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ABSTRACT

The initiation and progression of cancer is associated with mutational events that may be
either small-scale (base changes) or large-scale (amplification, loss of chromosome
fragments or chromosome rearrangements). The mechanism by which these changes occur
is not well understood. We have hypothesized that factors present in the tumor
microenvironment, such as products of inflammatory cells (reactive oxygen and nitrogen
species) may be mutagenic and/or clastogenic and thereby contribute to tumor progression.
A transplantable murine tumor model system has been established in our laboratory to study
the contribution of the tumor microenvironment in tumor progression using the
hypoxanthine phosphoribosyltransferase (HPRT) gene as a marker of chromosome
fragmentation or loss. MN-11 was identified as the most stable clone with a low
spontaneous mutant frequency (MF) and 1000 times increased sensitivity than the parental
line in detecting mutagenic events induced by ®Co y-rays. This cell line can grow in vitro
and in vivo as a subcutaneous tumor in syngeneic C57BL/6 mice. This model system allows
the ex vivo detection of mutants that may arise in vivo in tumors. Such mutants are resistant
to the cytotoxic drug, 6-thioguanine when grown in virro. The frequency of mutants arising
in MN-11 cells grown as subcutaneous tumors was found to be 4-fold higher than that in
otherwise identical cells grown in culture. The mutant frequency of individual tumors
varied considerably in a non-gaussian manner. These results suggest that the conditions
within solid tumors are mutagenic and/or clastogenic.

Solid tumors are comprised of malignant cells plus infiltrating host cells.
Histochemical analysis of MN-11 tumors showed the presence of granulocytes,

macrophages, mast cells and lymphocytes. Biochemical measurements of total nitric oxide
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synthase (NOS) activity in tumor homogenates demonstrated a positive correlation between
NOS activity and MF. The expression of inducible (iNOS) was estimated by Western blot
analysis and localized by immunohistochemistry. The synthase was present in some tumors
as a 130 kDa band, similar to the human iNOS, but not in others. The iNOS-positive cells
included predominantly granulocytes and not tumor cells, lymphocytes or vascular
endothelial cells. Granulocytes were found mainly in necrotic areas, less frequently in non-
necrotic and at the periphery of the tumor. A positive correlation was observed between the
number of infiltrating granulocytes and MF. A positive correlation was also observed
between % tumor necrosis and MF. These results are consistent with the notion that
endogenously generated nitric oxide (NO-) or a related species by tumor-infiltrating
phagocytic cells may contribute to the observed increase in MF in MN-11 tumors.
Administration of an antioxidant, vitamin E to tumor-bearing mice resulted in a significant
decrease in MF by 50%.

Using this model system, a series of nitrogen monoxide (NO)-donating drugs that
differed in their rate of NO- release was tested to induce mutants both in virro and in vivo.
The results show that NO-donating drugs can induce mutants in MN-11 cells but they varied
widely in their mutagenic potential. Glyceryl trinitrate and sodium nitroprusside were found
to be mutagenic in MN-11 cells. The mutation can be blocked in vitro by pretreatment with
vitamin E. As a positive control, exposure of tumor-bearing mice to ionizing radiation and
cisplatin also showed an increase in MF. Administration of glyceryl trinitrate to tumor-
bearing mice produced a large increase in MF that could also be blocked by vitamin E. In
summary, the MN-11 tumor model system has allowed sensitive detection of mutants both

in vitro and in vivo. NO- or a related species generated endogenously by tumor-infiltrating
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granulocytes may induce mutations in MN-11 cells grown as tumors. In this manner NO-
or a related species may contribute to genetic instability in MN-11 tumors leading to tumor

progression.
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PREFACE

Genomic instability is a characteristic of malignant tumors, but the underlying
mechanisms are only partially understood. Factors intrinsic to the tumor cells have been
extensively studied which may predispose these cells to further instability. In contrast. this
thesis explores the possibility that factors extrinsic to the tumor cells presumably present in
the tumor environment, such as reactive oxygen and nitrogen species may enhance genetic
instability. These reactive species may be presumably produced by tumor-infiltrating
phagocytic cells that may cause mutagenic and/or clastogenic damage to the neighbouring
tumor cells leading to tumor progression. The tumor milieu and inflammatory milieu are
characterized by increased recruitment of phagocytic cells to sites of tissue destruction.
Transient release of proinflammatory mediators is necessary for the body to fight infection
and help in wound repair. However, sustained release of these mediators can result in
pathophysiological conditions such as rheumatoid arthritis, ulcerative colitis, gastritis etc.
There is a expanding body of literature that suggests that many of these disorders have been
associated with an increased predisposition to the development of cancers. The specific
focus of this thesis is to examine the role of reactive oxygen and reactive nitrogen species,
with emphasis on nitric oxide as potential contributors to the increased genetic instability
commonly observed within solid tumors. The organization of the thesis is as follows:

There is one combined abstract and list of abbreviations for all the chapters at the
beginning of the thesis. Materials, suppliers and solution composition are detailed in the text
and/or Appendix II. Preparation of fixatives and antibody solutions is detailed in Appendix
III. A general Methods section is not included and the Methods common to all the chapters
are described in Appendix [V. The thesis begins with a general introduction section and the
results section is divided into five chapters. Except Materials being listed elsewhere, each
chapter is organized as a typical research paper with abstract, introduction, Methods, Results
and Discussion section. The first chapter introduces the reader to a review of the literature
on different toxic species elaborated by cells and mechanisms by which they can promote
genetic instability. The next chapter describes the development of the novel in vitro/in
vivo/ex vivo murine model system (MN-11) used to study genetic instability in situ in
growing tumors and chapter 3 describes the biology of this tumor. The next three chapters
focus on the role of reactive oxygen and reactive nitrogen species in inducing mutations in
this model system. Chapter 6 describes the use of a lipophilic antioxidant, vitamin E to
block the mutations induced by reactive nitrogen species. The thesis ends with a general
discussion section which ties all the chapters with overall conclusions of the study and future
direction. [ hope that by organizing the material in this way readers can gain a better
understanding of the role of reactive nitrogen species in promoting genomic instability
underlying tumor progression.
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CHAPTER 1

GENERAL INTRODUCTION



ABSTRACT

A hallmark of tumor cells is genomic instability, manifested as increased chromosomal
aberrations, amplification, deletions and at the gene level as mutations. The basis for this
genomic instability in cancer has not been fully established. Much recent work has been
directed in investigating the role of critical genes such as the tumor suppressor gene p53,
which may predispose to genomic instability via alterations in the cell cycle and in
deoxyribonucleic acid (DNA) repair. In contrast, we and others have postulated that the
microenvironment of a developing tumor might itself contribute to genomic instability and
mutagenesis, leading to tumor progression. The tumor milieu and the inflammatory milieu
are very similar in many aspects. Both are characterized by changes in vasculature, by tissue
destruction and the presence of an inflammatory infiltrate such as granulocytes, mast cells,
macrophages and lymphocytes. These cells release a variety of proinflammatory agents such
as interleukins, arachidonic acid metabolites, platelet activating factor (PAF), reactive
oxygen (ROS) and reactive nitrogen species (RNS) that cause damage to the neighbouring
cells.

Our laboratory has established a novel tumor model system (MN-11) [1] to study
mutations that arise /in situ in growing tumors (Figure 1-1). The salient features of this
model system are as follows: (i) the cells can be grown in virro or (ii) grown as
subcutaneous tumors in syngeneic C57BL/6 mice, and (iii) mutations at the HPRT gene can
be detected with high sensitivity. Such mutations are indicators of genetic damage and
provide no growth advantage or disadvantage to the mutant cells [1].

1.1 GENOMIC INSTABILITY AND CANCER

There is increasing evidence that the pathogenesis of cancer proceeds in a step-wise
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Figure 1-1

MN-11 tumor model system to examine mutational events in the
tumor microenvironment. MN-11 cells were grown in culture and
then injected in CS7BL/6 mice to form subcutaneous tumors.
Following 2 weeks of growth, tumors were excised and examined for
the appearance of mutant cells in culture.
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fashion. A number of genetic changes are required for a normal cell to become an invasive
metastatic tumor [2-5]. Normal cells generally exhibit a stable karyotype, while genomes of
cancer cells are unstable showing increased “genomic instability”. Multiple pathways exist
in normal cells that allow accurate duplication and distribution of DNA to progeny cells. In
contrast, genomic instability in cancer cells may arise by mutational or exogenous
interference with the pathways that ensure normal cellular homeostasis and genetic
continuity. In fact, a large number of mutations is often found in malignant cells; these
mutations cannot be accounted for by the low spontaneous mutation rate in rapidly growing
normal cells [6] and has been ascribed to a “mutator phenotype”. The mutator phenotype in
tumor cells may be one cause of genomic instability. These processess are thought to
underlie tumor heterogeneity and progression [3]. Genomic instability is associated with
cancer and tumor progression [7,8]. The genomic alterations associated with tumor
progression include, point mutations and deletions, chromosomal aberrations, gene
amplifications, alteration of microsatellite sequences, replication errors and epigenetic
changes such as DNA methylation. Mutations in genes that cause a generalized increased
frequency of single base substitutions, insertions, or deletions are commonly called murator
mutations. Other mutations may lead to an increased frequency of aneuploidy or structural
chromosomal aberrations and are called chromosomal mutations. These mutations result in

increased genomic instability and may together be called genomic instability mutations [9].

1.1.1 Genomic instability and tumor progression
The idea that genomic instability mutations may play an important role in human

cancer is supported by three lines of observations: (i) the incidence of most adult cancers
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exhibits an exponential rate of increase with age, suggesting a series of events each rendered
more likely by the occurrence of a previous event [10]; (i) there is increasing evidence that
muitiple genetic alterations occur in tumors to generate a solid metastatic tumor. A cell with
enhanced genomic instability would traverse this evolutionary pathway more rapidly than a
cell with normal stability; individual colon cancers, for example, have been reported to
involve four to five sequential chromosomal changes [11]; (iii) human cancer-prone
syndromes such as Fanconi’s anaemia, xeroderma pigmentosum (XP), Bloom’s syndrome,
and ataxia-telangiectasia (AT), characterized by chromosome instability, provide striking
evidence that genomic instability can be heritable and that such instability is associated with
a predisposition to cancer [12,13]. Although many studies show the existence of genomic
instability in tumors, in vivo factors affecting its activation are not known, and a causal

relationship between genomic instability and tumor progression remains to be established [9].

1.1.2 p53 and genomic instability

Alterations of the p53 tumor suppressor gene have been reported in a wide variety of
human cancers, suggesting that it plays an important role in the formation of tumors [14-17].

(i) pS3 functions in the G1-S checkpoint: Proliferating cells have several
mechanisms for repairing DNA damage. DNA damage can be detected in at least two stages
in the cell cycle: at the G1-8§ transition and at the G2-M transition. These transitions serve
as check points to allow repair of damage before entering either S phase, when damage would
be perpetuated, or M phase, when breaks would result in the loss of genetic material. A
number of studies have implicated the pS3 protein in the G1-S arrest in response to DNA

damage [18-20]. Cells with DNA damage rapidly increase the content of p53 protein levels
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by a post-transcriptional mechanism. Induction of p53 results in transcriptional activation
of GADDA45, MDM2 and CIP1/WAF1/SD11 and inhibits the activity of cyclin-dependent
kinases (CDKs), thus inducing either arrest in G1 or apoptosis. Cells with abnormal p53 do
not activate p21 and do not show the normal G1 arrest necessary for repair following
exposure to DNA-damaging agents, leading to increased genomic instability.

Evidence supporting a role for the pS3 protein in G1-S checkpoint pathway in the
development of human cancers is provided by studies on adenocarcinomas in esophageal
epithelium [21,22]. In this cancer type, cellular damage leads to cell cycle arrest, but when
loss of a cell cycle checkpoint occurs, genetic instability develops and the cells progress to
amalignant phenotype. Abnormal expression of cyclins D, E, and A in some cancers [23-25]
and altered associations of various cyclin-CDK proteins in p53-deficient cells [26], may
provide additional mechanisms of abrogating the G1-S checkpoint during tumorigenesis.

(ii) pS3 and gene amplification: Cells homozygous for mutant p53 are genetically
unstable and can undergo gene amplification [18,27]. When challenged with the uridine
biosynthesis inhibitor N-phosphonacetyl-L-aspartate (PALA), these cells gain the capacity
to amplify at high frequency the gene encoding CAD (a trifunctional polypeptide containing
carbamoyl phosphate synthetase, aspartate transcarbamylase and dihydroorotase). Germ line
mutations in the p53 gene are found in families with the Li-Fraumeni cancer syndrome.
Normal somatic cells from these patients are heterozygous for p53, whereas tumor cells have
no wild-type p53 gene. Cells homozygous for p53 mutations amplify the CAD gene at high
frequency, while heterozygous and wild-type cells do not, suggesting that loss or alteration

of both copies of the p53 gene is needed for amplification to occur [18,27].



1.1.3 DNA repair and genomic instability

Mutations in DNA repair genes (mismatch repair and excision repair) predispose to
cancer, presumably by increasing genomic instability. Several human genetic disorders
including XP, Bloom’s syndrome and Fanconi’s anaemia involve faulty DNA repair
pathways. These predispose affected individuals to the development of various malignancies
[12,13]. Recently, a more common form of DNA repair deficiency (termed RER phenotype,
for replication errors) was described that may account for a large portion of genetic instability
in hereditary nonpolyposis colorectal cancers (HNPCC). However, a small percent of
sporadic colorectal tumors also exhibit RER phenotype [28-30]. The RER is manifested by
instability in microsatellite repeat sequences (CA repeats). RER phenotype in HNPCC
(Lynch syndrome) involves germline mutations in mismatch repair (MMR) genes. The four
MMR genes known to be mutated in the germline of HNPCC patients are the mutS-related
gene, AMISH?2, and the bacterial mutl-related genes AMLH I, hPMS 1 and hPMS2 [31-36].
In families with HNPCC, a mutation in one gene copy is inherited. and a somatic mutation
in the second copy is associated with microsatellite instability in the tumor [32-35]. The RER
phenotype has been observed in many familial and sporadic cancers, suggesting that the RER
phenotype may represent a common feature of neoplasia [37,38]; however, not all human
tumors examined exhibit the RER phenotype and microsatellite instability [39,40]. Muir-
Torre syndrome, an inherited predisposition to sebaceous gland tumors and to colorectal
carcinomas, is associated with microsatellite instability [41]. The observed genomic
instability is compatible with a mutator phenotype, which predisposes patients to the
development of various malignancies. How the change in the microsatellite sequences

contributes to tumor development and tumor progression is unknown and is under
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investigation.

1.1.4 Other mechanisms

As opposed to the endogenous mechanisms of genomic instability discussed above,
recently attention has been paid to the exogenous factors in the tumors that would enhance
genomic instability and contribute to the progression of the tumor to a more malignant state.
Our laboratory has been interested in the factors in the tumor environment, such as reactive
oxygen and nitrogen species generated by tumor-infiltrating phagocytic cells that may be
mutagenic/clastogenic. Using the MN-11 tumor model our laboratory was the first to
demonstrate an increased MF in cells grown as s.c. tumors as compared with cells cultured
for the equivalent time [1]. Work from two laboratories independently also demonstrated
genomic instability in vivo in tumors. Paquette and Little [42] used the C3H/10T"= cell line
as a model and showed that the frequency of genomic rearrangements was higher in clones
grown as tumors than among clones passaged in vitro. In another study, LN12 cells were
used to show an increase in MF in cells grown as subcutaneous tumors than cells in culture
[43]. These studies suggest that the conditions within solid tumors are mutagenic and suggest
that genetic instability induced by the tumor microenvironment is important in tumor

progression.

1.2 INFLAMMATION
Inflammation is the reaction of vascularized tissue to local injury from a variety of
physical, chemical, microbial or immunological agents. An inability to produce an

inflammatory response leads to a compromised host. On the other hand, inappropriate
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activation of the inflammatory cascade, or more important, absence of a “stop” signal in an
otherwise normal inflammatory process leads to debilitating inflammatory diseases. The
mechanisms that may “turn on” or “turn off” an inflammatory signal remain essentially
unknown. The inflammatory response consists of acute and chronic phases. Acute
inflammation is directed toward neutralizing the damaging agents and restoration of the tissue
to normal functions. The characteristic features of acute inflammation are the formation of
an inflammatory exudate that has three principal constituents: fibrin, serum and leukocytes.
predominantly neutrophils. The formation of the inflammatory exudate involves three
vascular phenomena: (i) dilation of local blood vessels (ii) increased vascular permeability
permitting plasma proteins to pass into the tissue (iii) migration of leukocytes from blood
vessels into the areas of the damaged tissue. The duration and intensity of each reaction is
determined by the concentration of proinflammatory agents present at the site of injury. In
some circumstances, a damaging agent may persist over a prolonged period despite the tissue
responses directed at destroying or neutralizing it resulting in continuous tissue damage. This
process is known as chronic inflammation. It is marked by increased infiltration of
macrophages, lymphocytes and plasma cells at the site of the injury. Macrophages continue
the phagocytic work begun by neutrophils and ultimately mop up the degenerate neutrophils
and fibrin strands. The duration and intensity of this response depends upon the elaboration
of immune molecules by inflammatory cells at the site of injury. Under normal conditions,
inflammation is transient progressing through acute and chronic phases before dissipating.
However, under pathological conditions, the stimulus responsible for activating the
inflammatory response fails to be eradicated and the entire cycle is perpetuated and/or

exacerbated.



1.2.1 Inflammation and cancer

Chronic infection, injury and inflammation have long been recognized as risk factors
for a variety of human cancers. How does an inflammatory response contribute to tumor
development and tumor progression? This subject was first reviewed in 1975 by Templeton
[44] and more recently by Ohshima and Bartsch [45]. As shown in Table 1-1, the association
between inflammation and cancer has been observed in many different tissues. Inflammation
may arise due to viral, bacterial, or parasitic infections or due to autoimmune diseases. In
each case the inflammation is prolonged and the cancer usually develops at the site of
inflammation. It has been proposed that agents generated in chronically inflamed tissues can
cause injury to target cells and damage DNA, which could contribute to tumor development.
It is unknown whether transient or recurrent inflammatory reactions are associated with
increased cancer risk. Nor it is known to what extent chemical and physical agents present
in the environment are acting in humans to increase tumorigenesis by stimulating
inflammatory reactions. Many irritants thought to increase cancer development by
stimulation of cell proliferation may also act by aggravating inflammation in the tissue and
vice versa. Depending upon their concentrations, endogenously generated proinflammatory
agents may exert physiological or pathophysiological effects. At low concentrations or with
limited exposure, they act as signalling molecules and are important for normal physiological
functions. However, at high concentrations or with extended exposure they can stimulate cell

replication and/or act as endogenous carcinogens.



Table 1-1 Possible role of inflammatory mediators in an increase in cancer incidence in
patients with chronic inflammation

Inflammatory Source/site of Cancer site Inflammatory | Mechanism of
Disorder inflammation mediators action
Bacterial infection | Helicobacter pylori stomach ROS Chromosomal
Urinary infection bladder RNS abnomalities
Tuberculosis lung DNA damage
I cell
replication
Parasitic infection | S. haematobium bladder N-nitroso Chromosomal
S. mansoni liver compounds abnormalities
S. japonicum colon ROS DNA damage
Opisthorchis biliary tract RNS T cell
viverrini replication
Clonorchis sinensis biliary tract cell death
Malaria Burkitt's fibrosis
Ivmphoma
Viral infection Hepatitis viruses liver N-nitroso DNA damage
Human papilloma cervix compounds
virus ROS
Herpes simplex
virus- type 2
Cytomegalovirus
Epstein-Barr virus Burkitt's
lymphoma
Human T-cell Adult T—cell
leukemia virus leukemia
Human Kaposi's
immunodeficiency sarcoma. non-
virus Hodgkin
lymphoma
Crohn’s disease inflammation of the colon ROS DNA damage
ileumn and/or colon RNS I cell
PAF replication
Ulcerative colitis inflammation of colon ROS DNA damage
mucous membranes RNS T cell
replication
Rheumatoid inflammation of lymphoma ROS DNA damage
arthritis synovium RNS 1 cell
replication
Atrophic gastritis inflammation of the stomach ROS DNA damage
stomach with atrophy I cell
of mucosa and glands replication
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Particles (¢.g. silica | inflammation of the lung ROS Chromosomal
dust. asbestos) exposed tissues RNS abnommalities
nitrosamines DNA damage
T cell
replication
Chronic injury Recurrent cystitis throat ROS Chromosomal
(bums. heat. chronic skin ulcers lung. bladder abnormalities
smoking) Repeated abrasions skin DNA damage
i cell
replication

Adapted from references [53. 45. 54, 53].

(i) Chronic inflammatory disorders associated with cancers: There is clear
evidence from human studies that “inflammatory conditions” i.e., in the absence of exposure
to environmental carcinogens, may predispose individuals to the development of cancer
(Table 1-1). A rare form of acne predisposes to squamous cell carcinoma [46]. Chronic
gastritis due to Helicobacter pylori infection is strongly associated with increased risk of non-
cardia gastric adenocarcinoma and gastric lymphoma [47-52]. There is an increase in acute
and chronic inflammatory cells in the patients with H. pylori infection, such as neutrophils.
lymphocytes, macrophages and plasma cells. The increased risk of cancer development is
presumed to be mediated by agents released by inflammatory cells.

