lacked hprt exon 9, 2 were negative for hprt exon 2, 2 were missing
hprt exons 2 and 3, 4 were negative for hprt exons 2, 3, and 9 and 1 lacked hprt
exons 2, 3, 9 and flanking region DXS86. Of the 16 hprt ~ WIL2-NS clones
isolated following SNP treatment, 3 had no mutations detectable by MP-PCR, 7
lacked hprt exon 9, 2 were negative for hprt exons 2 and 3, 2 were missing hprt
exons 2, 3, 9 and flanking region DXS86 and 2 more were negative for hprt
exons 2, 3, 9 and both flanking regions DXS86 and DXS79. A summary of hprt
LSD mutations observed by MP-PCR in spontaneous and drug-treated WIL2-NS
clones is given in Figure 3-8. When analysed by one-way ANOVA, drug- treated
hprt - WIL2-NS clones had significantly more LSD mutations than did

spontaneously arising hprt = clones (p<0.01).
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Figure 3-6. Hprt~ WIL2-NS LSD mutants isolated after NG treatment. 100 ng
of DNA from wild-type WIL2-NS cells, or from hprt -~ WIL2-NS clones isolated
after treatment with 800 uM NG, was used to amplify portions of the hprt gene
and flanking regions. Wild-type WIL2-NS DNA was positive for all regions
examined while 7 of 8 hprt - clones showed deletion mutations (%) involving hprt
exon 9 (3 of 8), hprt exons 2 and 3 (2 of 8) or hprt exons 2, 3 and 9 (2 of 8). All
hprt =~ clones were positive for the HF9 internal control. Qutside lanes contain
250 ng 100 bp ladder marker.
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Figure 3-7. Hprt - WIL2-NS LSD mutants isolated after SNP treatment. 100
ng of DNA from wild-type WIL2-NS cells or from hprt - WIL2-NS clones isolated
after treatment with 1 mM SNP was used to amplify portions of the hprt gene and
flanking regions. Wild-type WIL2-NS cells were positive for all regions examined
while 5 of 8 hprt ~ clones showed deletion mutations (%) involving hprt exons 2
and 3 (2 of 8), hprt exon 9 (1 of 8) or hprt exons 2, 3, 9 and flanking regions
DXS79 and DXS86 (2 of 8). All hprt - clones were positive for the HF9 internal
control. Outside lanes contain 250 ng of 100 bp ladder marker.
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Figure 3-8. Summary of hprt LSD mutations found by MP-PCR in hprt -
WIL2-NS clones following treatment with NO-donating drugs. Hprt - WIL2-
NS clones were isolated from either untreated cultures (spontaneous) or cultures
treated with 800 uM NG or 1 mM SNP, and then screened for LSD mutations by
MP-PCR. Bars represent the minimum size of hprt deletions, since the ends of
the LSD mutations were not mapped precisely. LSD mutants were identified as
clones that failed to amplify one or more PCR fragments while amplifying the
HF9 internal control. If two or more PCR bands did not amplify, the intervening
DNA sequence is assumed to have been deleted. Numbers correspond to the
number of clones with LSD mutations out of the total number clones analyzed.
The hprt gene and flanking regions are not drawn to scale.
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3.4 Discussion
3.4.1 TK6 and WIL2-NS metabolism of NG and SNP

Prior to Aprt mutational studies involving NG and SNP, the ability of TK6
and WIL2-NS cells to metabolize these drugs was assessed by determining the
nitrite levels in culture supernatants. Both TK6 and WIL2-NS cells were capable
of metabolizing NG and SNP as determined by the Griess reaction. The
mechanisms through which NG and SNP are metabolized to release NO are not
fully understood. NG is an organic nitrate (Figure 3-9) used as a vasorelaxant in
the treatment of angina. Release of NO from this compound has been detected
in both intact cells and subcellular fractions and, although more than one
pathway has been implicated in the metabolism of NG, NO release is thought to
be dependent in part on interactions with thiols (Feelisch and Stamler, 1996).
SNP is a transition metal nitrosy! used to reduce blood pressure in cases of
hypertensive emergency (Figure 3-9). SNP undergoes a one-electron reduction,
either enzymatically, non-enzymatically or upon exposure to light, that liberates
both CN and NO (Feelisch and Stamier, 1996). In our experiments, both NG and
SNP were found to release NO spontaneously.

Although TK6 and WIL2-NS cells responded in the same manner to the
cytotoxic effects of NG, WIL2-NS cells were found to be significantly more
resistant to killing by SNP. Furthermore, in WIL2-NS cells cultured with 4 mM
NaCN, overt cytotoxicity was not observed when cells were examined by light
microscopy. WIL2-NS is a cell line, derived from the same patient as TKS, that is
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Figure 3-9. Structure of the NO-donating drugs NG and SNP.
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mutated at codon 237 of the p53 tumour suppressor gene (Zhen et al. 1995).
These cells over express mutant p53 protein while TK6 cells express normal
amounts of wild-type p53. Although the WIL2-NS mutant form of p53 is capable
of binding to DNA (Carrier et al. 1996), WIL2-NS are more resistant to radiation-
induced apoptosis than are TK6 cells (Amundson et al. 1993: Schwartz et al.
1995; Zhen et al. 1995). For this reason, WIL2-NS cells may be more likely to
survive exposure to SNP than TK6 c\ells that readily undergo apoptosis.
Metabolism of NG, however, may produce cytotoxic species that act
independently of p53-mediated apoptosis, and therefore kill both TK6 and WIL2-

NS cells with equal efficiency.

3.4.2 Hprt MF of TK6 and WIL2-NS cells exposed to NG or SNP

The ability of NG and SNP to induce mutations was assessed by
measuring the hprt MF of drug-treated TK6 and WIL2-NS cells. Although in TK6
experiments, the hprt cMF tended to be higher in drug-treated and irradiated
cultures than in non-drug-treated cultures, these increases did not reach
statistical significance. There was a large scatter in TK6 PE between treatment
dishes and the corresponding hprt cMF of these cultures. Others have also

noted a lack of dose response in TKG cells that may result from a rapid apoptotic

response (Wilkinson, 1997). When TK6 and WIL2-NS cells are exposed to
radiation, TK6 cells undergo apoptosis within 24 hours whereas the p53 mutant
WIL2-NS cell line demonstrates delayed apoptosis (>40 hours) and the number
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of cells undergoing apoptosis is much lower than in TK6 cultures (Schwartz et al.
1995). For this reason presumably, fewer radiation-induced chromosomal
aberrations are detected in TK6 cells than in WIL2-NS cells (Schwartz and
Jordan, 1997); mutant p53 status allows WIL2-NS cells with large mutations to
survive in culture whereas mutated TK6 cells become apoptotic and are lost from
the population. However, if apoptosis is inhibited in TK6 cells by the addition of
phorbol 12-myristate 13-acetate (PMA), the number and magnitude of radiation-
induced chromosomal aberrations in TK6 and WIL2-NS cultures is similar
(Schwartz and Jordan, 1997). TK6 cells have also been reported to undergo
apoptosis earlier than WIL2-NS cells when treated with agents other than
radiation, such as ethyl nitrosourea, an alkylating agent and etoposide, a
topoisomerase Il inhibitor (Greenwood et al. 1998). Therefore TK6 cells may
also be sensitive to NG and SNP treatment; a robust apoptotic response may
have led a sporadic representation of hprt - TK6 cells upon 6-TG challenge. For
this reason, WIL2-NS cells were chosen to continue hprt mutational analysis.