Schistosomiasis is a common parasitic disease that occurs in humans. Three major
species infect man and each is associated with an increase in cancer (Table 1-1). S
haematobium infection is strongly associated with increased incidence of bladder cancer
[54,56]. Individuals become infected with the larvae (termed cercariae or metacercariae) that
can penetrate the skin. The adult worms inhabit the veins of the perivesical plexus, where
the female lays eggs. The eggs can either penetrate through the bladder mucosa to be

excreted in the urine or become trapped in the epithelial cell lining of the bladder. A chronic
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inflammatory reaction is initiated with infiltration of histiocytes and other inflammatory cells
into the bladder, the formation of granuloma and eventually fibrosis. Thus, the infection is
long term and the eruption of eggs through the mucosa stimulate urothelial hyperplasia and
cell turnover which could be associated with increased risk of tumor development.
Epidemiological and experimental studies describe a strong relationship between infection
with the liver fluke, Opisthorchis viverrini, and cholangiocarcinoma in humans [55]. The
flukes chronically infect the intrahepatic bile ducts and cause long term

inflammation leading to increased risk of tumor development.

Colorectal carcinoma risk is increased in patients with longstanding ulcerative colitis
and Crohn’s disease [57]. Patients with rheumatoid arthritis, a chronic inflammatory
autoimmune disease, have an increased incidence of development of haematopoietic cancers
of B cells and myelocytes, including lymphoma, and multiple myeloma [58].
Epidemiological studies suggest a strong association between chronic hepatitis and cirrhosis
caused by infections of hepatitis B virus (HBV) and hepatocellular carcinoma in humans [53].
The mechanism by which HBV increases liver cancer is unknown but may be related to
alteration of cellular DNA directly or indirectly by the virus. However, the integration of the
HBV DNA into hepatocyte DNA is not adjacent to known protooncogenes. Whether
inflammation per se contributes to the increase in the incidence of liver cancer is unknown.
Furthermore, in some situations where there may be an environmental carcinogen implicated
(such as tobacco in lung cancer or head and neck cancer), there also may be an associated
chronic inflammation, which may contribute to cancer development.

Besides these clinical observations, there is abundant literature describing controlled

animal experiments where inflammation contributes to cancer development in the presence
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of a known carcinogenic agent. The ‘classic’ animal model to examine the relationship
between inflammation and cancer is the well-known mouse skin tumor
initiation/promotion/progression system [59]. TPA (12-O-tetradecanoylphorbol-13-acetate),
a widely used activator of protein kinase C, was first identified as the active inflammatory
and tumor promoting agent in croton oil in this model system. A plasmacytoma model has
been developed by Potter and colleagues in which an irritating but chemically inert agent
2.6,10,14 tetramethylpentadecane (pristane) was injected into the peritoneal cavity of mice
[60]. The chronic peritoneal inflammation lead to the development of plasmacytomas, and
it was suggested that neutrophils present in the inflamed area may contribute to the
development of plasmacytomas. Other experimental models have also been examined.
Colitis induced by chemotactic peptides (formylmethionyl-leucyl-phenylalanine (FMLP) and
formylnorleucyl-leucyl-phenylalanine (FNLP)) enhances colon carcinogenesis in the rat
[61,62]. Instillation of these peptides caused increased infiltration of neutrophils resulting
in acute mucosal inflammation, followed by ulceration and necrosis. In none of these
systems has a critical inflammatory component(s) been identified that is responsible for the
increase in malignancy. The inflammatory milieu is an extremely complex environment in
which abnormally high levels of interleukins, eicosanoids, PAF, ROS and RNS [63] may be
present. Which of these, singly or in combination, may be causally related to the increase in
cancer frequency is not known with certainty and is currently being investigated in different
laboratories.
1.3 REACTIVE OXYGEN SPECIES

This brief review discusses the mechanisms by which inflammation may lead to the

development of cancer, mainly focussing on the role of ROS and RNS in mutation induction.
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ROS are free radical species produced by every cell type constitutively, and in certain cases
they are produced in sufficient quantities to act as cytotoxic and genotoxic agents. Some
blood cells, for example, phagocytic cells are activated to synthesize ROS during acute and
chronic inflammation. ROS encompass superoxide anion (O,7), hydrogen peroxide (H,0,)
and/or hydroxyl radical (OH-). These species are toxic and can attack cellular biomolecules
resulting in damage to lipids, proteins, and nucleic acids. Because of the toxic nature of these
radicals, cells have evolved pathways to eliminate O,* and H,O,, thereby eliminating the
formation of OH-. These include superoxide dismutase (SOD) for superoxide [64] and
peroxidases and catalase for hydrogen peroxide (Figure 1-2). In spite of these antioxidant
mechanisms, endogenous or exogenous sources of these toxic products could contribute to
the development of many pathologic conditions [65-69].

Various studies have implicated ROS in the induction of gene mutations. Moody and
Hassan [70] have shown that ROS produced by the intracellular metabolism of paraquat was
mutagenic in Salmonella typhimurium. ROS generated chemically, enzymatically or by
phagocytic cells have been shown to be genotoxic to mammalian cells. They produce effects
that include cytotoxicity, DNA strand breaks, specific-locus mutations, chromosome
aberrations, sister-chromatid exchanges, and transformation [70-74]. Human neutrophils
activated by TPA induce mutations at the Z/PRT locus in CHO cells [72]. Phillips et al. [76]
observed an increase in mutation frequency (MF) in CHO cells exposed to the xanthine
oxidase/xanthine system. Catalase, but not SOD, prevented the induction, indicating that
externally generated H,O, is the mutagenic agent. Mutations were also observed at this locus

when a large number of V79 cells were exposed to millimolar concentrations of H,0,
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Figure1-2  Reactions showing the formation and elimination of ROS. The sequential
four-electron reduction of molecular oxygen to water is depicted in which
superoxide, hydrogen peroxide and hydroxyl radical are intermediates.
Enzymatic pathways to control superoxide and hydrogen peroxide are also
shown. Adapted from [75].
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Figure 1-2
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[77,78]. Hsie et al. [79,80] were able to detect mutants in CHO cells and its clone AS52
(contain a single copy of the bacterial GPT transgene instead of the /PRT gene) following
exposure to ROS. When investigated, most of the mutations observed have been point
mutations, either due to base substitution or frameshift base deletions.

A diffusible clastogenic factor (CF) has been identified in the medium of TPA-
activated human granulocytes that causes chromosome aberrations and sister-chromatid
exchanges [81-83]. V79 cells have also been shown to produce CF when exposed to TPA

that induced sister-chromatid exchanges and mutations in these cells [84,85]. The
formation of CF can be diminished by catalase or SOD [81,82]. Hence, it is thought that CF
comprises a mixture of H,O, and oxidized lipids, in particular oxidative intermediates of
arachidonic acid. Unlike O, and OH- radicals, which are unstable and have a very short
half-life, CF possesses a half-life of several hours and penetrates cell membranes. Human
monocytes stimulated with TPA produce increased amounts of hydroperoxy-arachidonic
acid that is clastogenic for cultured rodent fibroblasts [86,87]. Understanding the molecular
nature of these species may provide insight into the mechanism of action of these species

and methods for their elimination.

1.4 REACTIVE NITROGEN SPECIES

More recently, there has been considerable interest in the effects of NO- and related
species. Like ROS in the prior decade, interest has been spurred by the recognition that
these reactive chemicals are formed within the body in a regulated manner. NO- is formed
by many cell types in the body for intercellular communication or as part of the immune or

inflammatory response by macrophages and endothelial cells. It is an important
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neurotransmitter and NOS activity has been found in endothelial tissue of the cardiovascular
system and in the central nervous system, suggesting an important role for NO- in human

physiology and pathophysiology [88,89].

1.4.1 NO-: the endogenous nitrovasodilator

NO- is now known as a mediator of blood vessel relaxation. Acetylcholine,
bradykinin, adenosine triphosphate, and other stimuli that dilate blood vessels act on
receptors located on the surface of endothelial cells to trigger the release of local hormones
that diffuse to adjacent smooth muscle to evoke relaxation. One of the most potent
substances released by the vascular endothelium in this process is endothelium-derived
relaxing factor (EDRF). The chemical nature of EDRF has now been identified as NO- or
a labile nitroso precursor to NO- [90]. NO- relaxes smooth muscle in blood vessels by
activating soluble guanylate cyclase (sGC) and thereby stimulating the formation of cyclic
guanosine 3', 5'-monophosphate (cGMP) (Figure 1-3). This increase in intracellular cGMP
concentrations leads to a reduction in intracellular Ca?" levels through a multitude of
proposed cascade events, resulting in myosin light-chain kinase phosphorylation and
relaxation of vascular smooth muscle cells, resulting in vasodilation. NO- is now
considered to be the endogenous nitrovasodilator and the names NO- and EDRF are used
interchangeably.

NO- can also be generated by nitric oxide-donating drugs (NO-donating drugs) that
are widely used for the treatment of coronary artery disease to substitute for diminished
EDRF/NO- production. Among the most widely used is glyceryl trinitrate (GTN) and

sodium nitroprusside (SNP). NO-donating drugs can be classified into the following
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Figure 1-3

Mechanism of NO- mediated vasodilation. cNOS is activated in response
to various stimuli such as bradykinin or acetylcholine by activation of surface
receptors on vascular endothelial cells. These cells release EDRF, which
diffuses to adjacent smooth muscle cells and produces vascular smooth
muscle cell relaxation and vasodilation. In 1987 EDRF was found to be
identical to NO-. NO-donating drugs also release NO-, that is used to
substitute for a diminished EDRF/NO- production. ¢cNOS = constitutive
nitric oxide synthase
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Figure 1-3
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categories: organic nitrates, organic nitrites, floxane derivatives, iron-nitrosyls, S-
nitrosothiols and sydnonimines. The pathway leading to NO- formation differs among
individual compounds; some compounds require enzymatic biotransformation while others
are spontaneous generators [91]. An alternative series of NO-donating drugs, termed
“NONOates” have been described recently [92]. These agents are nitric oxide/nucleophile

complexes that release NO- spontaneously.

1.4.2 Biosynthesis of NO-

NO:- is produced by the oxidation of the amino acid L-arginine by an enzyme, NO
synthase (NOS). The oxidation of L-arginine to NO- and citrulline uses NADPH and O,.
Flavin mononucleotide (FMN), flavin adenine dinucleotide (FAD), haem, and
tetrahydrobiopterin are essential cofactors of this reaction (Figure 1-4). To date, several
isoforms of NOS have been isolated and cloned and they generally fall into one of two
categories: constitutive (cNOS) or inducible (iNOS). The cNOS is cytosolic.
Ca*’/calmodulin dependent, and releases NO- for short periods in response to receptor or
physical stimulation. The NO- released by this enzyme act as a transduction mechanism
underlying physiological responses. For instance, the neuronal form of NOS, which is
activated by glutamate neurotransmission acting on N-methyl-D-aspartate (NMDA)
receptors, is clearly constitutive. The endothelial form of NOS is also constitutive, being
activated by increase in intracellular Ca®" levels. Kobzik et al. [94,95] have described the
existence of neuronal NOS in skeletal muscle, where it is concentrated in fast fibres and
seems to have a physiological role in relaxing muscle. Neuronal and endothelial forms of

NOS are also inducible in the sense that in the response to certain stimuli, new enzyme
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Figure 1-4

Biosynthesis of NO- from arginine. NO- formation by NOS involves
conversion of L-arginine to L-citrulline. The enzyme is a homodimeric
protein, though only one subunit is illustrated here. Several cofactors are
necessary for enzymatic activity, including flavones (FAD, FMN) and
tetrahydrobiopterin. The catalytic cycle produces hydroxyarginine as an
intermediate, which remains bound to the enzyme for further oxidation to
citrulline and NO-. NOS is inhibited competitively by arginine analogs.
Adapted from [93].
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Figure 1-4
BIOSYNTHESIS OF NITRIC OXIDE FROM ARGININE
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protein synthesis occurs. The inducible NOS (iNOS) was originally isolated from activated
macrophages [96], which is not expressed in normal resting cells. Both in vivo and in vitro
stimulation with a variety of cytokines and bacterial lipopolysaccharide (LPS) have been
shown to induce NOS [97] and once expressed, synthesize enormous amounts of NO- for
long periods. Furthermore, this enzyme is cytosolic, Ca’" independent, it requires
tetrahydrobiopterin as well as other cofactors, and its induction is inhibited by
glucocorticoids, transforming growth factor-f3, [L-4, and IL-10. No physiologic agents have
been found that inhibit the enzyme activity of either cNOS or iNOS. I[nducible NOS of
macrophages is not stimulated by Ca?", but surprisingly, inducible NOS enzymes do possess
calmodulin recognition sites. A number of other cell types including endothelial cells. brain
astrocytes and microglia possess iNOS, which is also induced by a variety of cytokines
[98,99]. Induction of iNOS in astrocytes and microglia may account for the tissue damage
associated with a number of neurological disorders.

The molecular and cell biology of the constitutive and inducible NOS isoforms has
recently been elucidated [100-102]. The rat brain and macrophage NOS isoforms are
soluble, dimeric enzymes, each comprising two identical subunits. NOS appear to comprise
a reductase domain and an oxygenase domain, each representing roughly one-half of the
protein molecule. A binding sequence for the Ca*-binding protein calmodulin is invariably
located between the NOS reductase and oxygenase domains. All NOS reductase domains
contain binding sites for NADPH as well as for FMN and FAD [88,102,103]. Cytochrome
P-450 reductase (CPR) is the only other mammalian enzyme known to contain recognition
sites for NADPH, as well as for both FMN and FAD. The carboxyl-terminal half of NOS

is 60% homologous to CPR. All NOS isoforms cloned share homology with CPR, and this
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probably reflects the oxidative nature of NO- biosynthesis. Overall sequences, similarity
between the constitutive endothelium and neuronal NOS isoforms is approximately 50%,
and both are roughly 50% identical to inducible macrophage NOS [104]. The genes for
human nNOS, eNOS, and iNOS are located on chromosomes 12, 7 and 17, respectively.
Inducible NOS cloned from various cells (macrophages, hepatocytes, chondrocytes, and
smooth muscle) are highly homologous (roughly 80-90%), perhaps reflecting their
localization on a single chromosome.

A number of NOS inhibitors have been identified that are analogs of L-arginine and
inhibit the enzymatic production of NO- by NOS [105-113]. These include N°~-monomethyl-
L-arginine (L-NMMA)), N®-nitro-L-arginine (L-NOARG), N°-nitro-L-arginine methyl ester
(L-NAME), and N®-iminoethyl-L-ornithine (L-NIO), all of which are extremely useful in

revealing the role of endogenous NO- in various physiological and pathological processes.

1.4.3 Chemistry of NO-

NO- exists as a highly reactive free radical with an unpaired electron. As a result,
NO:- is assumed directly to attack many molecules like DNA or thiols, whereas the reaction
rates are very slow and probably not of great biological significance. NO- reacts with
molecular oxygen (O,) to produce NO,, which forms the nitrosating agents N,O; and N,O,
(Figure 1- 5A). Both N,0; and N,O; can react with H,O to yield NO,"and NO;". Stamler
et al. [114] proposed that NO may exist in the following three forms, NO-, nitrosonium
cation (NO"), and the nitronyl anion (NO) in a biological system. The half-life of NO- in
biological systems is estimated to be 4-50 sec. NO- is uncharged and can migrate freely in

and out of the cells similar to O,. Therefore, there should be time for NO- to diffuse several
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Figure 1-5

Reactions showing reactivity of NO- with biomolecules. (A),
Autooxidation of NO- leads to the formation of nitrosating agents (N,O; and
N,O,). (B), Nitrosation of secondary amine results in the formation of
nitrosamine. (C), Nitrosation of primary amines leads to deamination. (D),
Peroxynitrite formation in the presence of NO- and O,~. Adapted from [53].
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Figure 1-5

A. Formation of nitrosating agents

NO- + 0O, —> 2NOy

2NO‘)' I N204 - NOZ- + NO3- + 2H’
H,0

NO- + NO,, > N,O; —> 2NO, + 2H"
B. Nitrosation of a secondary amine

N2 03 + RzNH - R‘_)N‘N=O + I’[NOz

C. Deamination of a primary amine

NO, + RNH, > R + N, + NO, +

R + HO —> ROH + H

D. Peroxynitrite formation
NO- + O,° —*  ONOO
ONOO- + H- —> ONOOH

ONOOH —> OH- + NOy




cell diameters to reach target sites before being consumed by O,. It is also likely that
biological carriers of NO- such as S-nitrosothiols exist in vivo [115]. These carriers may
allow NO- to move via circulation to tissues distant from the origin of the NO-.

N->0O; and N,0O, are formed from NO- and O, rapidly nitrosate amines at neutral and
basic pH (Figure 1-5A,B). However, NO- without O, is unreactive towards amines. NO-
can form carcinogenic N-nitroso compounds including N-nitrosodialkylamines from
secondary and tertiary amines in vivo. Nitrosation of primary amines results in deamination
via diazonium ions or diazohydroxides. Acidic NO, can deaminate purines, pyrimidines,
and various forms of RNA and DNA (Figure 1-5C). Deamination of guanine to xanthine,
for example, can result in depurination to form abasic sites in DNA and consequent single-
strand breaks or misrepair. NO- rapidly reacts with O, to form a powerful and relatively
stable oxidant, peroxynitrite (ONOO") which can react with DNA, proteins and cell
membrane lipids [116, 117]. Itis not stable at physiological pH and results in the formation
of peroxynitrous acid (ONOOH) with a half-life of less than | s that decomposes

spontaneously to form OH: and NO, (Figure 1-5D).

1.4.4 Pathological roles of NO-

(I) NOS and inflammation: There is now ample evidence to indicate that NO- may
be generated by the enzyme iNOS in various inflammatory disorders by infiltrating
leukocytes and resident tissue cells [118-129]. The role of NO- during inflammation is
unclear and in vivo it may have both pro-inflammatory and anti-inflammatory functions.
Under experimental conditions NO- has been implicated in both acute and chronic

inflammation, and in many disease states these phases merge into a continuous pathological
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process. Table 1-2 summarizes inflammatory diseases in which there is evidence for the
presence of iNOS. RNS may cause tissue damage and vascular leakage in septicaemia,
rheumatoid arthritis and inflammatory bowel disease [68,131]. The precise mechanisms of
these cytotoxic effects are unknown but RNS are implicated since nitrotyrosine has been

detected in serum and synovial fluid from rheumatoid arthritis patients [132]. Patients with

Table 1-2 In vivo evidence for a role of NO- in inflammatory diseases

Animal studies Human
- studies
Infections Skin Endotoxaemia Immune diseases
Malaria Carrageenan Septic shock Vasculitis Arthritis
Viral Ultraviolet Hepatic necrosis Streptococcal Asthma
encephalitis light model arthritis Atherosclerosis
Leishmaniasis Glomerular Allograft rejection Crohn’'s
thrombosis Graft verus host disease
Chronic ileitis Glomerulonephritis Ulcerative
Arthritis-adjuvant Experimental- colitis
encephalomvelitis Cystic fibrosis
obliterative-
bronchiolitis
IL-2 therapy
Sepsis

Adapted from [130].

active ulcerative colitis and Crohn’s disease show a marked increase in NOS activity in the
inflamed colonic mucosa [133]. Acute respiratory distress syndrome (ADRS) which often
results from severe infection, may also involve RNS generation in the lung as evidenced by

the presence of nitrotyrosine [134].

(ii) NOS and cancer: Several human cancers are associated with chronic viral,
bacterial and parasitic infections (section 1.2.1 (I), [45]). NO- formation is elevated in these

infections. Long term exposure to elevated NO- in cells resulting from chronic infections
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could have cytotoxic and genotoxic effects on hosts. Although the flux of radicals per unit
time is low, an inflammatory condition that continues for years becomes a significant risk
facter for cell transformation. The relative contributions of various radicals in tumor
development and progression must be assessed through both chemical analysis of DNA and
through genetic and molecular analysis of mutations in surviving exposed cells. NOS
activity has been shown in pathological specimens of human ovarian and breast cancer
[135,136] and colorectal carcinomas [137,138]. Increased NOS activity in human ovarian
cancers correlated with increased malignancy. Recent studies have suggested a role for NO-
in causing increased tumor blood flow, edema, and vascular permeability especially in the
tumors of the central nervous system [139]. Inducible NOS mRNA expression has been
demonstrated in human brain tumors [140], considerably higher in the glioblastomas than
meningiomas [141].

(ili) NOS and neurodegenerative disease: Under conditions of excessive
formation, NO- may be neurotoxic and contribute to the pathology of neurodegenerative
disorders including, stroke, epilepsy, trauma, Huntington's disease, Parkinson’s disease,
Alzheimer's disease, and amyotrophic lateral sclerosis [68,142-147]. Activation of the
NMDA receptors results in the influx of calcium into the cell, which binds calmodulin and
activates nNOS. In pathologic conditions, microglia (analogous to macrophages), on
activation, may generate excess ROS and RNS and it is possible that most of the neurotoxic
actions of NO- are mediated by ONOO". NO- may play a role in the pathogenesis of
acquired AIDS dementia as the coat protein, gp 120, which is shed by the virus, kills
neurons in primary cortical cultures, in part, via activation of NO- [148,149].