The PE of drug-treated and untreated WIL2-NS cultures was similar and
therefore hprt MFs were not artificially inflated when corrected for PE (cMF). The
hprt cMF of WIL2-NS cells treated with 800 uM NG or 1 mM SNP was
significantly higher than the spontaneous cMF. Although the hprt cMF of WIL2-
NS cells increased with increasing drug concentrations, a linear dose-response
was not observed for NG or SNP. This suggests that cultures reached a

saturation point with respect to drug metabolism, beyond which the addition of
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drug only contributed to spontaneous NO release. Alternatively, larger numbers
of cells may have been killed at higher drug concentrations and therefore fewer
hprt~ cells were detected upon 6-TG challenge than actually arose due to drug
treatment. The increase in hprt cMF of drug-treated WIL2-NS cultures was
largely attributed to NO, as photo-degradation of these drugs resulted in a large
reduction in cMF. In the case of SNP, exposure of WIL2-NS cells to photo-
depleted drugs did not completely return the hprt cMF to spontaneous control
values. It has recently been suggested that even after SNP has lost the capacity
to donate NO, it may still retain pro-oxidative effects due to the presence of an
iron moiety. /n vitro, NO-depleted SNP was still able to generate hydroxyl
radicals and cause lipid peroxidation in brain homogenates, effects that were
abrogated by the addition of deferoxamine, an iron chelator (Rauhala et al.
1998). Therefore, following exposure to light, SNP may still retain a portion of its
genotoxic character and produce a slight increase in WIL2-NS hprt cMF when
compared to controls.

Release of NO from SNP also liberates cyanide (Feelisch and Stamler,
1996). Cyanide is a weak mutagen that has been shown to cause an increase in
DNA strand breaks in vitro (Bhattacharya and Lakshmana Rao, 1997).
Therefore, the genotoxic potential of 4 mM NaCN was determined in WIL2-NS
cells using an hprt mutational assay. No significant increase in hprt cMF was
found in cyanide-treated cultures versus controls. This suggests that the rise of
hprt cMF in WIL2-NS cells treated with SNP was largely due to the actions of NO
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rather than cyanide. The fact that no excessive cell killing was noted in WIL2-NS
cells treated with 4 mM NaCN may also be due to the mutant p53 status of this

cell line.

3.4.3 Hprt deletion mutations in TK6 and WIL2-NS cells exposed to NG or
SNP

LSD mutations were detected at the hprt locus in TK6 and WIL2-NS hprt -
clones following NG and SNP treatment, as well as in untreated cultures. In TK6
experiments the possibility that hprt - clones might be sibs was not addressed,
since they were grown in bulk culture prior to being cloned in 96-well plates.
Therefore, some TK86 hprt ~ clones may not have occurred as a result of
independent mutational events. In WIL2-NS experiments however, the issue of
clonal expansion was addressed; only WIL2-NS hprt - clones that were isolated
from separate treatment plates or that had a unique pattern of MP-PCR deletion
mutations were considered to have arisen from independent mutational events.
In TK6 hprt ~ clones that arose spontaneously, a high background of LSD
mutations was observed. In spontaneous hprt ~ clones isolated from two
separate experiments, 4 out of 5 (80%) had large hprt deletions; 1 lacked hprt
exon 9 (a deletion of > 1.6 Kb) whereas 3 others were negative for all hprt exons
studied (> 26 Kb deletion). A high background rate of TK6 hprt deletions has
been reported previously. For example, in one study of spontaneously arising
hprt = TK8 clones, 45% of the clones had deletions detectable by MP-PCR (Giver
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et al. 1993). In several other studies, the number of hprt LSD mutations induced
by radiation was not significantly different than in spontaneously arising hprt -
TK6 clones (Nelson et al. 1994; Phillips et al. 1997). Although the reason for this
high frequency of LSD mutations in these cells is not known, template-directed
misalignment (slippage) during replication has been suggested as a mechanism
for these spontaneous mutations (Lichtenauer-Kaligis et al. 1993). Since we
hoped to observe a difference in hprt deletion mutations between spontaneous
and NO-donating drug-treated cultures, TK6 cells with their high rate of
spontaneous deletions were not appropriate for use in this study. We therefore
examined by MP-PCR the hprt deletion mutations arising in WIL2-NS cultures.
The high rate of spontaneously arising LSD mutations seen in TK6 cells was not
observed in WIL2-NS cells. In hprt -~ spontaneous WIL2-NS clones, only 2 out of
17 (11.8%) clones had hprt deletions detectable by MP-PCR, and both of these
mutations affected hprt exon 9, representing deletions of > 1.6 Kb. Hprt =~ WIL2-

NS clones isolated after treatment with NG or SNP, however, showed evidence

of hprt LSD mutations in 60% and 81.3% of the clones examined, respectively.
The size of these mutations tended to be much larger than those found in
spontaneously arising hprt ~ clones. LSD mutations in drug-treated hprt -~ clones
ranged from the size seen in spontaneously arising clones (~1.6 Kb) to greater
than 1.2 Mb and included the hprt flanking regions DXS79 and DXS86. This
evidence suggests that NO released from NG and SNP is capable of directly or
indirectly inducing DNA double-strand breaks that, when ligated together, result
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in large deletions of genomic material. A recent report has found evidence that
NO may be capable of inducing genetic damage that exceeds small base-pair
changes. Zhuang et al. noted that in murine macrophages induced to produce
large quantities of NO, hprt cDNA mutations involving the deletion of several
exons occurred, but were not detected in macrophages that produced little or no
NO (Zhuang et al. 1998). Whether or not these mRNA changes resulted from
genomic LSD mutations was not addressed in this study.

Mutated p53 status has been associated with genomic instability in many
types of cancer. Could the altered p53 expression in WIL2-NS cells contribute to
the formation of hprt mutations observed in this study? If this were the case,
large hprt deletions might have been expected to be detected more readily in the
spontaneous population. In addition, it has been shown that mutant p53 status
alone is insufficient to produce genetic mutations; cells must first complete the
cell cycle in the presence of mutagens for DNA damage to occur (Paulson et al.
1998). It has also been shown that WIL2-NS do not have a reduced capacity to
repair DNA breaks (Bill et al. 1997). Therefore the hprt mutations observed were
most likely due to the genotoxic effects of NO and related species. The fact that
larger hprt deletion mutations were observed in WIL2-NS cells than in TK6 cells
likely reflects the ability of WIL2-NS cells to survive such mutations due to their
altered p53 status.

What products of NO formation could be responsible for the increase in

genetic damage observed in cells exposed to NO-donors? NO is a short-lived
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free radical capable of reacting with oxygen species to form other reactive
compounds that, in turn, cause cellular damage (see Chapter 2, Figure 2-1).
Assessing the contribution of any one of these species to mutagenesis has been
difficult, largely due to the speed with which NO reacts with other compounds
and the difficulty of dissecting the resulting pathways. However, the nitroxyl
radical (NO"), also thought to be formed by NOS, has recently been shown to
be capable of inducing DNA double-strand breaks in vitro (Wink et al. 1998), a
situation that may result in genomic deletion mutations. The hydroxy! radical
(OH"), also formed in the breakdown of NO, can mediate DNA cleavage (Kang
and Kim, 1997). Further study of the genotoxic products formed by NO is

required to understand their contribution to mutagenesis.

3.4.4 Summary and future work

The NO-donating drugs NG and SNP were found to increase the hprt MF
in WIL2-NS cells. This effect could be reduced by the Photo-degradation
(NO-exhaustion) of these drugs prior to the hprt MF assay and was not likely to
be due to the genotoxic effects of cyanide. LSD mutations, detected by MP-
PCR, occurred more frequently in drug-treated hprt ~ WIL2-NS clones than in
hprt~ clones that arose spontaneously. LSD mutations were also larger in drug-
treated cells compared to unexposed cells. A 1.6 Kb region was found to be
deleted in several spontaneous hprt ~ WIL2-NS whereas LSD mutations in drug-
treated clones ranged from >1.6 Kb to >1.2 Mb. This is strong evidence that NO
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and its subsequent reactive species are capable of inducing significant genetic
damage, information that had not previously been reported at the time of this

study.
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Chapter 4: General discussion and conclusions

We have developed a novel method of isolating Aprt = T cell clones that
permits PCR analysis of the hprt gene at an early stage of clonal growth. Any
bias associated with a requirement for prolonged proliferative capacity is
minimized. To examine the nature of the mutagenic events that occurin RA T
cells, peripheral hprt = T cell clones from RA and OA patients were screened for
LSD mutations by MP-PCR using this technique. Large hprt deletions were
detected in both RA and OA T cells, although these fell within the range of LSD
mutations reported to occur in hprt = T cells from normal individuals. If these
frequencies of hprt LSD mutations remain constant when larger numbers of
clones are examined, then the mutational events that lead to the reported
increase in T cell hprt MF in RA patients will most likely be due to smaller
mutations. The possibility also exists that LSD mutations occurred in these T
cells in hprt regions not examined by MP-PCR.