Overproduction of NO- may also play a pathological role in inflammatory disorders of the
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central nervous system. I[nduction of iNOS in demyelinating regions of brains with multiple
sclerosis [150] has been observed and may be directly toxic to the myelin-producing
oligodendrocytes [151]. Increased levels of NO- production have been observed in bacterial
meningitis, suggesting that excessive production of NO- may participate in the neurological
sequelae associated with meningitis [152]. Recent studies suggest that migraine sufferers
have supersensitivity to NO-, and this may be an important mechanism of migraine-

associated pain [153].

1.4.5 DNA damage by NO-

Long-term exposure to elevated NO- in cells could have potential genotoxic effects
on hosts. There are at least three mechanisms by which intracellular elevated NO- could
exert genotoxic affects after reacting with O,. The first results from the formation of
carcinogenic N-nitroso compounds that can, in turn, alkylate DNA. The second is by
reacting directly with the primary amino groups of DNA resulting in deamination. The third
results from the formation of ONOQO" and/or OH- radicals that can cause oxidative DNA
damage.

(I) Endogenous-formation of N-Nitroso compounds: N,O;, which arises via
reaction of NO- with O, (described in section 3.3), is an effective nitrosating agent for
primary, secondary and tertiary amines. Nitrosation of secondary and tertiary amines to
form N-nitrosamines can result in DNA damage followed by oxidative metabolism to an
alkylating species [154-156].

(ii) Deamination of DNA: Spontaneous deamination of DNA occurs with

extremely low frequency. However, high concentrations of NO- (delivered using NO-
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donating drugs or NO- gas) has been shown to deaminate DNA [157,158]. Nitrosation of
primary amines such as purines and pyrimidines results in rapid deamination via diazonium
ions or diazohydroxides which subsequently hydrolyze to alcohols (section 1.4.3). For
example, deamination of cytosine will lead to the formation of uracil. Removal of uracil by
uracilglycosylase without restoration of cytosine would leave an abasic site in DNA and
consequent single-strand breaks or misrepair. Misrepair would produce the observed G:C
-~ A:T transition. Methylation of cytosine to form S-methylcytosine and subsequent
deamination would result in the formation of thymine in the DNA chain. Deamination of
guanine to xanthine could explain the G:C - T:A and G:C - C:G transversions. Reaction
of the aryldiazonium ion of the base undergoing deamination with a nucleophilic site on an
adjacent macromolecule could lead to crosslinking with other nucleic acids or with proteins
[155,156].

(iii) DNA oxidative damage: Macrophages activated with £. coli LPS and mouse
interferon-gamma (IFN-y) to produce NO- show evidence of both oxidative damage and
deamination of DNA. The DNA oxidation products 5-hydroxymethyluracil, 2,6-diamino-4-
hydroxy-5-formamidopyrimidine, and 8-oxoguanine were inhibited by a NOS inhibitor
[159]. Reaction of NO- with O,~ leads to DNA oxidative damage due to the formation of
ONOO" which may have OH: radical-like oxidizing potential [116]. It has been reported that
ONOQO" can be formed by rat macrophages activated with TPA [160]. ONOO" has strong
oxidizing properties toward biomolecules including protein and non-protein thiols,
deoxyribose and membrane phospholipids [161]. Such reactions have been shown to induce
several types of DNA damage including DNA strand breaks and apoptosis in rat thymocytes

[162,163]. Another possible mechanism of oxidative damage by NO- could be the
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mobilization of free iron by NO- which could ultimately cause Fenton-type reactions.

In summary, the chemistry of DNA damage by NO- is highly complex with respect
to the overall mechanism. The mechanisms described above are based on both in vitro and
in vivo data obtained at high NO- concentrations. Whether or not NO- is an important factor
in tumor development and progression will require evaluation of NO- concentrations more

representative of the in vivo situation.

1.4.6 Cytotoxic effects of NO-

RNS have cytotoxic roles, such as in macrophage and natural killer (NK) cell killing
of tumor cells, macrophage killing of intracellular parasites and granulocyte killing of
bacteria {96,164-167]. Mitochondrial aconitase and ribonucleotide reductase are two
important cell targets for killing by RNS [96,166,168]. NO- inactivates these enzymes by
binding to the iron/sulfur centers and directly inactivating these centers. Although the exact
mechanism of cell death may vary from one type of cell to another, in most cell lines
investigated NO- cytotoxicity may involve an apoptotic mechanism. Apoptosis has been
demonstrated in cultured macrophages [169], osteoblasts and osteoclasts [170], leukaemia
HL-60 cells [171], glial cells [172], MEF 23.5 cells (hybrid neuroblastoma cell line) [173]
and other cell types. Tamir et al. [174] have shown evidence of apoptotic cells next to NO-
producing cells in vivo in the spleen of the SJL mouse. Cytotoxicity in macrophages and rat
smooth muscle cells exposed to ONOO" is mediated by DNA strand breakage and the
subsequent activation of the DNA repair enzyme poly (ADP-ribose) synthetase (PARS), a
nuclear enzyme that synthesizes poly (ADP-ribose) from NAD [175]. This in turn leads to

inhibition of mitochondrial respiration and a decline of intracellular NAD and ATP. 3-
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Aminobenzamide, a inhibitor of PARS led to inhibition of these effects. Most of the

evidence suggests that toxic effects of NO- occur directly or through its breakdown product

ONOO'.

1.4.7 Genotoxicity of NO-

Several workers have explored the genotoxic and mutagenic potential of RNS. RNS
are usually delivered to biological test systems as NO- gas or as drugs thought to produce
NO-, either spontaneously or after metabolic activation. DNA bases are damaged by high
concentrations of NO- gas: saturated solutions of NO- deaminate deoxyribonucleosides,
nucleotides, purines and calf thymus DNA [157,158]. Exposure of plasmid DNA to NO-
gas or ONOQO:-, followed by passage through human Ad293 cells or £. coli, also showed
deamination of bases [176,177]. In a tester strain of S. fyphimurium, NO- and nitrogen
dioxide (NO,) gases and SPER/NO- and DEA/NO- were strongly mutagenic while glyceryl
trinitrate (GTN) and sodium nitrite (NaNO,) were weakly mutagenic [178,179]. Lung cells
of rats exposed in vivo to NO- gas showed a small increase in ouabain-resistant mutants [62].
Mutagenicity of NO- has also been shown in mammalian cells. In human TK6
lymphoblasts, very high concentrations of NO- gas induced mutations at both the A/PR7 and
TK loci and induced DNA strand breaks [158]. By contrast, no mutants were induced at the
HPRT locus in human epithelial cells by DEA/NO-, a spontaneous generator of NO- [180].
Thus, the evidence concerning the mutagenic potential of RNS is somewhat contradictory.
There is clear agreement that deamination of DNA bases can occur. The number of studies
employing mammalian cell systems is limited and these seem to show a relatively weak

mutagenic response to RNS. Moreover, most of the studies employed large amounts of
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external NO- than intracellularly produced NO-.

Study of the pathophysiological roles of RNS in biological systems represents a
significant challenge since they are unstable and reactive. Identification of the precise
species'that may participate in a given reaction is difficult even under defined chemical
conditions and extremely difficult under biological conditions. This explains some of the

controversy in the literature about which species are actually involved in a biological setting.

1.5 THE NEED FOR NEW MODEL SYSTEMS: Gene mutations (point mutations,
small deletions) vs chromosome mutations (large deletions, multi-locus deletions)

The absence of a mutagenic effect in a given system by RNS does not imply that
RNS may not be mutagenic; different systems may be insensitive to different classes of
mutations. To address this, one laboratory has very recently used a transgenic mouse
bearing a plasmid-based lacZ gene as a mutational marker [ 181]to study NO- toxicology in
vivo [182]. This system tolerates slightly larger deletions (up to 3 kb) than phage lambda-
based shuttle vector systems [181,183]. The SJL mouse was crossed with the transgenic
strain bearing a lacZ plasmid and lymphoma cells were injected. A small increase in MF
was found in the DNA from the spleen (where the lymphoma cells lodge), which was
abrogated by administration of a NOS inhibitor. Although the effect was very small, these
results suggest that NO- may be involved in inducing mutants in vivo.

The MN-11 system has allowed detection of mutations both in vitro and in vivo. The
advantage of MN-11 system in detecting mutants is illustrated in Figure 1-6. Thc_e centre
panel shows mutant induction in a hemizygous state: one X chromosome bearing one HPRT

gene. Mutations entirely within the gene do not affect cell viability and are therefore scored.
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Figure 1-6  Distinction between Gene mutations (point mutations, small-scale
deletions) and Chromosomal mutations (multi-locus deletions).
Recovery of mutants in a functionally heterozygous (7K "), hemizygous
(HPRT ~°) and MN-11 (HPRT ~~") model system are shown.
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Figure 1-6
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Large-scale mutations affecting the APRT gene that concomitantly loses an essential gene
in an adjoining chromosomal region produce non-viable cell and are therefore not scored.
In a functionally heterozygous condition (top panel), loss of an essential gene on one
chromosome may be compensated by the homologous chromosome. Therefore, the mutant
cell will be scored. MN-11 cells (bottom panel) are functionally heterozygous, although
they originated from a male mouse. Three copies of the X chromosome are present,
presumably due to a non-disjunction event. Two of the three copies of the HPRT gene were
inactivated, leaving “backup” copies of essential genes on the other X chromosomes. Thus,
large deletions (chromosomal mutations) affecting the single functional HPRT gene can be
tolerated and such mutants are viable. This model system is currently being used in our
laboratory to study the contribution of tumor-infiltrating phagocytic cells in tumor

progression.

1.6 HYPOTHESIS AND THESIS OBJECTIVES:

Tumor progression is frequently associated with evidence of genetic damage, such
as gene amplification, loss of chromosome fragments and/or chromosome rearrangements.
The cause of these large-scale changes commonly observed in tumors is not known. Our
laboratory has hypothesized that tumor-infiltrating phagocytic cells (macrophages and
granulocytes) may contribute to tumor progression by generating ROS and RNS, which in
turn may induce DNA strand-breaks in the neighbouring tumor cells that may have cytotoxic
and genotoxic effects. To test this hypothesis, we have developed the MIN-11 tumor model
system [1] in which loss of a marker gene (HPRT) could be detected with high sensitivity.

Using this model system, a 4-fold increase in MF was observed in vivo in tumors than in
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vitro for an equivalent time. It is my hypothesis that NO- or related species released by
phagocytic cells might be partially responsible for this observed increase and these species
may induce chromosomal mutations (large, multi-locus deletions) as opposed to gene
mutations (small-scale deletions or point mutations). NO- is a multifaceted molecule that
has been implicated in a wide variety of processes such as neurotransmission, smooth muscle
relaxation, platelet aggregation, cytotoxic/inflammatory responses, and cellular proliferation
and differentiation. However, its role in tumor progression is not yet clear. Solid tumors
are known to be infiltrated with phagocytic cells and the presence of NOS has been recently
shown in human tumors [135-137,139]. Once NOS is induced in phagocytic cells, it can
produce large quantities of NO- for sustained periods. NO- may react with other radicals and
mediate cytotoxicity and genotoxicity in the neighbouring tumor cells. It has been shown
to induce deaminations, DNA strand-breaks, alkylations and oxidations (Figure 1-7).
However, the induction of mutants by RNS in solid tumors is not known, and this could be
a potential mechanism of NO- genotoxicity in tumors. Inour laboratory we are investigating
the role of RNS in vitro and in vivo with a goal of applying this knowledge to understand
human cancers.

My objective was to determine whether there exist factors in the tumor milieu that
may be mutagenic and/or clastogenic and to identify such factors, this thesis is divided into
five sections designed to investigate the following:

1. To test if the model system is sensitive to detect mutations in vitro and in vivo and to
determine if the tumor microenvironment is mutagenic and/or clastogenic (Chapter 2).
2. To study if the MN-11 tumor is infiltrated with phagocytic cells and to identify them

histochemically (Chapter 3).
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Figure 1-7

The role of NO- in tumor progression. Factors present in the tumor
microenvironment stimulate phagocytic cells to produce NO- by the enzyme
INOS. NO- destroys tumor cells by inhibiting the energy-producing Krebs
cycle and electron transport activities as well as DNA synthesis. It can also
produce DNA damage that may underlie tumor progression. NO- reacts
rapidly with O,~ to form peroxynitrite, which may be cytotoxic by itself or
decompose to the highly reactive and toxic OH- radical and NO, species that
may have diverse effects on cells.
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Figure 1-7
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3. To determine if ROS and RNS can cause mutagenicity and cytotoxicity in MN-11 cells
in vitro (Chapter 4).
4. To determine if endogenously generated NO- or other RNS may be mutagenic in situ in

growing tumors (Chapter 5).
5. To determine if the mutagenicity and cytotoxicity of NO-donating drugs in vitro and in

vivo could be inhibited by vitamin E (Chapter 6).
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CHAPTER 2

DEVELOPMENT OF A TUMOR MODEL SYSTEM
THAT ALLOWS SENSITIVE DETECTION OF
INVIVO AND IN VITRO MUTATIONS



ABSTRACT

It is well established that cancer can result from a series of mutational events. The
mechanism(s) by which these occur is only partially understood. My hypothesis is that
exogenous factors, such as products of inflammatory cells (ROS and RNS) are present in the
tumor microenvironment and that these are clastogenic and/or mutagenic. To test this
hypothesis, a transplantable murine tumor cell line (MN-11) has been developed that allows
sensitive detection of mutational events arising /7 vivo in growing tumors and in cultured
cells. HPRT, a non-essential gene in the purine “salvage” pathway, was used as a marker
of mutations. MC-TGS17-51, which expressed a heterozygous HPRT locus, transfected
with a neo gene was the starting point for my studies. G418® clones were screened to
identify one (MN-11) having a low spontaneous rate of gene loss (0.46 < 10 £ 0.27 < 1073
per day); it was similar to MC-TGS17-51 in sensitivity to induction of mutants by *’Co y-
rays. Like MC-TGS17-51, these cells were 1000 times more sensitive than the parental cells
(MC1A-C1, containing multiple copies of the H/PRT gene) to induction of mutants by *Co
y-rays. AtD,, '*’Cs y-rays induced about 170 mutants per 10° cells compared with 136 for
%Co y-rays. The frequency of mutations arising in vivo at the HPRT locus could be
estimated by culturing explanted tumor cells in the presence of 6-TG, where G418 selection
was used to distinguish tumor from host cells. The frequency of mutants in MN-11 cells
grown as subcutaneous tumors was 3.64-fold higher than in the same cells maintained in
vitro for an equivalent period, suggesting that mutagenic/clastogenic factors are present
within the tumors. There was considerable variability in mutant frequency in tumors from

different animals and in multiple tumors from the same animals.
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2.1 INTRODUCTION

As cancers develop, they often become more malignant in their behaviour, a process
termed tumor progression. This phenomenon has been associated with genomic instability,
which is manifested as evolution of tumor cell populations with increasing numbers of
genomic alterations [184]. Genomic instability includes all mechanisms that accelerate the
accumulation of damage or modifications to DNA, such as gene amplification, epigenetic
changes such as altered patterns of DNA methylation, small-scale (intralocus) and large-
scale (multilocus) mutational events [185,186]. Karyotypic alterations. including whole
chromosome loss or gain, and a variety of chromosomal aberrations are also common in
cancer cells. Although the instability of tumor cells is clearly documented, the mechanisms
involved are not yet defined. Mutations in the genes required to maintain chromosomal
stability could result in a mutator phenotype and contribute to genomic instability [6,9,187].
Recently, much attention has been paid to the significance of specific gene defects that lead
to genomic instability in mammalian cells. Examples include the DNA repair (mismatch
repair and excision repair) implicated in hereditary forms of colon cancer [31,188-190] and
the p53 gene associated with a variety of cancers [15,16,191]. In contrast, we and others
have postulated that the tumor microenvironment of a developing tumor might itself
contribute to genomic instability and mutagenesis, leading to tumor progression and an
evolution of a more malignant phenotype [1,43,54,56,85,192-196].

Our laboratory has been interested in understanding the contribution to tumor
progression of factors such as ROS and RNS generated by phagocytic cells, presumed to be
present in the tumor environment. To study these factors, our laboratory has developed an

in vitro/in vivo tumor model system highly sensitive to detection of mutational/clastogenic
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events at the heterozygous HPRT gene. A transplantable mouse fibrosarcoma tumor
(MC1A) was chosen as the starting point. This tumor was originally isolated from a male
CS57BL/6 mouse that had been treated with 500 ug of methylcholanthrene [197,198]. MC1A
could not grow in vitro but a variant, MC1A-C1 that could grow arose spontaneously after
these cells were maintained in culture for several weeks. The HPRT gene(s) in MC1A-Cl1
were inactivated by treatment with N-methyl-N-nitrosourea (MNU) (125 uM) for 1 h and
growth in the presence of 0.5 uM 6-TG for several weeks. Eighteen 6-TG? (HPRT")
mutants were selected and tested for tumorigenicity in syngeneic CS7BL/6 female mice. Of
those tested MC-TGR17 was chosen. The next step was to reactivate one of what was
believed to be two or more inactive copies of the HPRT gene. Spontaneously arising
revertants to hypoxanthine/aminopterin/thymidine-resistance (HAT®) were selected and
labeled as MC-TGS17-1 to MC-TGS17-54. These clones were further characterized for
their stability of HPRT expression, mutant induction by ®’Co y-rays and tumorigenicity in
syngeneic animals. Of these, MC-TGS17-51 was selected since it exhibited the lowest
spontaneous reversion rate, maintained tumorigenicity and was 1000 times more sensitive
to induction of mutants by ®Co y-rays. This clone was then transfected with a neomycin
(neo) gene to allow distinction of tumor cells from the contaminating host cells [1]. These
studies were carried out before my starting this project. This chapter describes the isolation
of clones that were HAT® and G418®, labeled as MN-1 to MN-18 (development of these cell
lines is represented in a flow chart in Appendix I). These were characterized with respect
to tumorigenicity in syngeneic mice, spontaneous mutation rates and sensitivity to induction
of mutants by the known clastogenic agent, °Co y-rays. MN-11 was the most promising

and was used to study the contribution of tumor microenvironment in mutant induction.
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2.2. MATERIALS AND METHODS

A listing of the materials, chemical suppliers and composition of solutions is found
in Appendix II.
2.2.1 Cells and culture conditions

MCI1A-C1, MC-TGS17-51 and its neo derivatives (MN-clones) were grown in non-
selective medium, HAT-medium, HT-medium or 6-TG-medium as defined in Appendix [V,

section IV. 1.

2.2.2 Isolation of MN-clones

Eighteen clones (MN-1 to MN-18) were derived from MC-TGS17-51 by a “spotting”
method developed in our laboratory. MC-TGS17-51 cells were trypsinized and seeded in
96 well dishes at approximately 1 cell/well. Ten pL of cell suspension (containing 100
cells/mL) was carefully deposited in the center of each well. After approximately 3 h, each
well was examined microscopically to identify those that contained a single cell. When cells
had attached, 90 pL of non-selective medium was added. Following an incubation period
of 7 days, colonies were washed with PBS, transferred to 24-well for another week and then
to 6-well dishes. All the clones were grown in the presence of G418 (an antibiotic toxic to
cells that do not have the neo gene) to ensure that they harbored the neo gene before freezing
(the presence of the neo gene was confirmed by Northern slot-blot analysis by Diana

Wilkinson).

2.2.3 Tumorigenicity assay

Six MN-clones (MN-12, 11, 5, 3, 2, 1) and the parental clone MC-TGS17-51) were
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grown in non-selective medium. A cell suspension of 5 x 10° viable cells (in 0.1 mL PBS)
was inoculated subcutaneously (s.c.) into the flanks of C57BL/6 female mice, 8-10 weeks
of age. Tumorigenicity was determined by the development of palpable tumors and the

tumor size was measured using a caliper on day 7 and 14.

2.2.4 Reconstruction experiment to determine conditions to minimize metabolic
cooperation

A reconstruction experiment was carried out by seeding 200 6-TG*® cells per 10 cm
dish with increasing numbers of 6-TG sensitive (6-TG®) MN-11 cells in the presence of 50
uM 6-TG. Following an incubation period of 12 days, colonies were fixed, stained and

counted as described in Appendix IV, section [V 4.

2.2.5 Determination of spontaneous mutant frequency

MC-TGS17-51 and its G418® derivatives were cultured in the presence of HAT-
medium for 7 days to eliminate any pre-existing mutants (as described in Appendix [V,
section IV.1.) and transferred to HT for 2 days. On day O, 1 x 10° cells were challenged
with 6-TG to determine the spontaneous rate of loss of the HPRT gene function. A more
detailed estimate of the rate of spontaneous loss of HPRT gene function was carried out on
three selected clones (MN-5, MN-11 and MN-12). Cultures were maintained in non-
selective medium for up to 28 days. At weekly intervals a fraction of cells from each of the
clones were removed from non-selective medium and incubated in the presence of 6-TG.
MC-TGS17-51 was used for comparison. Following an incubation period of 12 days,

colonies were fixed, stained and counted as described in Appendix IV, section IV 4.
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An experiment was done to estimate the growth rate of 6-TG® mutants (HPRT") in
the presence of wild type MN-11 cells (HPRT"). Five spontaneously arising 6-TG® mutants
were cloned and established in non-selective medium. One thousand mutant cells from each
clone was mixed with 5 x 10° 6-TG® MN-11 cells. Onday 0, 1 < 10° cells were challenged
with 6-TG. The other cultures were grown in non-selective medium for up to 20 days,

following which 6-TG® colonies were scored as described in Appendix IV, section IV 4.