MP-PCR analysis of the hprt gene required male T cell clones and
therefore large numbers of patients were not available for analysis during the
time course of this project. However, if hprt cDNA rather than genomic DNA is
sequenced for mutations, females may be included and the constraint of
analysing only male patients is removed. Others have successfully amplified
and sequenced hprt cDNA from hprt = T cell clones to identify mutations within
exons (Podlutsky et al. 1998). In the future, this strategy might be employed to
include female RA patients in the study, and to infer changes at the genomic
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level based on hprt mRNA mutations.

During the course of this study, only peripheral hprt ~ T cell clones have
been examined for LSD mutations, due to technical difficulties in growing
synovial hprt~ T cell clones. It may therefore by of interest to examine synovial
hprt =T cell clones from RA and OA patients in the future for hprt LSD mutations.
Since the hprt MF of RA T cells was previously shown to be elevated in the
synovium when compared to peripheral RA T cells (Cannons et al. 1998), it is
possible that the induction of LSD mutations is also more prevalent in T cells
from the joint than in peripheral blood T cells.

To determine if NO is capable of inducing genetic damage that produces
LSD mutations, TK6 and WIL2-NS cell lines were exposed to the NO-donating
drugs NG and SNP. Although results were inconsistent in TK6 cultures, the hprt
MF and the frequency of large-scale (1.6 Kb to 1.2 Mb) mutations detected by
MP-PCR was clearly increased in WIL2-NS cultures exposed to NG and SNP
compared to controls. This indicates that NO and its related species are capable
of producing large-scale genetic damage. This may have implications for the
treatment of diseases in which NO levels are elevated. Since NO is elevated in
many inflammatory diseases, more detailed knowledge of the genotoxic
capabilities of NO may lead to a greater understanding of the relationship that
exists between inflammation and the development of cancer.

T lymphocytes were not used in the study of the genotoxic potential of NG
and SNP for several reasons. Elimination of hprt ~ cells by culture in HAT-
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supplemented medium followed by drug exposure, hprt - phenotype expression
and 6-TG selection require approximately 3-4 weeks of culture. Due to the
limited life-span of T cells, and since the response of these cells to NG and SNP
was not known, it was decided that in vitro experiments using T lymphocytes
exposed to NO-donating drugs would not be practical. Therefore, two
immortalized human B lymphoblastoid cell lines were exposed to NG and SNP,
two NO-donating drugs previously found to be mutagenic in our lab. Other
donors of NO exist, including DEA/NO, which do not require metabolism and
release NO spontaneously. However, experiments in our lab and in other
laboratories have failed to detect an increase in hprt mutations using this
compound (Felley-Bosco et al. 1995; Donovan et al. 1997). The half-life of
DEA/NO is less than 2 min and it is possible that the level of NO produced by
DEA/NO over such a short period of time is insufficient to cause DNA mutations.
Alternatively, this burst of NO may be capable of killing a great number of cells,
leading to an underrepresentation of hprt ~ mutants. NG and SNP, drugs that
require metabolism and thought to release NO slowly over time, were therefore
chosen to more closely simulate the inflammatory conditions of the RA joint.
This study is novel in that it represents the first attempt to determine if
large-scale deletion mutations occur within the mutagenic environment of the
inflamed joint in RA. Although LSD hprt mutagenic events did not predominate
in RA T cells in our series of patients, the number of clones analysed was too
small from which to draw conclusions. More mutants from normal controls need
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to be examined, in addition to hprt ~ synovial T cell clones from RA and OA
patients. In vitro evidence gathered here suggests that NO is capable of
inducing LSD mutations. Since genetic damage may contribute to the
pathogenesis of RA, this study provides additional evidence that targeting NO

formation may have therapeutic benefits in this disease.
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