2.2.6 Irradiation

MCI1A-C1, MC-TGS17-51, MN-5, MN-11 and MN-12 were grown as described
above. Irradiation was carried out in non-selective medium in an ice bath with *°Co y-rays
(dose rate, 1.8-1.4 Gy/min), Theratron 780, Atomic Energy of Canada Limited or at room
temperature with a '*’Cs source (dose rate, 1.15 Gy/min), Gammacell-40, Atomic Energy
of Canada Limited . Following an incubation period of 16 h, cultures were washed with
PBS and trypsinized. Cytotoxicity was determined by seeding 200-1000 cells in 10 cm
dishes and mutant frequency (MF) was determined as described in Appendix [V, section
IV.2, using an expression time of 7 or 8 days for !*’Cs y-irradiation. Unirradiated (control)
cells were treated similarly, without irradiation. The effect of expression time on MF was
also determined by challenging MN-11 cells with 6-TG on days 3, 6, 8 and 10 following

%Co vy ray treatment.

2.2.7 Treatment of MN-11 cells with caffeine
5 x 10° cells were seeded in 10 cm dishes and treated with caffeine (0.5 mM) for 2

h at 37°C. Cells were then irradiated in an ice bath at doses of 0-5 Gy with %°Co ¥y source
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and incubated for 16 h before analysis of cytotoxicity and MF. Control cells were treated
under similar conditions, without irradiation. Cytotoxicity and MF were determined as

described in section 2.2.6.

2.2.8 Determination of in vivo mutant frequency

MN-5, MN-11 and MN-12 were grown as described above. Tumors were allowed
to form following s.c. injections as described in section 2.2.3 (in some experiments MN-11
cells were injected at 2 sites). When tumors reached approximately 1 cm in size (14 days)
for MN-12 and MN-5 and (12-18 days) for MN-11 cells, animals were sacrificed by cervical
dislocation, tumors recovered and processed. For all experiments, an ex vivo expression
period of 2-4 days was employed, following which MF was determined as described in

Appendix [V, section [V.2.

2.2.9 In vitro growth rate determination

In vitro growth rate of MC-TGS17-51 and MN-clones was determined by plating |
< 10* cells in replicate 3 cm dishes and counting trypsinized cell suspensions at daily
intervals for 7 days using a Model ZM Coulter counter (Coulter Electronics Ltd, Luton,
England). Cell doubling times were estimated from the logarithmic phase of the growth

curve. Growth rate of selected mutant colonies was also determined similarly.

2.2.10 Statistical analysis
Data from animal experiments are expressed as mean + SEM, but was analyzed using

non-parametric tests such as Kruskal-Wallis ANOVA and Mann-Whitney test, as applicable.
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Following detection of a statistically significant /- value, post hoc Dunn’s test of significance
was used. In some cases, parametric test (One-way factorial ANOVA, followed by Tukey-
Kramer test) was used where the data appeared to follow a Gaussian distribution. A 2 tailed
p value of < 0.05 was considered to be significant (shown as *) or p < 0.01 was considered
to be highly statistically significant (shown as **). Statistical calculations were carried out

using GraphPad I[nstat version 2.0.

2.3 RESULTS
2.3.1 Derivation of MN-clones and determination of tumorigenicity

MC-TGS17-51 cells harboring a neo gene were used (origin and properties of this
cell line are detailed in the Ph.D. thesis of Diana Wilkinson). The presence of this gene
permitted distinction between tumor and host cells when cells were recovered from s.c.

tumors. Eighteen clones that were resistant to HAT and the drug G418 were isolated as

the contribution of the tumor microenvironment to mutation induction, it was important to
establish that the cell lines were tumorigenic. Tumorigenicity of six MN-clones and the
parental MC-TGS17-51 clone was monitored by s.c. injection of 5 < 10° cells and measuring
tumor size on day 7 and 14. Table 2-1 shows that the parent clone and all MN-clones
examined were equivalently tumorigenic; there were no statistically significant differences
seen in the size or rate of tumor growth in different MN-clones (ANOVA, p > 0.05).
2.3.2 Metabolic cooperation

When cells are plated at high cell density, it is possible that some 6-TGR cells are

killed by 6-TG because of direct contact between 6-TG®? and 6-TG"® cells. It is believed that

-44-



Table 2-1

Tumorigenicity of MC-TGS17-51 and MN-clones. Tumorigenicity of

each clone was determined by injecting 5 x 10° cells s.c. in syngeneic
animals and monitoring tumor growth. On day 7 no palpable tumors were
observed in any of the injected animals. Tumor size was measured on day

14 and is expressed as mean = S.D. (n = 3).
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Table 2-1

Clone injected Tumor formation Size of the tumor after
14 days (cm)
MC-TGS 17-51 +, +, + 0.77 £0.45
MN-1 +, +, - 0.4 +£0.53
MN-2 +, +, - 0.83 £0.76
MN-3 +, +, - 1.0+£0.2
MN-5 + +, + 0.77 £ 0.68
MN-11 + +, + 1.07 £0.12
MN-12 +, +, + 0.77 £0.25

Symbol -, represents no tumor formation.



the toxic metabolite, 6-TG nucleotide, can be transferred through gap junctions from 6-TG®
to 6-TG® cells [199]. A “reconstruction” experiment was carried out using MN-11 cells to
determine the cell density at which this effect could be minimized. Figure 2-1 shows that
the recovery of 6-TG® colonies was unchanged in the presence of up to 1 < 10° 6-TGS cells
per 10 cm dish. Above this cell number, there was a clear decrease in the recovery of 6-TG?
colonies such that at 1 < 10° cells, very few colonies were recovered. It is concluded that
at 1 < 10° cells per 10 cm dish the transfer of 6-TG nucleotide is minimized.

The number of cells on a 10 cm dish might be increased by growing cells in a
semisolid media since individual cells would remain separate [200]. I attempted to grow
MN-11 cells in soft agarose and/or methocel but all attempts failed, since these cells
appeared to be unable to grow in an anchorage-independent fashion (data not shown). All
future experiments were conducted at cell concentrations not exceeding 1 < 10° cells per 10

cm dish.

2.3.3 Spontaneous mutation frequency

Spontaneously occurring mutants constitute a background which decreases the
sensitivity of detecting induced mutants. All clones were first cultured in HAT-medium for
7 days to kill any pre-existing HPRT" mutants (5 days was found to be ineffective). Before
transfer to non-selective medium, cells were first cultured in HT-medium. If cells were
directly transferred from HAT-medium to non-selective medium, poor cloning efficiency
(< 5%) was obtained (data not shown). Table 2-2 shows the rate of spontaneous loss of
HPRT function of six MN-clones and MC-TGS17-51. Clones MN-5, MN-11 and MN-12

appeared to be more stable (and were also tumorigenic), so they were compared in greater
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Figure 2-1

Effects of cell density on metabolic cooperation. Two hundred 6-TG®
cells were seeded onto 10 cm dishes with increasing numbers of 6-TG" cells
(as indicated on the x-axis). The cells were grown in the presence of 6-TG
for 12 days, following which 6-TG® colonies were scored as described in
Materials and Methods. Mean cloning efficiency of 200 6-TG"® cells (first
bar) and the mean cloning efficiency of 200 6-TG® cells (second bar) is
shown. All other bar represents the mean number of 6-TG® colonies. Error
bars represent the SEM of the average 5-6 replicate dishes.
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Table 2-2

Spontaneous generation of 6-TG® mutants. MC-TGS17-51 and MN
clones were grown in the presence of HAT-medium for one week (to
eliminate any accumulated 6-TG® spontaneous mutants) followed by growth
in HT for 2 days. Atday 0, 1 « 10° viable cells were seeded onto 10 cm
dishes and challenged with 6-TG. Following growth for 12 days, 6-TG®
colonies were scored. Data shown is mean £ S.D. of the average of 7-8
replicate dishes from a single experiment.
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Table 2-2

Clone Mutant Frequency
Mean £ S.D.
MC-TGS17-51 0.57 £0.79
MN-12 0.13 £0.35
MN-11 00
MN-5 0+0
MN-3 1.43 £ 1.13
MN-2 20+ 1.53
MN-1 6.13+1.73




detail for rate of spontaneous loss of HPRT function. At times up to 28 days following
removal of HAT-medium, clones were challenged with 6-TG (Figure 2-2). In all cases,
there was an increase in the number of 6-TG® colonies seen as a function of time in non-
selective medium. The spontaneous mutation rate for MC-TGS17-51 was estimated to be
0.89 x 10°+£0.18 x 107 per day. The spontaneous mutation rate for MN-5 and MN-12 was
0.72 =« 10% £ 0.20 x 10° and 0.93 x 10® + 0.19 x 107 per day, respectively. MN-11
exhibited a statistically significantly lower mutation rate, 0.46 x 10°+0.27 x 10, All three
MN-clones had a significantly lower doubling time (15-16 h) than the parental clone (19 h).
When corrected for differences in doubling times, the rate of mutation was estimated to be
0.76 = 107 cells per generation for MC-TGS17-51, 0.50 = 107, 0.30 x 10%and 0.62 = 10°*

cells per generation for MN-5, MN-11 and MN-12 respectively.

2.3.4 Induced mutant frequency

The main objective of this set of experiments was to select a clone which could
detect induced mutants with high sensitivity, that is, which had a high ratio of induced to
spontaneous mutations. [onizing radiation is a well characterized cytotoxic and clastogenic
agent. Preliminary experiments were performed in which MN-5, MN-11 and MN-12 were
assessed for induction of 6-TG® mutants by °®Co y-rays. There was a clear dose-dependent
increase in the number of 6-TGR® colonies in all cases. However, MN-11 appeared to be the
most useful, since it exhibited the highest ratio of induced/spontaneous mutants (Figure 2-3).
MN-11 was compared to MC-TGS17-51 and MC1A-C1 in terms of sensitivity to mutation
induction by *°Co y-rays (Figure 2-4A). Dose-dependent increase in the number of 6-TGR?

colonies were observed in the case of MC-TGS17-51 and MN-11. No 6-TGR colonies were
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Figure 2-2

Spontaneous generation of 6-TG® mutants. MC-TGS17-51 and three
different G418® clones (MN-5, MN-11 and MN-12) were grown in non-
selective medium for up to 28 days. At weekly intervals, 1 = 10° cells were
challenged with 6-TG and scored for the generation of 6-TG® colonies.
Mean absolute cloning efficiency of all cultures was 50%. Results are
shown as mean = SEM of 3-7 independent experiments, each involving 8-10
replicate dishes. Other details as described in Materials and Methods.
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Figure 2-3

Generation of 6-TG® mutants by °Co y-rays in the G418R clones. MN-
12, MN-11 and MN-5 were exposed to ®Cobalt y-irradiation at the indicated
doses and the MF was determined after an expression time of 7 days. Results
are shown as the mean = SEM of 2-4 independent experiments each
involving 5-7 replicate dishes. Data is not corrected for cloning efficiency.
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Figure 2-4

Mutagenic and cytotoxic effects of “°Co y-rays on MC1A-C1, MC-
TGS17-51 and MN-11 cells. Cell cultures were exposed to °Co y-rays.
Following overnight incubation, cultures were washed with PBS,
mutagenicity and cytotoxicity determined as described in Materials and
Methods. For (A) and (B), &, MC-TGS17-51; O, MN-11; B, MC1A-C1
parental cells. (A) Generation of 6-TG® mutants. Error bars represent mean
+ SEM of 2 independent experiments, each involving 3-8 replicate dishes at
each experimental point. MF is corrected for cloning efficiency. The
cloning efficiency of cells irradiated at 3 and 5 Gy was 81% and 53% of
control respectively, after an expression time of 7 days (data not shown). (B)
Dose-survival curves of MC1A-C1, MC-TGS17-51 and MN-11 cells. Mean
absolute cloning efficiency of sham treated cultures was 45.2 + 3.4% for
MC-TGS17-51, 43 = 3.5% for MN-11 and 41 = 1.1% for MC1A-Cl1,
respectively. Error bars represent the mean £ SEM of 2-7 independent
experiments, each involving 5-8 replicate dishes. Dose (Gy) is plotted versus
the survival (%) on the logarithmic scale.
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observed in the parental MC1A-C1 cells in two independent experiments involving a total
of 3.0 x 10° unirradiated and 1.2 =< 107 irradiated (1.5-5 Gy). The calculated increase in
MF in MC-TGS17-51 and MN-11 was 63 and 74 per 10° clonable cells per Gy respectively
(calculations done using linear regression analysis, r =0.976 and 0.958 for MC-TGS17-51
and MN-11, respectively). At 5 Gy, the estimated induced number of 6-TG*® colonies was
at least 1000-fold greater than in the parental MC1A-CI1 cells. Figure 2-4B shows that the
survival curves exhibit a typical shoulder, indicating a capacity for repair of sub-lethal
damage; at higher doses, an exponential decrease in cell viability was observed. The
sensitivity to cell killing by °Co y-rays was similar for all the three cell lines studied, D, =
3.6 Gy for MN-11; 3.0 Gy for MC1A-C1 and 3.5 Gy for MC-TGS17-51. The other two
MN-clones, MN-12 and MN-5 also showed a similar sensitivity to cell killing, D,= 3.7 Gy
(data not shown). The effects of *’Cs y-rays on cytotoxicity and mutant induction was also
tested in MN-11 cells (Figure 2-5A). As observed for ®°Co y-rays, *’Cs y-rays exhibited
similar survival curve with an exponential decrease in cell viability at higher doses. The D,
for ¥’Cs y-rays at room temperature was 2.0 Gy. '*’Cs y-irradiation was also mutagenic in
MN-11 cells, causing a dose-dependent increase in the number of HPRT" mutant colonies;
at D,, and an expression time of 8 days, the number of mutants induced was about 170 per
10° cells.

Mutations are “fixed” or an acentric chromosome fragment or HPRT protein is lost
from a cell during the ‘expression time’. The optimal expression time following “Co y
irradiation at 0°C was investigated (Figure 2-5B). Cultures were challenged with 6-TG on
days 3, 6, 8 and 10 following ®Co ¥y ray treatment. The number of mutants increased with

time at doses of 1 to 3 Gy for expression times of 6-10 days. At higher doses, fewer mutants
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Figure 2-5

Cytotoxic and mutagenic effects of ionizing radiation on MN-11 cells.
(A), Cytotoxic (@) and mutagenic (O) effects of *’Cs y-rays. Cell cultures
were exposed to 1*’Cs y-rays. Following overnight incubation, cultures were
washed with PBS, cytotoxicity and mutagenicity determined as described in
Materials and Methods. Mean absolute cloning efficiency of the sham
treated cultures was 36 + 8.5%. Error bars indicate the mean + range of 2
experiments involving 3-5 replicate dishes at each experimental point. (B)
Effect of expression time ( (O), 3; (@), 6; (V¥), 8; (W), 10 days) on MF by
%Co y-rays. Cell cultures were exposed to °Co y-rays. Following overnight
incubation, cultures were washed with PBS, cytotoxicity and mutagenicity
determined as described in Materials and methods. Mean absolute cloning
efficiency of the sham treated cultures was 43.4 + 13%. Error bars indicate
mean £ SEM of a single experiment (n = 4-6 replicate dishes). MF is not
corrected for plating efficiency.
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were recovered for expression times of 6 and 8 days. However, there was a marked increase
in MF when the expression time was 10 days. No mutants were detected at any dose with
a 3-day expression time. At D,, the number of mutants induced was about 25, 60 and 130
per 10° cells on days 6, 8 and 10, respectively. Similar increase in MF was obtained for
MN-5 and MN-12 (data not shown).

The presence of “small” colonies (< 0.3 mm) have previously been associated with
large-scale deletions at the 7K locus in mouse L5178Y lymphoma cells [201-203]. A
bimodal distribution of colony size was also seen in HPRT" mutants of MN-11 cells. The
number of “small” colonies as a percentage of total HPRT" mutants in irradiated and control
MN-11 cells was determined. After 5 Gy of ®Co ¥ rays, 46.6 = 7.3% (n = 10, mean + SD)
of mutants formed “small” colonies and after 7 Gy, 63.0 £ 11.3% (n = 10) of mutant
colonies were “small”. The doubling time of selected “small” and “large” colonies was
determined, as described in Materials and Methods. Five “large” colonies had an average
doubling time of 12.0 = 0.4 h and 3 “small” colonies had an average doubling time of 24.9
= 5.2 h. “Small” colonies also accounted for 48.1 = 2.1% (n = 34; mean £+ SEM) of
spontaneously arising mutants.

The average growth rate of a pool of five spontaneously arising 6-TG® mutant clones
cultured in the presence of wild type MN-11 cells was examined. It was found that the
growth rate of the mutant clones was not detectably different from the wild type MN-11
cells, suggesting that at least in vitro there is no selective bias for the recovery of

spontaneous mutants cells.
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2.3.5 Effect of Caffeine on radiation-induced cytotoxicity and mutagenicity in MN-11
cells

Caffeine (1, 3, 7-trimethylxanthine) is known to inhibit DNA synthesis and repair,
enhancing the cytotoxicity and mutagenicity of DNA-damaging agents such as radiation
[204,205]. The effect of caffeine on cytotoxicity and mutagenicity induced by °Co y-rays
was tested on MN-11 cells. Treatment of MN-11 cells with caffeine (0.5 mM) for 18 h
caused a low level of cytotoxicity (survival of 80.8 = 10.4%, n = 3). Irradiation of MN-11
cells in the presence of caffeine did not cause any statistically significant increase in
cytotoxicity at the doses tested (Figure 2-6A). Caffeine itself was not mutagenic in MN-11
cells, 6 mutants per 10° cells were induced. No increase in MF was seen at the lower dose
(1.5 Gy); small but statistically significant increase in MF was observed at 3 Gy (2-tailed p

=0.042) and 5 Gy (2-tailed p = 0.037), respectively (Figure 2-6B).

2.3.6 Detection of in vivo mutant frequency

The primary use of the developed cell line was to determine the rate at which mutational
events occur at the HPRT locus when these cells are grown as subcutaneous tumors in
syngeneic animals. To investigate whether the tumor microenvironment may be mutagenic,
three clones (MN-5, MN-11 and MN-12) were used. Clones were depleted of pre-existing
mutants by culture in HAT-medium. Cells were then injected s.c. into the flanks of 5 mice
to generate tumors. An equal number of cells were placed in culture and grown in non-
selective medium. Tumors were collected when they reached a volume of 1 cm?, estimated
from measurements of the tumor diameters. Tumors of a volume > 1 cm?® yield

approximately 10° total cells and were used for the determination of MF; however, tumors
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Figure 2-6

Effect of caffeine on radiation-induced cytotoxicity and mutagenicity on
MN-11 cells. Cultures were trypsinized, seeded at 5 x 10° cells per 10 cm
dishes with or without caffeine for 2 h and then exposed to ®*Co y-rays.
Following an incubation of 16 h, cultures were washed with PBS,
cytotoxicity and mutagenicity determined as described in Materials and
Methods. Mean absolute cloning efficiency of the sham treated cultures with
and without caffeine was 30.7% and 24.8%, respectively. Error bars show
the mean + SEM of a single experiment involving 3 independent dishes each
analyzed in 3 replicate dishes. Panel (A) shows the cytotoxicity and (B)
shows the mutagenicity curve. Solid line represents the dose-response curve
without caffeine and broken line represents the dose-response curve with

caffeine.
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< 1 cm’ did not yield enough cells and were discarded. Figure 2-7 shows that all three
clones demonstrated an increase in MF in cells recovered from tumors compared to cells
grown in culture for an equivalent time. However, a large variance in MF was observed in
cells recovered from different tumors. A more detailed comparison of in vitro and in vivo
mutation frequencies was conducted using clone MN-11, which has a low background of
spontaneous MF. The MF of cells from 50 tumors (12-18 days of in vivo growth) and 13
independent cultures were compared (Figure 2-8). Most of the tumor samples had a MF
above that of any of the cell cultures. The overall 3.64-fold elevation in MF was highly
significant (p < 0.0001, Mann-Whitney test). The MF was also examined as a function of
time required for tumors to reach 1 cm diameter; no statistically significant differences were
detected (p = 0.0514, Kruskal-Wallis test) (Figure 2-8, inset). In some cases, 2 tumors were
produced in a single animal. No statistically significant correlation was observed in the
tumors on the right and left flank of the same animal (p = 0.4624, Kruskal-Wallis test)

(Figure 2-9).

2.4 DISCUSSION

Genomic instability is a commonly observed feature of cancer cells [9,40,206-213],
but the reasons for this are still largely unknown. Factors intrinsic to the cancer cells (such
as alterations of the p53 tumor suppressor gene) may predispose these cells to further
genomic instability [17,191,214-219]. Our laboratory was interested in the development of
a transplantable mouse model system in which loss of the HPRT gene function could be
readily monitored. A mouse fibrosarcoma known to be infiltrated with macrophages and

granulocytes was used in this study [197,198]. A clonal variant was selected by its ability
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Figure 2-7

Detection of 6-TG® mutants arising in vivo in different MN tumors.
Solid bars represent the spontaneous in vitro MF of cells grown under
standard tissue culture conditions (16-18 days) before being challenged with
6-TG. Results are shown as mean + SEM of 5-8 replicate dishes. Hatched
bars represent in vivo MF of cells recovered from different s.c. tumors. Data
shown are mean = SEM (n = 5 animals, each tumor analyzed in 5-8 replicate
dishes). No statistically significant differences were detected between any
of the clones (p = 0.0514, Kruskal-Wallis test).
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Figure 2-8

Detection of 6-TG® mutants arising in vivo in MN-11 tumors. Main
panel: solid bar represents the mean MF of MN-11 cells grown in vitro under
standard culture conditions for 12-18 days before being analyzed for
mutation induction. The error bar indicates the SEM of 13 independent
cultures, each involving 5-8 replicate dishes. Hatched bar represents the
mean MF of cells recovered from s.c. tumors at 12-18 days after tumor cell
injection. The error bar indicates the SEM of 50 separate tumors each
analyzed in 4-8 replicate dishes. MF is corrected for the percentage of cells
(75-95%) which were G418® and the cloning efficiency of the tumor cells.
MF of the cells recovered from tumors was 17.83 x 10 versus 4.89 x 107
for the cultured cells. The respective median values were 16.25 and 5.53.
Mutation frequencies in cultured and tumor cells were compared using the
Mann-Whitney test; 2 tailed p <0.0001. Inset: the pooled tumor data in the
main panel, shown by time of in vivo growth. The error bars indicate the
SEM, where the number of tumors examined is indicated in parentheses.
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Figure 2-9

Comparison of 6-TG® mutants arising in vivo in MN-11 tumors injected
on the right and left flanks of the same animal. 5 x 10° MN-11 cells were
injected on the right and left flanks of mice. Tumors were allowed to form
for 14 days and MF determined. MF is corrected for percentage of cells
which were G418® and cloning efficiency of tumor cells. Results are
expressed as mean + SEM where each tumor was analyzed in 4-8 dishes. In
the graph, tumors grown on the right flank were ordered in terms of
increasing MF. The corresponding MF of the tumor grown on the left flank
is plotted beside it. No statistically significant correlation was observed
between the MF of the two tumors grown in the same animal (Kruskal-
Wallis test, p = 0.4624).
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to grow under tissue culture conditions, verified to be tumorigenic and further genetically
manipulated to result in a clone, MC-TGS17-51 and its G418® derivative, MN-11.

The HPRT locus, located on the X chromosome, has been used as an important
marker gene for the study of mammalian cell mutagenesis, including man [220-223]. [t was
chosen as a marker for detecting mutational events since the presence or absence of this
enzyme can be readily scored by growing cells in HAT-medium or 6-TG-medium,
respectively. One of the limitations of the use of the HPRT locus is that its hemizygous X-
chromosome location is such that makes it insensitive to detection of clastogenic events
(e.g., those caused by ionizing radiation) due to loss of essential genes. By definition, such
mutants will not be scored because they are non-viable, resulting in a lowered sensitivity for
detecting induced mutations. Interestingly, this is less of a problem in Chinese hamster and
human cells, possibly because the gene locus is more centromere-proximal in a mouse than
in other species. Evans eral. (1986) has demonstrated that the autosomal 7K locus in mouse
L5178Y lymphoma cells was 100-fold more sensitive in detecting mutations (by a
clastogenic agent) than the hemizygous HPRT gene. The greater sensitivity of the 7K locus
to mutation induction by ionizing radiation compared to the HPRT locus is likely to be due
to recovery of an additional class of mutants, possibly ones containing large-scale mutational
events. Our own observation was that no HPRT mutants could be induced by *’Co y-rays
in MC1A-C1 parental mouse tumor cells (Figure 2-4A). A possible explanation was
provided by karyotypic analysis of the MC1A-C1 cells, carried out in collaboration with Dr.
Tucker’s laboratory, Lawrence Livermore National Laboratory, Livermore, California,
USA. These cells were found to be hypotetraploid with three copies of the X chromosome,

suggesting that they have more than one active chromosome with more than one active
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HPRT gene [1]. Thus multiple copies of the HPRT gene had to be mutated to result in an
HPRT- phenotype. Treatment of MC1A-C1 cells with the mutagen, MNU, and growth in
low concentrations of 6-TG eventually resulted in the inactivation of all the copies of the
genes. The mechanism of inactivation of the HPRT genes in these cells is unknown. MNU
is a point mutagen but it can also cause gene silencing by methylation [224-226]. 6-TG*®
mutants obtained by this treatment were then passaged through the mouse and the most
tumorigenic (MC-TGR17) was selected. This clone exhibited a high spontaneous reversion
frequency in HAT-medium, suggesting reactivation of the HAPRT gene (refer to Diana
Wilkinson’s thesis). One of the spontaneous revertants, MC-TGS17-51, was most stable
with respect to spontaneous and induced MF. It was further infected with a viral construct
carrying the neo gene.

Six HAT®, G418® clones were verified to be tumorigenic and further assessed for
spontaneous mutation frequencies. Of these, three (MN-5, MN-11 and MN-12) were
selected on the basis of their tumorigenicity in syngeneic animals and low spontaneous
mutant frequencies. All clones displayed similar spontaneous mutation rates, < 1.0 < 10
mutants per generation. A more detailed characterization of these clones was conducted by
examining the induced MF following exposure to ®Co y-rays. MN-11 demonstrated the
highest induced to spontaneous ratio and a low spontaneous MF. This clone was then
compared to mutant induction by Co y-rays to MC1A-C1 and MC-TGS17-51 (Figure 2-
4). MN-11 cells exhibited a large increase in sensitivity (> 1000-fold) to mutation-
induction by radiation than the parental line; however, the sensitivity was similar to MC-
TGS17-51. '¥’Cs y-irradiation was also a very effective mutagen, as shown for ®Co y-

irradiation. At equivalent cytotoxicities, '*’Cs y-irradiation was slightly more effective
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(170 compared to 130 mutants per 10° cells at D,), but the difference could be due to
differences in expression time, temperature at which cells were irradiated, or other factors.
Our lines have a similar dose-response curve for induction of HPRT mutations by ionizing
radiation as observed for mutations at known heterozygous loci, such as endogenous 7K
in mouse L5178Y cells and CHO-K1 cells [227,228], transfected bacterial GPT in
CHO-10TS5 cells and V79 cells[228,229] and retrovirally-introduced human HPRT in
mouse VH-12 fibroblasts [230]. [onizing radiation is known to be an efficient inducer of
large-scale deletions (chromosomal mutations) [79,228,231-233]. About 50% of radiation-
induced HPRT™ mutants in MN-11 cells exhibited a "slow-growth" phenotype, as has
been described for large-scale deletions at the heterozygous 7K locus in mouse L5178Y
lymphoma cells [201-203]. Taken together, these lines of evidence indicate that MN-11
cells have a heterozygous HPRT gene in which relatively large deleted regions (hundreds
or thousands of base-pair deletions) can be tolerated. Parental lines from which MN-11
was derived contain 3 copies of the X chromosome [1]. Karyotype analysis of MN-11
cells using the X centromeric-specific probe have also shown that these cells have
maintained the 3 X chromosomes (Chapter 6). Based upon their phenotype, MN-11 cells
appear to have heterozygous HPRT gene (HPRT ™'~ genotype).

The effect of caffeine, an agent that can enhance cell killing and mutagenesis, was
investigated after irradiation of MN-11 cells [204,205,234]. The results indicate that
caffeine does not act synergistically with radiation in increasing cytotoxicity in MN-11
cells. This could be due to the difference in the concentration of caffeine (0.5 mM) used
in these studies; a higher concentration (2 mM) was employed in other studies [234,235].

Exposure to caffeine alone at concentrations up to S mM for 18 h, produced dose-
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dependent decreases in cell survival (at 5 mM, survival of 32 + 3.1%, n = 2; data not
shown). So a concentration of 0.5 mM was used in these studies. At higher doses of
radiation, caffeine potentiates the mutagenic effect of radiation (Figure 2-6B). However,
mutagenicity is not accompanied by strong cytotoxicity in these cells.

Using the MN-11 in vitro/in vivo model I have compared multiple tumor samples
and multiple cell culture replicates, and consistently observed an increase in MF in the
tumors. Clone MN-11 exhibited the lowest in vitro spontaneous MF and high induced
MF. Therefore, it was chosen to analyze the contribution of the tumor microenvironment
to mutant induction. The other two clones MN-12 and MN-5 also showed an increase in
MF as compared with in vitro cultures, but they had a higher spontaneous MF. Therefore,
measuring small increases in MF over a high background of spontaneous MF would be
difficult (Figure 2-7). When cells from the tumors were analyzed for mutations, a highly
statistically significant 3.64-fold increase in MF was observed (Figure 2-8). However, a
large variance in MF was observed among different tumors, compared with the small
variance in replicates of a single tumor cell suspension. This was seen for all the three
clones studied, suggesting Luria-Delbriick type of fluctuation [236]. Since identical,
clonally derived, HAT-cleaned cells were used to establish the tumors and the parallel cell
cultures, the only variable between the two experimental groups was the condition of cell
growth (in tumors versus in culture). Therefore, the differences between tumors and the
cell cultures in MF can be attributed to the growth conditions, suggesting that the tumor
microenvironment is mutagenic. No correlation in MF was found in the right and left
tumors of the same animal. This observation suggests that each tumor may be unique in

accumulating mutational events, possibly due to the differences in the tumor cell infiltrate.
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In support of these findings, two récent publications from different laboratories
have shown that the tumor microenvironment can contribute to genomic instability.
although our laboratory was the first to show directly that factors in the tumor
microenvironment may cause mutations at the APRT locus [1]. Paquette and Little [42]
reported the development of an in vitro/ex vivo model to examine instability in the
minisatellite sequences. They transformed C3H/10T'% cells by x-irradiation and injected
tranformed foci into syngeneic mice. After 3-5 months, clones derived from tumors were
examined for changes in oligonucleotide repea: niarkers. These workers observed changes
in a higher proportion of clones isolated from tumors than in subclones from cells grown
in vitro. It is of interest that similar changes in oligonucleotide repeat markers have been
described in human colorectal cancer and attributed to defects in DNA repair genes
[29.31,210,237]. More recently, Reynolds et al. [43] described another in vitro/ex vivo
model to study genetic instability in solid tumors. They used a tumorigenic mouse cell line
(LN12, carrying a chromosomally based AsupF shuttle vector) that grows in vitro and as
subcutaneous tumor in athymic nude mice. Following in vivo growth of 6-21 weeks,
tumors were excised, genomic DNA exposed to an in vitro A packaging extract and
mutations analyzed in the supF gene. They found a 5-fold increase in MF in tumors than
the cultured cells and they suggest that the hypoxia found within tumors may be
responsible for this effect.

Although the mutation frequencies in tumors and in culture are clearly different,
calculation of a true mutation rate (mutations per cell division) is complicated by possible
differences between the growth rates of cells in culture and in solid tumors. The number

of cell doublings in culture can be readily determined, but determining precisely the
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number of doublings undergone by tumor cells is impossible, since tumors represent a
heterogeneous cell population, with mixtures of growing, nondividing, and dying cells.
Therefore, the data is represented as MF, i.e., mutants per total number of clonable cells,
not mutation rates. It is worth noting that MN-11 cells have a very rapid doubling time
(16 h); therefore, it is improbable that the observed increase in MF can be solely explained
by increased number of cell divisions in vivo compared with in vitro. This is supported
by other experimental tumor models, where the tumor cell populations consistently have
longer mean cell cycle times than do parallel cultures grown in vitro under optimal culture
conditions [238,239]. Hence, the number of cell divisions over a given period is likely
to be lower in tumors than in cultures. This means that the difference in the true mutation
rate would be even greater than the observed difference in mutation frequency.
Although it has been well known for many years that chronic inflammatory
conditions predisposes to the development of cancer [44-46,55,57], a mechanism has yet
to be established. Most solid tumors, including human tumors, are infiltrated with
leukocyies and some of these cells are known to release a variety of oxidants that might
cause further genetic damage in tumor cells, contributing to tumor progression
[54,56.127,195,240-242]. On the one hand, mutations in critical genes, such as p53, may
predispose to genomic instability via alterations in the cell cycle and in DNA repair
[27,243-245]. On the other hand, the work presented in this Chapter shows that the tumor
microenvironment itself may be mutagenic and may therefore be an important contributor
to tumor progression. It is likely that the genomic instability in tumors may be mediated
through a number of different mechanisms that are not necessarily mutually exclusive and

may vary in different tumors.
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CHAPTER 3

BIOLOGY OF SUBCUTANEOUS MN-11
TUMORS IN C57BL/6 MICE



ABSTRACT

Progression of cancer is associated with genetic instability. Our laboratory has hypothesized
that phagocytic cells found within solid tumors may contribute to genetic instability by
generating ROS, RNS and other clastogenic agents. To study these factors, a transplantable
murine tumor cell line (MN-11) that grows in culture and as s.c. tumors in syngeneic mice
has been developed. Injection of 5 < 10° viable cells formed tumors in essentially 100% of
the animals by day 14 with an estimated tumor volume-doubling time of 2.7 days. MN-11
cells form solid tumors exhibiting properties of a malignant fibrosarcoma, which may be
locally invasive but does not metastasize. The number of viable cells recovered from tumors
decreases markedly with the age of the tumor. Immunohistochemical localization of BrdU
labeled cells and the analysis of mitotic and apoptotic cells were used to study the dynamics
of cell growth and death within the tumor. The number of cells in S-phase decreased (p <
0.01) and the number of cells undergoing apoptosis increased (p < 0.001) between days 12
to 18, both at the periphery and in the core. Histochemical analysis of MN-11 tumors has
shown the presence of granulocytes, macrophages, mast cells and lymphocytes.
Granulocytes are the major component of the infiltrate, found mainly in necrotic areas;
however, macrophages, mast cells and lymphocytes are found in fewer numbers at the

periphery of the tumor.

3.1 INTRODUCTION

Experimental tumor model systems are now available for the study of the genetic
instability that may be an important cause of tumor progression [42,43,246]. These studies

have focussed on different aspects of the tumor microenvironment in causing genetic
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instability. Our laboratory has studied the role of ROS and RNS found in solid tumors in
mutant induction in the MN-11 tumor model system. Our laboratory is the first to report an
increased MF in cells grown as tumors, suggesting that the tumor microenvironment is
mutagenic [1]. Reynolds et al. [43] have studied hypoxia in solid tumors using a
tumorigenic mouse cell line (LN12) carrying a chromosomally based AsupF shuttle vector
that grows in vitro and as s.c. tumor in athymic nude mice. Gal et al. [246] have studied the
role of NO- in mutagenesis using a transplantable lymphoma (RcsX) to induce tumors in SJL
mouse, stimulating NO- production by macrophages in spleen and lymph nodes. A
significant increase in MF was found in the spleen (target) of tumor-bearing mice,
suggesting a role of NO- in mutant induction.

MN-11 is a transplantable murine fibrosarcoma cell line that grows in vitro and as
a s.c tumor in syngeneic mice (Chapter 2). This model system allows the ex vivo detection
of mutants that may arise in vivo. Using this model, the frequency of mutants in MN-11
cells grown as tumor was found to be 3.64-fold higher than in the same cells maintained
in vitro for an equivalent period. This data supports our hypothesis that factors present in
the tumor microenvironment may be mutagenic and/or clastogenic. The mechanism
underlying this observed increase in MF is unknown. My thesis investigates possible
mechanisms. In this Chapter [ describe the characterization of the MN-11 tumor with

respect to morphology, growth curves and tumor infiltrating host cells.

3.2 MATERIALS AND METHODS
All materials, chemicals and solution compositions used in these experiments are found in

Appendix II. Preparation of antibody and fixative solutions is found in Appendix III.
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3.2.1 Cell number needed for tumor formation

To determine the minimum number of cells required to form tumors in animals,
an experiment was conducted using different number of cells and six C57BL/6 female mice
per group. Each group was injected with either 0.5, 1.0, 2.5 or 5 X 10° viable cells
suspended in 0.1 mL PBS into the s.c. tissue of their flanks. Animals were watched for
the development of any palpable tumors. [f no palpable tumors were observed for 4
weeks, animals were sacrificed. A complete necropsy was performed on each animal, and

the organs were examined for any signs of invasion and/or metastasis.

3.2.2 Determination of tumor-doubling time

A cell suspension of 5 X 10° viable cells was injected s.c. into the flanks of a
group of mice. Tumor length, width and height were measured at various times following
tumor cell inoculation with a caliper. No correction was made for skin thickness. Tumor
volumes were calculated using the formula for the volume of a hemiellipsoid as described

by Isaacs and Coffey [247]:

V = % (4 ©/3) (1/2) (w/2) (h)

tumor volume (mm?®) = 0.5236 X length X height X width

The data was plotted as days post tumor cell inoculation (x-axis) and the corresponding log

tumor volume on the y-ordinate. The tumor volume-doubling time (in days) was then

calculated by dividing the log 2 by the slope of the regression line determination.
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3.2.3 Detection of S-phase cells
(a) Labeling with 5-bromo-2'-deoxyuridine (BrdU) in vivo

Tumors were established by inoculation of 5 X 10° MN-11 cells s.c. into the tlanks
of C57BL/6 female mice. Tumors were allowed to form for 15, 19 or 21 days,
respectively. BrdU was injected i.p. (30 mg/kg) in a volume of 0.2 mL PBS. Animals
were sacrificed after 2 h and the tumors removed; small intestines from the same animal
served as a control. Samples from tumors and small intestines were fixed in 10% neutral
buffered formalin for 24 h, embedded in paraffin, sectioned at 3-5 um and processed for
immunohistochemistry as described below.
(b) Immunohistochemical detection

All antibodies were diluted in PBS without any sera added to reduce non-specific
binding. Embedded tissues were first deparaffinized in xylene and rehydrated in a series
of decreasing concentration of ethanol, starting with 100% ethanol. Sections were washed
with distilled water and incubated with 50 mM tris-buffered saline, pH 7.6 (TBS)
containing 1% H,0-, and 0.25% Triton X-100 for 15 min at room temperature to destroy
endogenous peroxidase activity. For better antibody access, DNA was partially denatured
with 4.0 N HCI for 20 min, Bouin’s fixative at 60°C for 1 h or microwave heating for 10
min. The denaturation was quenched by immersion in 0.1 M sodium tetraborate, pH 9.2
for 10 min and then rinsed in TBS. Non-specific staining was blocked with 1% normal
swine serum at room temperature for 30 min. Slides were blotted, 1:100 and 1:1000
dilution of mouse monoclonal anti-BrdU (Sigma Chem Co) was added and incubated at
room temperature for 1 h. Detection of the primary antibody was achieved by incubating

for 30 min at room temperature with horse anti-mouse biotinylated IgG (Dimension
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Laboratories Inc.) (7.5 pg/mL), followed for 30 min at room temperature by avidin-
peroxidase (Dimension Laboratories Inc.) (5 ug/mL). Slides were washed twice for S min
in TBS between each step. Colour was developed using diaminobenzidine
tetrahydrochloride (0.02% DAB) for 10 min, washed again with TBS, counterstained
lightly with Mayer’s haematoxylin and coverslips affixed with permount.
(c) Counting of S-phase cells

In cells in which BrdU had been incorporated, the nucleus was completely stained
with a dark brown precipitate formed by the DAB-H,0,-peroxidase reaction. The BrdU
labeling index (BLI) was quantified by counting at least 10 fields using a 40 X objective
with a calibrated eye piece (where 1 field is | mm? of a 100 mm? grid) at the periphery and
in the core of the tumor. The total number of tumor cells per field (defined by the grid)
was determined by counting tumor cells within the boundary of 100 grid squares using an
Olympus BH-2 microscope. The total number of tumor cells counted varied with cell size,
amount of stroma, and cellularity.

BLI (%) = number of BrdU labeled cells x 100
total number of tumor cells

3.2.4 Histochemical assay for detecting tumor-infiltrating cells

Tumor tissue sections were fixed and processed as described in section 3.2.3 (a)
unless otherwise indicated. The infiltrating cells in the tumor were examined using
haematoxylin and eosin (H & E) stained sections. Special stains were also used to confirm
each cell type.
(a) Demonstration of endogenous peroxidase activity in granulocytes

Preparation of frozen sections: To identify granulocytes by their endogenous
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peroxidase activity, frozen sections had to be used. Tumor tissue was washed in ice cold
100 mM phosphate buffer, pH 7.2 (PB) and exposed to a 2 h fixation at 4°C in a modified
Zamboni’s fixative [248,249]. Fixative was cleared with several rinses in prechilled PB.
Fixed tissue was stored at 4°C in a 1:1 mixture of 10% sucrose (containing 0.1% sodium
azide) and 3% Triton X-100 in PB for a minimum of 24 h prior to sectioning. Tumor
tissue was then embedded in Optimal Cutting Compound, frozen immediately in liquid
nitrogen and stored at -80°C until analyzed. Cryosections were cut at 5 um in thickness
and mounted on 3-aminopropyl triethoxy silane (AES) coated slides (preparation described
in Appendix III).

Detection of peroxidase activity: Enzyme activity was demonstrated by
incubating frozen tumor tissue sections in TBS containing 0.02% DAB and 0.6 % H,O, for
10 min at room temperature with constant stirring. Sections were washed in running
water, counterstained with haematoxylin and coverslips affixed with permount.

(b) Identification of macrophages by non-specific esterase activity

The a-naphthyl acetate method using the diazonium salt hexazonium pararosanilin
was employed [250]. Frozen sections were incubated in the presence of equal volumes of
4% sodium nitrite and 4 % pararosanilin for 20 min at 37°C, washed in running water and
counterstained with haematoxylin.

(c) Identification of tissue mast cells by toluidine blue

Paraffin sections were processed as described in section 3.2.3 (b). Sections were
stained in toluidine blue solution (1% toluidine biue in 50% isopropanol) for 10 min at
room temperature. These were blotted and then placed in absolute isopropanol for 1 min,

cleared and mounted as described above.
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3.2.5 Statistical analysis

Data was analyzed using one-way ANOVA test. Following detection of a
statistically significant F value, post hoc Dunnett’s or Tukey-Kramer test was used. A 2
tailed p value of < 0.05 was considered to be significant (shown as *) or p < 0.01 was

considered to be highly statistically significant (shown as **).

3.3 RESULTS
3.3.1 Tumorigenicity of MN-11 cells

A total of 24 mice, 6 per group were injected with MN-11 cells (as indicated in
section 3.2.1) and observed for the appearance of palpable tumors. Tumors first became
palpable on day 8 following tumor cell inoculation. Figure 3-1 shows that on day 10, no
tumors developed in animals injected with 0.5 x 10°, 1 x 10° or 2.5 X 10° cells.
However, 50% of the animals injected with 5 X 10° cells developed wmors. By day 14,
the percentage of tumor-bearing animals increased in all the four groups (17% for animals
injected with 0.5 X 1Q° cells, 67% each for animals injected with 1.0 X 10° and 2.5 x 10°
cells and 100% for animals injected with 5 X 10° cells, respectively). No further increase
in the percentage of tumor-bearing animals was seen after 16 days of tumor cell inoculation.
As a result of this experiment, subsequent experiments were conducted using injections of
5 x 10° MN-11 cells. Tumor volumes, measured on day 18 were not significantly
different in any of the groups (298 + 70 mm® (animals injected with 0.5 x 10° cells) vs
239 + 54 mm® (animals injected with 1.0 X 10° cells) vs 385 + 60 mm? (animals injected
with 2.5 x 10°) vs 301 + 64 (animals injected with 5 X 10° ); mean + SEM, ANOVA,

post hoc Tukey-Kramer test, p > 0.05).
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Figure 3-1 Tumor formation in CS7BL/6 mice. Animals were divided into four
groups of six mice each, and injected s.c. with 0.5 x 10°, 1.0 x 10°, 2.5
X 10° and 5 x 10° viable MN-11 cells. Animals were monitored for the
formation of palpable tumors on days 10, 14, 16 and 18, respectively.
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3.3.2 Tumor volume-doubling time

When 5 x 10° viable MN-11 cells were injected s.c. into CS7BL/6 mice, tumors
become palpable by day 14 in essentially 100% of the animals. The growth curve of these
tumors is sigmoidal on a linear plot of tumor volume versus days post tumor inoculation
(Figure 3-2A). The tumors had reached 87 % of their volume by day 15. The growth
curve was replotted as the log of the tumor volume versus days post tumor inoculation
from which the tumor volume-doubling time was estimated to be 2.7 days calculated from

the near-linear part of the curve (Figure 3-2B).

3.3.3 Cell dynamics in MN-11 tumors

The number of viable cells recovered from tumors decreases with the age of the
tumor, after day 18 (data not shown). Tumor volume is likely to be a poor indicator of
viable cell numbers. Therefore, the mitotic index (MI) and apoptotic index (AI) was
examined as a function of the age of the tumor at the periphery and in the core of the
tumor (counts were done as described in section 3.2.3 (c) for BrdU labeling index (BLI))
to obtain more information about the dynamics of cell growth and death in the tumor.
Figures 3-3A and B show the features of mitotic and apoptotic cells in non-necrotic areas
of the tumor. The AI increased with the age of the tumor, and it was highest by day 20.
Peripheral areas showed a significant increase in the Al (ANOVA, post hoc Tukey-Kramer
test, p < 0.05); the core exhibited a similar increase (ANOVA, post hoc Tukey-Kramer
test, p < 0.01) (Figure 3-4). The MI showed a non-significant decrease with the age of
the tumor both in the periphery and the core. MI was greater than the Al in day 12 and

14 tumors in the periphery (p < 0.001 in an unpaired Student’s s-test); the core showed
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Figure 3-2

Tumor volume-doubling time of MN-11 tumors. Linear (A) and
semilogarithmic (B) growth plots of MN-11 tumor. C57BL/6 mice were
inoculated with 5 X 10° viable MN-11 cells into the right flanks and
monitored for tumor formation. Tumors were measured on days 9 through
18 using sliding caliper and tumor volumes were determined as described
in section 3.2.2. Data is represented as mean + SEM of a single
experiment involving 6 mice. Where error bars are not shown, they are
within the symbol.

-77-



Tumor volume (mm?)

300

250

200 ¢

150

100

50

Figure 3-2

= 2.50

A

217 [

183 |

150 1

Log tumor volume (mm?)

8 11 14 17 20 8 11

Days post tumor inoculation

14

17

20



Figure 3-3

Detection of mitotic and apoptotic cells in MN-11 tumors.
Representative photomicrographs of H & E stained sections showing the
appearance of mitotic figures and apoptotic cells. (A), Cells in anaphase
(small arrows), and metaphase (large arrows) , X 200; (B), Arrows points
to apoptotic cells, identified by an eosinophilic cytoplasm and a clear halo,
X 400.
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Figure 3-3




Figure 3-4

Graph showing the apoptotic index (AI) and mitotic index (MI) of MN-
11 tumors. M and B, shows the respective Al or MI at the periphery; &

and N, shows the respective Al or MI in the core of the tumor. Tumors
were excised on days 12, 14, 18 and 20 respectively, stained with H & E
and the number of cells in mitosis and undergoing apoptosis were counted
as described in section 3.2.3 (c). Data is represented as mean + SEM of
4 tumors and in each case 10 fields were counted at the periphery and in the
core of the tumor.
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a non-significant increase. However, the Al was significantly increased in the core (p <
0.001 in an unpaired Student’s r-test); the periphery showed a non-significant increase.
Apoptotic cells occurred singly in young tumors but by day 18, they occurred as clusters
of contiguous cells and by day 20, large zones of necrosis were observed. DNA extracted
from day 14, 18 and 20 tumors was also analyzed by agarose gel electrophoresis for DNA
fragmentation. The ladder pattern observed was not sharp and distinct, although it did
show the presence of oligonucleosome size fragments and smearing, confirming
coexistence of both apoptosis and necrosis (data not shown).

BLI was also examined as a function of the age of the tumor. Non-radioactive
BrdU immunohistochemistry was used as a substitute for *H-thymidine autoradiography
in localizing cells undergoing DNA synthesis (S-phase). DNA had to be denatured for
easy antibody access; three methods of denaturation were tried. Intense BrdU nuclear
labeling occurred following 4 N HCI denaturation in both tumor and small intestines,
however, non-specific background staining was observed (data not shown). Following
Bouin denaturation at 60°C for 60 min, nuclear labeling intensity was also strong;
however, this was also accompanied by non-specific background staining (data not shown).
In both cases, the background was greater over the cytoplasm than over the nucleus.
Microwave heating resulted in markedly intense nuclear labeling of the tissues and the
background staining in the tissues was eliminated (Figure 3-5A ). It is important to note
that a lower antibody dilution (1:100) was used for microwave treatment; higher dilutions
(1:500 and 1:1000) produced weaker staining. However, the antibody was used at 1:1000
for the other two methods. Figure 3-5A shows that both lightly and darkly labeled nuclei

were observed in the tumor sections, presumably because of completion or initiation of
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Figure 3-5

Detection of BrdU labeled cells in MN-11 tumors. (A), Representative
photomicrograph of MN-11 tumor labeled with BrdU and visualized by
monoclonal anti-BrdU antibody. Labeled (S-phase) DNA appears brown,
while non labeled DNA appears blue (counterstain haematoxylin, X 200).
The large arrows point to darkly stained nuclei and small arrows point to
lightly stained nuclei. The curved arrow points to a cell in metaphase. (B).
Graph showing BrdU labeling index (BLI) of MN-11 tumors. Tumors
were allowed to form and animals were injected with 30 mg/kg BrdU on
days 15, 19 and 21, respectively. DNA was denatured using the
microwave treatment and stained as described in section 3.2.3 (b). Labeled
cells were detected using anti-BrdU antibody and scored microscopically as
described in section 3.2.3 (c). Data is represented as mean + SEM of 4-8
tumors and in each case 10 fields were counted at the periphery and in the
core of the tumor.
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DNA synthesis during the labeling time.

The DNA was denatured with microwave treatment and stained as described above.
The periphery and the core of the tumor were scored for the percentage of cells in the S-
phase (BLI) (Figure 3-5B). The peripheral areas had a higher BLI than the core of the
tumor. A statistically significant decrease in BLI in the peripheral area was observed after
day 15 (ANOVA, Dunnett’s test, p < 0.01). Similar results were obtained for the core

of the tumor, showing statistically significant decrease for day 21 tumors (ANOVA,

Dunnett’s test, p < 0.01)

3.3.4 Tumor Histopathology

The exponentially growing tumors (day 11-day 16) are approximately 200 + 50
mm?® in volume, and are histologically described as fibrosarcomas with essentially no areas
of necrosis (Figure 3-3A). Increased number ot cells in mitosis are observed (showing
cellular proliferation); an occasional cell in tripolar mitosis was also seen (data not shown).
Tumor cells appear to have a high ratio of nucleus to cytoplasm, suggesting that the
fibrosarcoma is poorly differentiated. A great variation in nuclear size between tumor
cells and a greater variation in overall cell size is also observed. The tumors are very
vascular (supplied with many blood vessels) accompanied by a peripheral nerve. The
blood vessels occur more frequently at the periphery than the core of the tumor. In
addition, formation of new blood vessels (angiogenesis) is seen at the periphery of the
tumor (data not shown). These newly formed blood vessels are important to support the
nutritional and respiratory needs of growing tumors. Tumor larger than 200 mm’® in

volume have an increase in the proportion of the tumor tissue that is necrotic. Blood
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Figure 3-6

Granulocytic infiltration in MN-11 tumors. Representative
photomicrographs depicting acute inflammatory response, characterized by
increased infiltration with granulocytes. (A), Early vascular changes are
evident as blood vessels filled with granulocytes (G), (H & E, x 400).
Note, also in this illustration, the looseness and swelling of the connective
tissue around the vessel. (B), Once out in the extravascular space,
granulocytes are found mainly in the necrotic zones. They can be
recognized by their lobed nuclei, disintegrating granulocytes are recognized
by the condensation (pyknosis) or fragmentation (karyorrhexis) of their
nuclei and cytoplasmic disintegration. The fibrin (F) is stained pink and is
sparse in this micrograph (H & E, x 200).
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vessels become filled with granulocytes (Figure 3-6A). These white blood cells become
adherent to the endothelium, this process is known as margination. They extravasate and
seem to travel to areas of tissue damage; since necrotic areas show heavy infiltration of
granulocytes (Figure 3-6B), with accompanying erythema and edema. Once the tumor
develops necrosis, large acellular areas with very few tumor cells are observed. Necrotic
areas may be next to large areas where tumor cells are perfectly maintained with no
evidence of cellular death. Hence, the tumor mass represents an inflammatory lesion in
which progressive tumor growth serves as a stimulus for phagocytic recruitment.

Invasion and metastasis: Tumors < 200 mm® are surrounded by an intact capsule
(Figure 3-7A) composed of mainly collagen and fibroblasts. However, in tumors larger
than 200 mm’, tumor cells break through the capsule and can be seen invading the
surrounding smooth muscle tissue (Figure 3-7B). No metastases have been observed in
the organs (lungs, liver, kidneys and intestines) examined. Histopathological studies were
carried out in collaboration with pathologists, Drs. Susan Robertson and George

Wenckebach of the Anatomical Pathology Division, Ottawa General Hospital, Ottawa.

3.3.5 Tumor infiltrating leukocytes

To explore cellular sources of ROS and RNS that were postulated to contribute
to the observed increase in MF, tumor tissue was analyzed histochemically for infiltrating
inflammatory cells. Using H & E stained sections, the most abundant infiltrating cell type
in MN-11 tumors was identified to be granulocytes. This cell type was confirmed by the
presence of the endogenous peroxidase activity (brown precipitate by DAB reaction) in

frozen sections (Figure 3-8A). Granulocytes were found mainly in the necrotic zones, less
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Figure 3-7

Invasiveness of MN-11 tumors. (A), shows a tumor < 200 mm’ with a
well circumscribed fibrous capsule (C). Note that the tumor shows no
evidence of local invasion (H & E, x 50). (B), shows a tumor > 200
mm?®. Note that the tumor has an irregular outline with arrows pointing to
tumor cells invading the surrounding smooth muscle tissue (SM) of the
flank.
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frequently in the non-necrotic, and at the periphery of the tumor. Both intact granulocytes
and disintegrating granulocytes stain for the presence of the peroxidase activity. Positive
staining of the macrophages was less frequent. Non-specific esterase activity identified the
presence of macrophages only at the periphery of tumors (Figure 3-8B). However, in the
core of older tumors (day 21), monocytes migrating from blood vessels were also
observed, presumably to phagocytose dead tumor cells and granulocytes. Mast cells were
seen, using toluidine blue stained sections, particularly at the periphery of the tumor
(Figure 3-8C). Some tumors also showed the presence of lymphocytes toward the

peripheral tumor mass on H & E stained sections (Figure 3-8D).

3.4 DISCUSSION

The MN-11 tumor model system was developed to explore the hypothesis that
intratumor phagocytic cells such as macrophages and granulocytes may contribute to
genomic instability and tumor progression by generating ROS and RNS. To improve our
understanding the contribution of these factors the biology of the tumor was studied. MN-
11 cells formed tumors rapidly in syngeneic animals; palpable tumors were observed by
day 8 and by day 14 they were > 200 mm®. 5 X 10° viable celis formed wmors in
essentially 100% of the animals. MN-11 tumors grow with a tumor volume-doubling time
of 2.7 days, reaching a plateau volume by day 18. However, tumor volume itself is a
poor indicator of viable cell number, since tumors consist of a heterogeneous population
of proliferating, nongrowing and dying cells. Therefore, MI, Al and BLI was used to
study the dynamics of cell growth and death in this tumor.

Typically apoptosis affects scattered single cells in tumors, as in normal tissues,
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Figure 3-8

Characterization of tumor infiltrate. Representative photomicrographs
of different cell types identified in MN-11 tmors are shown. (A),
endogenous peroxidase activity demonstrating the presence of granulocytes
(counterstain haematoxylin, X 100). (B), Arrows point to nonspecific
esterase activity detected in macrophages at the periphery of the tumor
(counterstain haematoxylin, X 400). (C), Arrows point to toluidine blue
stained mast cells toward the periphery of the tumor (counterstain
haematoxylin, X 400). The characteristic feature of mast cells is an
extensive cytoplasm packed with many granules. When stained with blue
basic dyes such as toluidine blue, the granules bind to the dye changing its
colour to red. This property is called metachromasia. (D), Section
showing the presence of lymphoid cells, of which lymphocytes (L) are
easily identified in the supporting connective tissue, (H & E, X 400).
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although in some tumors, especially with a high apoptotic rate, clusters of contiguous cells
may be involved [251]. A cell undergoing apoptosis has a markedly shrunken nucleus and
cytoplasm, irregularly beaded chromatin, deeply eosinophilic cytoplasm and are separated
from adjacent tumor cells by a halo-like clear zone. Evaluation of apoptosis provides a
useful measure of tumor cell kinetics and biologic behavior. In MN-11 tumors, Al
increased with the age of the tumor and a more pronounced increase was observed in the
core (Figure 3-4). By day 20, the Al was as high as 5.7% in the core of the tumor.
Tumor histopathology also shows the presence of necrotic zones mainly in the core of the
tumor. Agarose gel electrophoresis of tumor DNA is consistent with both forms of cell
death in this tumor. Hypoxia (regions of low oxygen) and necrosis are common features
of solid tumors. It is generally believed that, in fast growing tumors, the core of the
tumor may be more hypoxic than the peripheral areas, since most of the blood vessels are
found toward the periphery. It has been recently shown that p53 is induced in response
to hypoxia [252,253] and p53 induction in turn is associated with apoptosis [254-256].
This implies that MN-11 cells may have wild type p53, although this warrants further
investigation.

MI has long been used as a prognostic index in certain soft tissue tumors (especially
leiomyosarcoma) and many solid tumors [251,257]. The central phases of mitosis,
metaphase and anaphase were more easily recognized than cells in early prophase and late
telophase. The number of mitotic figures was more frequent at the periphery than the core
of the tumor. MI was greater than Al in tumors excised on days 12 and 14 both at the
periphery and in the core, although a statistically non-significant decrease was observed

with the age of the tumor. As an index of cell proliferation, mitotic figure counting is the
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easiest method. However, it is only a crude reflection of the growth fraction.

A complementary approach for the measurement of tumor cell kinetics is the
determination of the proportion of the tumor cell population in the S-phase of the cell
cycle. Labeling of S-phase cells with BrdU has previously been used as a substitute for
in vivo *H-thymidine labeling [258]. The DNA of S-phase tumor cells was labeled by a
2 h administration of an i.p. dose of BrdU to tumor-bearing mice. BrdU is incorporated
into the DNA and detected using a mouse monoclonal anti-BrdU antibody. Localization
of BrdU in fixed tissues requires that DNA be denatured to single strands capable of being
recognized by antibodies. Three methods of denaturation were tried of which microwave
treatment for 10 min worked the best (Figure 3-5A). It reduced the non-specific
background staining found when mouse a monoclonal antibody is used on mouse tissues.
Another study reported similar findings using mouse tissues, however, they had used a
1:50 dilution of the antibody with a 5 min microwave treatment [259]. The mechanism
by which microwave treatment works is unclear, but it is possible that it removes proteins
from DNA and allows better physical access of the antibody to the antigen.

A 50% reduction in the BLI was observed in day 21 as compared with day 15
tumors, both at the periphery and in the core (Figure 3-5B). The increase in Al and
necrosis and decrease in MI and BLI explains the lower cloning efficiency observed in
older tumors. Most of the MF experiments were conducted using young tumors (days 14
and 15). As expected from the cell cycle, BLI in the tumors was generally greater than
MI. One possible explanation why BLI exceeds MI is that mitosis is completed more
rapidly than DNA synthesis. The in vitro doubling time of MN-11 cells is 16 h (Chapter

2). A 2 h labeling time used in vivo should have labeled most of the cells in S-phase. If
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the S-phase is assumed to be 8 h, any cell whose doubling time is 8 h or more would have
been labeled. Cells in the S-phase or beginning to enter the S-phase would be detected as
darkly stained nuclei. The weakest signal (lightly stained nuclei) detected would be at the
G,-S and at the S-G, junction. The probability of a cell being missed is if at the time of
labeling it is in the G, or G, phase. As per the above model the probability of detecting
cells in S-phase should be 8 times more sensitive than counting cells in mitosis. However,
comparison of the BLI and MI (Figures 3-4 & 3-5) shows that our ability to count S-phase
cells is lower because some cells may not have been labeled and are missed during
counting. This could be due to technical problems. Although one can determine the
fraction of cells that are cycling but none of the methodologies provides estimates of the
growth rate of cells in vivo. Making a precise estimate of growth rate of cells in vivo is
difficult, since tumors contain a mixture of growing, non-growing and dying cells.
Most solid tumors contain inflammatory cell infiltrates [54,195,197,260-267].
MN-11 tumors are also characterized by increased infiltration with inflammatory cells
consisting primarily of granulocytes followed by macrophages, mast cells and lymphocytes
(Figure 3-7). It is well known that granulocytes are recruited at the sites of inflammation
by a variety of chemotactic agonists elaborated by intrinsic tissue cells and leukocytes.
This activates them in the blood vessels and induces their migration across the vessel wall
into the extra-vascular space. Four classes of agonists have been identified, which
includes C5a, FMLP, leukotriene B, (LTB,) and PAF. Recent studies have demonstrated
other polypeptide mediators (chemotactic cytokines), are also synthesized during
inflammation that elicit massive and long-lasting granulocytic infiltration. These

chemotactic cytokines include neutrophil activating peptide (NAP-1), interleukin-8 (IL-8),
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monocyte chemoattractant protein 1 (MCP-1), macrophage inflammatory protein 2 (MIP-
2), G-CSF (granulocyte colony-stimulating factor), and MGSA (melanoma growth-
stimulatory activity) [268-272]. A malignant fibrous histiocytoma cell line has been shown
to promote granulocytic chemotaxis and to express mRNA for the cytokines, GM-CSF
(granulocyte-macrophage colony stimulating factor) and IL-8 [273]. [t may be possible
that MN-11 cells may produce chemotactic cytokines that may attract granulocytes to the
tumor tissue. The presence of lymphocytes and mast cells in this tumor also suggests that
these cells may release a large repertoire of cytokines with granulocyte chemoattractant
properties. The cytokines produced within the tumor microenvironment that attracts
phagocytic cells have not yet been tested in MN-11 cells and warrants further
investigation. This would help to understand the factors in the tumor microenvironment
that could be further manipulated to increase granulocytes.

There is considerable evidence for the presence of hypoxia in human and
experimental tumors. MN-11 tumors show zones of necrosis mainly in the core
accompanied by heavy granulocytic infiltration. This may be due to the presence of
hypoxia in these tumors. The possibility that necrosis may produce chemotactic factors
that may attract granulocytes to these sites cannot be excluded. The presence of the
inflammatory infiltrate within and adjacent to the tumor mass suggests an on-going
"inflammatory” reaction. Whether these infiltrates result simply from a response of the

host to the tumor or from an active part of the tumor ecosystem is uncertain.
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CHAPTER 4

MUTAGENICITY AND CYTOTOXICITY OF
REACTIVE OXYGEN AND NITROGEN
SPECIES IN MN-11 CELLS



ABSTRACT

There is increasing evidence that endogenously generated ROS and RNS at sites of
inflammation and in tumors may be genotoxic. This chapter describes an in vitro study of
the ability of ROS and RNS to induce mutations in MN-11 cells. Radiation and
radiomimetic drugs were used as positive controls; they caused a dose-dependent increase
in MF. At D,, streptonigrin and bleomycin induced about 50 and 95 mutants per 10° viable
cells, respectively. ROS (H,0,) induced a lower frequency of mutants, 20-30 per 10°, for
enzymatically generated or bolus, respectively. Incubation with human granulocytes
induced a low frequency of mutants (about 15 per 10° at 50% survival). RNS was tested
using a series of NO-donating drugs. MF at 50% survival is shown. Spermine/NO- induced
cytotoxicity but no mutants, while S-nitroso-N-acetylpenicillamine induced a low level, 10
per 10°. Both release nitrogen monoxide spontaneously, with a t., <3 h. Glyceryl trinitrate
and sodium nitroprusside are two drugs that were slowly metabolized by MN-11 cells (>12
h) to release nitrogen monoxide. Glyceryl trinitrate induced about 20 per 10° while
nitroprusside induced 50 per 10°. Our results indicate that RNS can induce mutations readily
detectable in MN-11 cells. At equicytotoxic doses, the MF varied considerably for different
drugs, suggesting that different states of nitrogen monoxide (such as NO" or NO-) may be
generated and these may vary in their mutagenic/cytotoxic potential. These data support the
notion that ROS and/or RNS in tumors may be mutagenic and thereby contribute to genetic

instability of tumors.

4.1 INTRODUCTION

The ability to detect mutations in mammalian cells can vary considerably depending upon
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the locus studied [227,228,232,274]. Most detection systems utilize a single-copy
(hemizygous or heterozygous) gene, whose inactivation by a mutagen causes a detectable
phenotype. This requires either creating a heterozygous gene on an autosome, such as 7K™ ",
or using a hemizygous gene on the X chromosome, such as APRT. (In females, one copy
of the X chromosome is inactive, creating a functionally hemizygous state). While both
systems allow detection of small-scale events such as small deletions, transitions or
transversions, a disadvantage of using the H/PRT locus is that some large scale, multi-locus
deletion mutants may be non-viable. It is believed that concomitant loss of a fragment of
the chromosome that extends into neighbouring essential genes is responsible for the
observed low recovery of this class of mutants in murine L5178Y cells [227]. MN-11is a
murine tumor cell line that uses the HAPRT locus for detecting mutants but overcomes the
limitations of a hemizygous system [1]. This cell contains multiple copies of the X
chromosome but only one functional HPRT locus, that is, it is a heterozygous (HPRT ")
locus. MN-11 cells were used to study mutations induced by ROS and RNS.

ROS and RNS may be generated at high concentrations by activated phagocytes and
other cells at sites of inflammation and within tumors [45,195,275]. These species have
been shown to be genotoxic in a variety of cell types and mutagenic at several different loci.
ROS generated chemically, enzymatically or by phagocytes were mutagenic in Sa/monella
typhimurium and produced sister chromatid exchanges, transformation and mutations at the
HPRT locus in mammalian cells [70-74]. In V79 cells, high concentrations of H,0, induced
mutations at the /PRT locus but lower concentrations did not [77,78]. Using a hemizygous
bacterial GPT transgene introduced onto an autosome in CHO cells, Hsie et al. [79,80] were

able to detect mutants following exposure to ROS. NO- and related species have also been
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examined for their mutagenic potential. NO- and NO, gases and GTN were mutagenic in
S. yphimurium [178]. In rat lung cells, exposure in vivo to these gases could induce mutants
and NO, could induce chromosomal aberrations [62]. High concentrations of NO- gas
induced DNA strand breaks and mutations at both the HPRT and 7K locus in TK6 human
lymphoblasts [ 158]. High concentrations of NO- gas can also cause chemical changes in free
DNA. Saturated solutions of NO- deaminate deoxyribonucleosides, nucleotides, purines and
calf thymus DNA [157,158]. Exposure of naked plasmid DNA to NO- gas or ONOO",
followed by transfection into human Ad293 cells or Escherichia coli, also resulted in
deaminations [176,177]. ONOOQO" was shown to produce DNA strand breaks in rat
thymocytes [161]. A variety of drugs that can spontaneously or metabolically generate NO-
have also been tested for their mutagenicity in various biological systems. Felley-Bosco et
al. [180] failed to show mutant induction at the APRT locus in human epithelial cells by
DEA/NO-, a spontaneous generator of NO-. Spermine/NO- and DEA/NO- were strongly
mutagenic in S. ryphimurium while GTN and sodium nitrite (NaNO,) were weakly
mutagenic [157,179]. Thus, a variety of evidence indicates that ROS as well as RNS may
be genotoxic and mutagenic. This chapter shows that radiomimetic drugs, hydrogen

peroxide and some but not all NO-donating drugs can induce mutants in MN-11 cells.

4.2 MATERIALS AND METHODS

A listing of the materials, chemicals suppliers and solution compositions is found in
Appendix II.
4.2.1 Cells and culture conditions

Peripheral blood polymorphonuclear cells were isolated from freshly drawn blood

-94-



of normal human donors as previously described [276], except that sterile solutions and
procedures were employed. MN-11 cells were grown in non-selective medium, HAT-

medium, HT-medium or 6-TG-medium as defined previously (Appendix [V, section IV.1).

4.2.2 Cytotoxicity and Mutagenicity of ROS and RNS Treatments

Exponentially growing cultures were trypsinized and 5 = 10° cells (as determined
by trypan blue exclusion) per 10 cm dish were allowed to attach overnight. The cultures
were subjected to one of the following treatments in serum-free medium unless otherwise
indicated (concentrations are shown in the figures): H,O, and glucose oxidase for 1 h;
Fe(IlI)-bleomycin complex for 1 h and streptonigrin for 6 h; NO-donating drugs were added
for 24 h in non-selective complete medium. In co-culture experiments, MN-11 cells were
incubated for 24 h in non-selective medium with either TPA (2 < 10®* or 2 < 10”7 M) alone,
or with granulocytes in the presence of TPA or vehicle (0.1% dimethyl sulfoxide). Afterthe
indicated treatments, cytotoxicity and MF was determined. Cultures were washed twice with
PBS, trypsinized and split into two sets of dishes. For determination of cytotoxicity, 200
cells/6 cm dish were seeded in non-selective medium (up to 600 cells where low survival
was expected). After 7 days, colonies (> 50 cells) were scored. Following all treatments
described, MF was determined by plating 5 to 10 x 10° cells/10 cm dish in non-selective
medium and an 8 day expression time was used. Cells were subcultured as needed to
maintain them in log phase of growth, keeping at least 5 x 10°cells at each transfer. Mutant
cells were detected by plating 1 x 10° cells per 10 cm dish in the presence of 50 uM 6-TG.
Cloning efficiency was determined by seeding 200 cells/6 cm dish. 6-TG-resistant colonies

(>50 cells) were scored after 10 days. MF is expressed as mutants per 1 x 10° viable cells,
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where viability was determined from the cloning efficiency.

4.2.3 Species generated by SNP and GTN

To assess the effect of cyanide released by SNP, a cyanide scavenging system (8
units/mL of rhodanese + 5 mM Na,S,0;) was added [277] to 5 x 10° cells. The contribution
of H,O, or O,7 to the effects seen with SNP and GTN was assessed by inclusion of catalase
(50 pg/mL) or SOD (50 ug/mL) at the time of treatment. To verify that effects of SNP were
due to NO-, oxyhaemoglobin (oxyHb; HbO,) was used as a specific scavenger. 5 < 10° cells
were plated in 10 cm dishes and allowed to attach overnight; cultures were treated with SNP
in the presence of 100 uM oxyHb. Following incubation at 37°C for 24 h, cultures were
washed twice with PBS; cytotoxicity and MF was determined. The production of NO- in
cultures treated with SNP was monitored by the spectral conversion of oxyHb to
methaemoglobin (metHb) using a Perkin-Elmer (Lambda 14) UV/VIS spectrometer at 350-
700 nm.
4.2.4 Preparation of OxyHb

OxyHb may contain some metHb. Pure oxyHb was prepared by treating 1.0 mM
solution with small amounts of dithionite (Na,S,0,) until the solution turned blue. Oxygen
was then gently bubbled through the solution until it turned bright red colour. Excess
dithionite was removed by dialysis against PBS at 4°C. The concentration and purity of the
oxyHb solution was determined spectrophotometrically (X,,. = 576 nm, 541nm; € = 14,600,
13,800) [278].
4.2.5 Measurement of nitrite

Nitrite (NOy) is a fairly stable product of more reactive nitrogen intermediates that
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can be readily measured chemically. To quantify the amount of NO released by various
drugs, the amount of NO, - which accumulated in the culture medium was measured.
Replicate cultures of 2 x 10° cells in 1 mL of phenol red-free non-selective medium were
established in 24 well plates. Different NO-donating drugs were added. Every 2 h, the cell
supernatant was removed and mixed with an equal volume of Griess reagent [279]. Griess
reagent is prepared by mixing equal volumes of 0.1% N-(1-napthyl)-ethylenediamine
dihydrochloride in water and 1% sulphanilamide in 5.0% H;PO, immediately before use.
Ten min after addition of Griess reagent, absorbance at 540 nm was measured. The

concentration of NO, ~ was calculated from a standard curve using NaNO,.

4.2.6 Statistical analysis

Data were analyzed using one-way factorial ANOVA or Student’s r-test, as
applicable. Following detection of a statistically significant F value, post hoc Dunnett’s ¢-
test of significance was used. A value of p < 0.05 was considered to be significant. A

statistically significant result is indicated by * (p < 0.05) or ** (p < 0.01).

4.3 RESULTS
4.3.1 Radiomimetic drugs

Certain drugs are considered to be radiation-like in their mode of action. These so-
called radiomimetic drugs generate ROS such as OH- [280] and were expected to be
mutagenic in the MN-11 system. The effects of streptonigrin (Figure 4-1A) and bleomycin
(Figure 4-1B) on cytotoxicity and mutant induction were studied. In contrast to '*’Cs and

%Co y-irradiation, both drugs generated survival curves without detectable shoulders. The
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Figured4-1 = The effects of radiomimetic drugs cytotoxicity and mutagenicity on MN-
11 cells. (A), Streptonigrin (nM); (B), Fe (IIT) bleomycin complex (uM).
Cytotoxic (@) and mutagenic (O) effects are shown. Cultures were exposed
to Streptonigrin for 6 h and Fe (III) bieomycin complex for 1 h in serum free
medium at 37°C. Following each treatment, cultures were washed with PBS,
cytotoxicity and mutagenicity determined as described in Materials and
Methods. Mean absolute cloning efficiency of untreated cultures was 51 £
1.7% for (A) and 40 = 9.9% for (B). Error bars indicate mean £ SEM (n =
2-5 independent experiments, each involving 4-6 replicate dishes per
experimental point).
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D, dose was 46 nM and 16 uM for streptonigrin and bleomycin, respectively. At D,, the
number of mutants induced by streptonigrin and bleomycin was about 50 and 95 per 10°
cells, respectively.
4.3.2 Hydrogen peroxide

H,O, is a relatively weak mutagen that is known to cause DNA strand breaks in cells
[78]. To test its effect as a mutagen in MN-11 cells, H,O, was added either as a bolus
(Figure 4-2A) or generated enzymatically with glucose oxidase (Figure 4-2B) for 1 h in
serum-free medium. In both cases, survival curves showed no detectable shoulder. The D,
for H,0, added as a bolus was 122 uM and generated enzymatically was 57 mU/mL. At
these doses, the number of mutants induced were significantly lower (20 to 30 per 10° cells)
than radiation or radiomimetic drugs. In both cases, a dose-dependent increase in MF was
observed.
4.3.3 Human granulocytes

Human granulocytes elaborate ROS, which have been shown to cause mutations in
bacteria [71] and mammalian cells [72]. Figure 4-3 shows the effects of unstimulated and
TPA-stimulated granulocytes on cytotoxicity and mutation induction in MN-11 cells.
Increasing numbers of unstimulated granulocytes (from 5 to 20 x 10°cells per 5 < 10° MN-
11 cells) caused a progressive decrease in cloning efficiency of MN-11 cells with a
maximum increase in MF of about 20 per 10°. At 50% survival, the MF was about 15 per
10° cells, compared to the control (no granulocytes) of 3 per 10° cells. TPA was used to
stimulate the respiratory burst of granulocytes, with the expectation of an increase in
cytotoxicity and mutagenicity [281]. TPA at 2 x 107 M, in the absence of granulocytes,

resulted in statistically significant cytotoxicity (survival of 39.9 £ 4.4%; n = 4; 2 tailed p <
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Figure 4-2

The effects of hydrogen peroxide on MN-11 cells. (A), Bolus (uM); (B),
Glucose oxidase (milliunits/mL). Cytotoxic (@) and mutagenic (O) effects
are shown. Cultures were exposed to hydrogen peroxide (bolus) or generated
enzymatically using glucose oxidase (flux) for 1 h in serum free medium at
37°C. Following each treatment, cultures were washed with PBS,
cytotoxicity and mutagenicity determined as described in Materials and
Methods. Mean absolute cloning efficiency of untreated cultures was 35 =
11.5% for (A) and 37 = 12% for (B). Error bars indicate mean + SEM (n =
3-4 independent experiments, each involving 5-6 replicate dishes per
experimental point).
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Figure 4-3

Cytotoxic and mutagenic effects of human granulocytes, in the absence
or presence of TPA. Following treatment for 24 h (in the presence (A, A),
or absence (@, Q) of TPA), cultures were washed with PBS, cytotoxicity
(@, A) and mutagenicity(O, A) determined. Mean absolute cloning
efficiency of untreated cultures was 37 £ 11%. Error bars indicate mean £
range (n = 2 independent experiments, each involving 5-8 replicate dishes
per experimental point) (n=4 for TPA with no granulocytes). Granulocyte
concentration (as indicated, x10° per dish); target MN-11 cells (5x10° per
dish). Treatment with vehicle (0.1% (v/v) dimethyl sulfoxide) had no
cytotoxic or mutagenic effect (data not shown).
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0.03). There was also a small increase in MF (p < 0.05 in a paired r-test). At a
concentration of 2 x 10* M, TPA also caused a low level of cytotoxicity (survival of 76.5
*+ 1.5%; n = 2) but no detectable change in MF. The combination of TPA and granulocytes
was not significantly more cytotoxic than the sum of each individually. That is, the products
of the respiratory burst activated by TPA appeared to have little additional cytotoxicity.

Similarly, only a small increase in MF could be attributable to the respiratory burst.

4.3.4 NO-donating drugs

RNS have previously been shown to have a variety of genotoxic effects. Their
cytotoxic and mutagenic potentials for MN-11 cells were tested by exposing cells to a
variety of NO-donating drugs. SPER/NO- and SNAP are known to release NO-
spontaneously, that is, without a requirement for cellular metabolism. SPER/NO- caused
a dose-dependent decrease in cell viability with increasing drug concentration, but no
detectable increase in MF in the dose range tested (Figure 4-4A). Spermine, the polyamine
decomposition product of SPER/NO-, caused no cytotoxicity at concentrations up to | mM
(data not shown). SNAP was also cytotoxic, but in contrast with SPER/NO- a statistically
significant increase (ANOVA, post hoc Dunnett’s t-test, p < 0.05) in the MF was observed
(about 10 mutants per 10° cells above controls at 50% survival, Figure 4-4B).

GTN and SNP are two clinically useful smooth muscle relaxing drugs that yield a
nitrogen monoxide species after metabolic activation [282,283]. GTN caused a dose-
dependent decrease in cell viability together with a clear increase in MF (Figure 4-4C). At
50% survival, about 20 mutants per 10° cells were induced. The survival curve of SNP was

similar to GTN. However, the MF at 50% survival was appreciably higher, over 50 mutants
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Figure 4-4

The effects of nitric oxide-donating drugs on MN-11 cells. (A),
SPER/NO- ; (B), SNAP ; (C), GIN ; (D), SNP. Cytotoxic (@) and
mutagenic effects (O) are shown. Cultures were exposed to the respective
nitric oxide-donating drug for 24 h in complete medium at 37°C. Following
each treatment, cultures were washed with PBS, cytotoxicity and
mutagenicity determined. Mean absolute cloning efficiency of untreated
cultures for A, B, C and D was 30.5 £ 12%, 38.3 £2.5%, 39.8 = 0.3 and 39
+ 6.6%, respectively. For A and B, data shown are mean+ range (n = 2
independent experiments, each involving 3-8 replicate dishes per
experimental point). For C and D, data shown are mean = SEM (n = 3-6 and
n = 3-5, respectively). Drug concentrations are shown in mM.
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per 10° cells (Figure 4-4D). When cells were exposed to the same 2 drugs for 6 hours
instead of 24 hours, no detectable increase in MF was observed, although a low level
cytotoxicity was observed (data not shown).

Molsidomine (MOL) (1-10 mM) and persidomine (25-200 pg/mL), which require
cellular metabolism to release NO- [284,285] were found to exert no cytotoxic or mutagenic
effect in MN-11 cells (Table 4-1).

The effect of caffeine (a known repair inhibitor) was also investigated on GTN
induced cytotoxicity and mutagenicity. As previously shown (Chapter 2, section 2.3.5)
caffeine was not itself a significant mutagen. GTN (0.44 mM) was cytotoxic (54%
survival), a further decrease (non-significant) in survival was observed in the presence of
caffeine. GTN induced about 15 mutants per 10° cells, a slight non-significant increase (2
tailed p = 0.2961) in MF was observed in the presence of caffeine (Figure 4-5). Thus,
caffeine does not appear to alter the cytotoxicity or mutagenicity associated with GTN. To
rule out the possibility that caffeine may have altered the growth of MN-11 cells, the growth
rate was determined by seeding 2 x 10* cells (as described in Chapter 2, section 2.2.9). No
differences were found in the doubling times of cells with (16.4 h) or without (16.6 h)
caffeine.

4.3.5 Nitrite accumulation in response to NO-donating drugs

The different NO-donating drugs tested produced similar cytotoxicity (at equivalent
concentrations) but very different mutagenicity. As an indicator of NO production, the
amount of NO," produced when MN-11 cells were incubated in the presence of these drugs
was determined. NO species gives rise primarily to NO," and not nitrate in aqueous solution

[286]. Asshown in Figure 4-6, incubation of 2 x 10° MN-11 cells with GTN or SNP (which
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Table 4-1

Cytotoxic and mutagenic effects of MOL and persidomine on MIN-11
cells. Cell cultures were exposed to MOL or persidomine for 24 h in
complete medium at 37°C. Following treatment cultures were washed with
PBS and replaced with complete medium. The absolute cloning efficiency
of cells in the absence of any drug was in the range of 39.5-51.5% (43.08
+ 4.6) in most experiments. MF is expressed as 6-TGR cells per 1 x 10°
viable cells. Data shown represent the mean + SEM of 3-4 independent
experiments, each using 3 separate dishes.
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Table 4-1

Treatment Dose Survival (%) MF

Molsidomine (mM) 0 100 3.0+ 0.7
1.0 98.3+0.9 6.1 £2.1

2.5 99 +£0.6 47+ 1.4

5.0 96.8+0.8 53+0.7

10 97+1.2 38+1.3

Persidomine (ug/mL) 0 100 3.0+ 0.7
25 98 £1.5 54+04
50 99.3 £0.3 4.2 +0.96

100 93.5+3.5 42+ 1.1

200 95.8+0.8 4.1+1.3




Figure 4-5

Effect of caffeine on GTN induced cytotoxicity and mutagenicity on
MN-11 cells. Cultures were seeded at 5 X 10° cells per 10 cm dishes,
exposed to GTN with or without caffeine for 24 h in complete medium at
37°C. Following treatment, cultures were washed with PBS, cytotoxicity
and mutagenicity determined as described in Materials and Methods. Mean
absolute cloning efficiency of untreated cultures with and without caffeine
was 34.9% and 22.2%, respectively. Error bars show the mean + SEM
of 16-20 independent dishes, each analyzed in triplicate for MF. Dark bars
represent survival and light bars represent MF.
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Figure 4-6

Time course of NO,  accumulation by different NO-donating drugs in
the presence of 2 X 10° MIN-11 cells. Basal level of NO,™ accumulation
at 24 h by MN-11 cells in the absence of drug was 0.5 + 0.03 uM. No
additional NO,™ accumulation was detected with MOL (10 mM, O) and
persidomine (200 pg/mL, #). SNP (0.5, @ and 1.0 mM, O) and GTN
(0.12 , A and 0.25 mM, A) both produced a time-dependent increase in
NO,. Data shown are mean + SEM (n = 3 experiments, each in
triplicate). Results with SNAP (0.1 mM, V) are from a single experiment
in duplicate.
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require bioactivation) caused a concentration and time-dependent increase in the
accumulation of NO,, with a fairly linear increase for at least 24 h. Incubation of 5 < 10°
MN-11 cells with GTN approximately doubled the amount of NO," accumulated. However,
addition of SNAP (which does not require bioactivation) produced a much more rapid
increase, reaching an apparent plateau at about 5 h. MOL and persidomine produced little
or no accumulation of NO, up to 24 h. To assess the contribution of NO,™ to the observed
cytotoxicity and mutagenicity of the NO-donating drugs, the effect of exposure to NaNO,
(< 5 mM) for 24 h was tested; <20% cytotoxicity and <5 mutants per 10° cells were induced
(Table 4-2).
4.3.6 Examination of the RNS generated by SNP and GTN

(a) Effect of a cyanide scavenger. SNP showed the strongest mutagenic potential
in MN-11 cells of all NO-donating drugs tested (Figure 4-4D). To assess the relative
contribution of cyanide to cytotoxicity and mutagenicity, a cyanide scavenging system
(rhodanese + thiosulphate) [277] was used (Figure 4-7A). SNP, at 0.5 mM, caused 60%
survival, which was increased to 90% by the scavenging system (2 tailed p < 0.0001).
Exposure to sodium cyanide itself at concentrations up to 2 mM for 24 h, produced
surprisingly little cell killing (survival of 61 + 2.8%; n = 2), compared to <1% survival of
pancreatic islet cells [277]. This is presumably due to the high level of anaerobic glycolysis
in MN-11 tumor cells compared to mitochondrial respiration in normal cells. SNP, at 0.5
mM, caused a marked increase in MF in MN-11 cells. The addition of the scavenging
system caused a statistically significant reduction in MF, suggesting that cyanide might
partially contribute to the observed mutagenesis (2 tailed p < 0.002). Although sodium

cyanide at 0.5, 1.0, 1.5 and 2 mM did produce a small increase in MF, the effect did not
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Table 4-2

Cytotoxic and mutagenic effects of sodium cyanide and NaNO, on MN-
11 cells. Cell cultures were exposed to sodium cyanide or NaNO, for 24
h at 37°C in complete medium. Following treatments cultures were
washed with PBS and replaced with complete medium. The absolute
cloning efficiency of cells in the absence of any drug was in the range of
29.7-40% (33.1 + 5.9) in most experiments. MF is expressed as 6-TG*®
cells per 1 x10° viable cells. Data shown represent the mean + range of
2 independent experiments, each using 2-4 separate dishes.
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Table 4-2

Treatment Dose (mM) Survival (%) MF
Sodium cyanide 0 100 8313
0.25 93+0 16.1 +13.8
0.50 84+4.2 122 +£5.0
1.0 76.5+4.9 6.2+0.71
1.5 73.5+3.5 15.1£7.6
2.0 61 +£2.8 20910
Sodium nitrite 0 100 83+1.3
0.5 97+ 1.5 7.8+0.5
1.0 93+0.3 49+ 1.6
2.5 90+4.5 150+ 4.2
5.0 83+2.8 7.7+14




Figure 4-7

Effect of scavengers of cyanide on cytotoxicity and mutagenicity of
SNP. (A), cyanide scavengers: rhodanese + thiosulfate (+) in the
presence of indicated concentrations of SNP. (B), SNP in the absence or
presence (+) of oxyHb (0.1 mM). The absolute cloning efficiency of
untreated cells was 28-49% for (A) and 20-45 % for (B). Other details as
described in Materials and Methods. Data shown are mean + SEM (n =
5-10 independent treatments, each analyzed in duplicate, using a single lot
of MN-11 cells). The cytotoxic (light bar) and mutagenic (dark bar) effects
of SNP are shown. Statistically significant differences (* or **) are as
described in Results.
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appear to be dose-dependent (Table 4-2).

(b) Effect of oxyHb. To explore the relative effect of NO- on the observed
cytotoxicity and mutagenicity of 0.25 mM SNP, the effect of oxyHb, a known NO-
scavenger (Figure 4-7B) was tested. The addition of 100 uM oxyHb produced no
statistically significant change in the cytotoxicity caused by SNP (p = 0.24) but did protect
against mutagenicity (2-tailed p < 0.02). OxyHb alone caused no cytotoxicity (data not
shown). When 100 uM oxyHb was incubated with 0.25 mM SNP in the presence of cells
at 37°C, a spectral change was observed as oxyHb was converted to metHb indicating the
release of NO- from SNP (Figure 4-8). The spectra for oxyHb and metHb resemble those
reported by others [287]. The reaction of oxyHb to yield metHb occurs as follows

[287,288]:

HbO, + 0, — metHb + NOjy

Looking at this reaction in more detail, the component reactions are

HbO,(Fe0,;) + NO- —> [Hb(Fe*” OONO)]

[Hb(Fe’ OONO)] —> Hb(Fe*) + NOy

(c) Effect of SOD and catalase. NO- can react with ROS such as H,O, and O,~ to
produce peroxynitrite (OONQO"). To determine if the cellular effects seen with SNP and
GTN involve either ROS, the influence of catalase (a H,0O, scavenger) and SOD (a
superoxide scavenger) was tested. Neither enzyme modified the cytotoxicity or

mutagenicity produced by the two drugs (Table 4-3).
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Figure 4-8  Absorption spectra of oxyHb before and after reaction with 0.25 mM
SNP in the presence of cells at 37°C. Spectra of 100 uM oxyHb
immediately before addition of SNP (solid line) and 4 h after addition of

0.25 mM SNP (broken line).
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Table 4-3 Effects of scavenger enzymes on cytotoxic and mutagenic effects of SNP
and GTN. Cultures were treated with either SNP or GTN in the presence
of the scavenger enzymes for 24 h in complete medium. Following
treatments cultures were washed with PBS, cytotoxicity and mutagenicity
determined. Where indicated, SOD and catalase were each added at 50
pg/mL. Mean absolute cloning efficiency of untreated cultures was 45 +
5%. MF is expressed as 6-TGR cells per 1x10° viable cells. Values
shown represent the mean + range of duplicate experiments, each using 3
separate dishes.
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Table 4-3

Survival (%) MF
Treatment SOD Catalase SOD Catalase
Control 100 - - 4720 - -
SNP (0.5 mM) 54 +4.2 47 £9.2 49 +4.2 39 +£5.7 37.5+6.4 42.5 £6.4
GTN (0.44 mM) 50 +6.4 50 £6.4 50 £3.5 24 +42 20.5£3.5 23.5+£3.5




4.4 DISCUSSION

Genomic instability is a characteristic of malignant tumors, but the underlying
mechanisms are only partially understood. It has been our hypothesis that there exists
factors in the tumor milieu, such as ROS and RNS, that can be genotoxic and promote
genetic instability. My earlier work showed a 3.64-fold increase in MF in MN-11 cells
grown as s.c. tumors compared with the MF of cells grown in culture (Chapter 2, section
2.3.5). To explore the possibility that reactive species within the tumor might be involved,
anumber of ROS and RNS-generating compounds were tested to determine their mutagenic
potential at the HPRT locus in MN-11 cells in vitro. Radiomimetic drugs (bleomycin and
streptonigrin) were shown to induce mutants. Both drugs are known to be effective
clastogenic agents, which induce large-scale deletion mutations at hemizygous or
heterozygous loci [80,229,280,289,290]. These experiments lend further support to the
notion that the apparent high frequency of mutant induction in MN-11 cells is due to their
ability to survive despite suffering large-scale deletions at the HPRT locus.

H,0, has been reported to be a relatively weak mutagen in other cells when tested
at the X-linked HPRT locus [78,291]. In MN-11 cells, H,0, (both bolus and flux generated
by glucose oxidase) was a moderately strong mutagen, as also observed by Hsie er al.
[79,80]. These workers compared mutations at the endogenous X-linked HPRT locus of
Chinese hamster cells with an exogenous bacterial GPT gene introduced at an autosomal
location in ASS2 cells. Mutations were induced about 100-fold more readily at the GPT
locus than at the HPRT locus by both potassium superoxide (which readily converts to H,O,)
and by bolus H,0,. It thus appears that, although H,O, almost exclusively induces single-

strand rather than double-strand DNA breaks [292], it can also give rise to large-scale
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deletions that are detectable in suitable systems, such as where the target locus is
heterozygous.

Granulocytes are frequently seen within MN-11 tumors, particularly around necrotic
areas (Chapter 3). The ability of granulocytes to induce mutations were tested in MN-11
cells. The resultant cytotoxicity and mutagenicity was very similar to that observed with
H,0,, about 15 induced mutants per 10° cells at 50% survival. When TPA (a known potent
stimulator of the respiratory burst [281]) was added to increase the production of ROS, TPA
itself was found to be cytotoxic, with little additional mutagenicity. This phenomenon has
not been further investigated. The mutagenicity and perhaps cytotoxicity of unstimulated
granulocytes in our model system is likely due to the slow release of H,O, that is known to
occur when such cells are put into plastic tissue culture dishes [293]. The mutagenicity of
human granulocytes at the HPRT locus of CHO cells was lower than in MN-11 cells [72],
presumably because mutations arising as a result of large-scale deletions are more likely to
cause lethality in CHO cells. H,O, is likely to be the relevant mutagenic species since
human granulocytes cannot produce RNS unless stimulated with cytokines [294]. However,
other reactive species, such as hypochlorous acid, might be involved.

There has been in recent years considerable interest in the wide spectrum of
biological effects of NO- and related species. However, there have been relatively few
studies on their genotoxicity in mammalian systems. Since MN-11 cells appear to be
sensitive for detecting large-scale deletion mutants as well as small-scale events, these cells
were used to determine whether a variety of NO-donating drugs could cause this type of
mutation. It was found that, at equitoxic doses, different NO-donating drugs varied widely

in their mutagenic potential. There is considerable controversy as to the exact nature of the
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molecular species present in cells or in medium after addition of these drugs. Of the drugs
tested, it is generally agreed that SPER/NO- and SNAP will spontaneously release nitric
oxide (NO-). SNP is a complex of Fe*~, S CN-and NO~ that does not spontaneously release
NO- but may do so after bioactivation in a reaction involving a sulfhydryl [282]. GTN
likewise requires bioactivation in a sulfhydryl-dependent reaction [295]. It has been
proposed that some of the biological effects of SNP and GTN may involve NO™ [142]. The
observed variation in the ratio of cytotoxic and mutagenic effects of different NO-donating
drugs may be attributable to the different species that they generate. Reaction of NO- with
O," leads to the formation of ONOO", which is generally considered to be a cytotoxic
species. MOL, persidomine and SPER/NO- had no detectable mutagenic effect. The lack
of mutagenic (and cytotoxic) effect of MOL and persidomine can be attributed to their
failure to be metabolized to NO- [284,285], since no NO, accumulation was detectable
(Figure 4-5). It therefore appears that MN-11 cells are incapable of converting MOL to its
active metabolite, SIN-1. However, polymorphonuclear cells have been shown to convert
MOL enzymatically to SIN-1 or another NO-releasing compound [296]. As was the case
of SPER/NO- in MN-11 cells, DEA/NO- was reported to be cytotoxic but not mutagenic in
a human bronchial epithelial cell line [180]. Both generate NO- spontaneously (t., = 39 min
and 2 min, respectively [297]). High concentrations (10-20 mM) of NO- gas were cytotoxic
(90% killing) and were able to induce HPRT"™ and TK™ mutants in human TK6 cells [158],
about 1 to 1.5 per 10° cells above background at both loci. SNAP is a nitrosothiol that can
generate NO- spontaneously (t.,, =4.2 h, [298]; t.,= 3.0 h for NO,", Figure 4-5) but may also
have NO~ character; it was strongly cytotoxic but weakly mutagenic in MN-11 cells. The

drugs (GTN and SNP) requiring bioactivation in thiol-mediated reactions, exhibited the

-116-



highest MF at relatively low cytotoxicity. This suggests that an intermediate in the
metabolism of GTN and SNP with intracellular thiols, perhaps a NO™-like species, is
responsible for mutagenicity in MN-11 cells. Base change mutations by RNS have been
demonstrated following in vitro treatment of a plasmid-based shuttle vector, which was
subsequently introduced into mammalian cell [176,177].

Of the NO-donating drugs tested, most of them were shown to produce NO, .
Metabolism of SNP and GTN by MN-11 cells produced a sustained release of NO,™ over a
24 h period. By contrast, GTN is metabolized much more rapidly (<1 h) in endothelial and
smooth muscle cells, [299]. To our knowledge, this is the first report showing GTN
metabolism by a tumor cell. NO, is not likely to be the cytotoxic or mutagenic species for
MN-11 cells liberated by these drugs since NaNO, did not induce mutants (Table 4-2).

SNP was the most potent of the NO-donating drugs tested as a mutagen in MN-11
cells, but it can release CN" as well as NO. A cyanide scavenger partially blocked
mutagenicity, suggesting that CN~ itself or in combination with NO may be weakly
mutagenic. The latter seems more probable since neither our data nor that of others showed
that CN" alone is appreciably mutagenic [300]. A majority of its mutagenicity appears to
be due to its ability to release NO-, since mutagenicity was blocked by oxyHb (Figure 4-6B),
a known NO- scavenger [299,301]. The spectrum of the derivative formed with the reaction
of NO- (released from SNP) with oxyHb resembles that of metHb. Hence, the protection
afforded against mutagenicity could therefore be associated with the ability of oxyHb to
react with and bind NO-. OxyHb also afforded little protection against cytotoxicity. It is
therefore possible that part of the observed cytotoxicity of 0.5 mM SNP was due to CN™ and

that the protection afforded by oxyHb was due to contaminating methaemoglobin, which can
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bind CN".

The detailed mechanism involved in mutant induction by RNS in MN-11 cells is
uncertain. Neither catalase nor SOD had an effect on SNP or GTN-induced mutagenicity
or cytotoxicity, suggesting that extracellular H,O, or O,7 /ONOO" was not involved. NO,"
is not likely to be the major cytotoxic species, since NO,™ appears to be cytotoxic only at
100> higher concentrations [302]. Mutagenicity in MN-11 cells did not correlate with NO,
levels nor did added NaNO, induce mutants. Because NO- is a short-lived radical that can
give rise to other reactive species, determination of the actual molecule responsible for any
given biological effect can be difficult. For example, while it is accepted that NO- can give
rise to NO,” and NO;", the precise pathway seems to depend upon the specific conditions
employed [286]. NO- can react with O, or H,0, to produce ONOO", which can cause thiol
oxidation and DNA strand breaks [116,158,161]. NO- and ONOO" have been shown to
cause damage to DNA bases [157,177,303]. The mechanism of mutagenicity by NO- and
NO-donating drugs appears to be complex. In assays sensitive to detection of base change
mutations, NO- gas and NO-donating drugs are reasonably effective mutagens. In MN-11
and TK6 cells, which are sensitive to detection of large scale deletion mutations, NO-
appears to be a less effective mutagen while drugs requiring bioactivation with thiols are
much more effective. Metabolism of SNP and GTN by MN-11 cells may generate a species
capable of causing large scale deletion mutations. Once such species are identified, it may
then be possible to determine whether the same species are generated intracellularly by nitric
oxide synthases. Our experiments using these model compounds may therefore provide
insight into the mechanism of genotoxicity which is presumed to underlie the known

association between inflammatory states and cancer.
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CHAPTER 5

EXPRESSION OF INDUCIBLE NITRIC OXIDE
SYNTHASE IN GRANULOCYTES INFILTRATING
MN-11 TUMORS GENERATE NO-

THAT MAY BE MUTAGENIC



ABSTRACT

Inducible nitric oxide synthase is an enzyme that can produce relatively large amounts of
NO-, a free radical species implicated in many pathophysiological conditions. Our
hypothesis is that phagocytic cells found within solid tumors may contribute to tumor
progression by generating NO- and/or other related species that may be genotoxic and
mutagenic. The MN-11 tumor model system was developed to test this hypothesis. An
increased MF was demonstrated in MN-11 cells recovered from s.c. tumors in mice than in
identical cells grown in vitro. In this chapter, the possible contribution of endogenous NO-
in inducing mutations was assessed by examining NOS activity and expression of iNOS in
MN-11 tumors. Immunohistochemical investigations with a polyclonal NOS antibody
revealed immunolabeling predominantly of tumor-infiltrating granulocytes and to a lesser
extent, in macrophages. No immunolabeling was found of tumor cells, lymphocytes or
vascular endothelial cells. Western blot analysis of tumor tissue confirmed the presence of
iINOS in tumor tissue. A positive correlation was observed between granulocytic infiltration
and MF. Necrosis also correlated positively with granulocytic infiltration. Biochemical
measurements of NOS activity in a large number of individual tumors demonstrated a
positive correlation between MF and NOS activity. These results are consistent with a
model in which NO- or a related species generated by infiltrating granulocytes in MN-11

tumors, may be mutagenic and contribute to the observed increase in MF in these tumors.

5.1 INTRODUCTION
Nitric oxide is an inorganic free radical synthesized from L-arginine by a family of

isoenzymes called nitric oxide synthases [304]. Two of these are constitutively expressed
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(eNOS and nNOS) and a third is inducible by various physiological stimuli (iNOS). The
NO- released by the constitutive enzymes acts as a signalling molecule in the cardiovascular
and nervous systems [305-308]. NO- released by iNOS is generated in large amounts by
cells of the immune system and may have a cytostatic/cytotoxic role [122,127,248].

Increasing evidence suggests that chronic inflammatory conditions may predispose
to cancer [45,55,131]. This increased incidence is presumed to be mediated by agents
released by phagocytic cells at sites of inflammation. Recent data have shown that NO-
present in these inflammatory conditions may be responsible for increase in cancer
[155,241,309]. Several in vitro studies have demonstrated that NO- can induce cellular
damage and mutations [157,158,178,194,310-312]. There has been only one study of
mutagenicity by NO- in vivo using an experimental model system [182]. The precise role
of NO- in tumor biology is not well understood. Solid tumors are a population of
heterogeneous cell types, including endothelial cells of the tumor vasculature, fibroblasts of
the supporting stroma, tumor-infiltrating immune cells (macrophages, polymorphonuclear
cells and T-lymphocytes), and tumor cells themselves. Most of these cell types have been
shown to generate NO- in vitro [313-315]. The presence of cNOS in endothelial cells and
iNOS induced by cytokines in macrophages has been documented [89,316]. Various tumor
cell lines have been reported to contain either cNOS, iNOS or both isoenzymes
[136,317,318]. Recently, the presence of NOS has been demonstrated in human tumor
tissue, where it is localized to the tumor cells [136,137] and to the stroma of breast cancers
[135]). However, whether NO- had a positive, negative or no effect on the progression of
these tumors is unknown.

Using the MN-11 tumor model system, a 3.64-fold increase in MF was observed in
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s.c. tumors as compared to parallel in vitro cultures (Chapter 2, [1]). More recently, it was
shown that NO- can induce mutations in MN-11 cells in vitro (Chapter 4, [194]). In this
chapter, the contribution of endogenously generated NO- to the observed increase in MF was
investigated in MN-11 tumors. The presence and cellular localization of NOS and a

correlation between NOS activity and MF in tumor homogenates is described.

5.2 MATERIALS AND METHODS

All materials, chemicals and the compositions of solution used in these experiments

are found in Appendix II.

5.2.1 Cells and culture conditions

MN-11 cells were grown in non-selective medium, HAT-medium, HT-medium or
6-TG-medium as defined previously (Appendix IV, section IV.1). Mouse peritoneal
macrophages were prepared by injecting 1 mL of 2% sterile starch i.p. into 8-10 weeks old
C57BL/6 mice. After 4 days, peritoneal lavage was performed by using 5 mL of PBS.
Macrophages were cultured in 1 mL of phenol red-free non-selective medium for 4 h in 24-
well dishes (1 x 10° cells/well) for NO,” measurement or in 10-cm petri dishes (5 < 10° cells)
for mutant induction. Nonadherent cells were removed and fresh non-selective medium was

added before the treatments.

5.2.2 Co-culture of MN-11 cells with macrophages and stimulation with cytokines
In co-culture experiments involving mutation induction, 5 x 10° MN-11 cells were

added to the macrophage cultures and incubated in non-selective medium for 4 h at 37°C.
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Macrophages were then stimulated for 24 h with TPA (2 x 107 M), LPS, or various
cytokines. At the end of co-culture, G418-medium was added to the cultures to kill the
macrophages after which cytotoxicity and MF was determined as described in Appendix [V,
section IV.2. In some cultures, L-NMMA (1 mM), a specific inhibitor of NOS was added
to verify the effects observed were due to NO-. For NO, determinations, 1 x 10° MN-11
cells/well were added to the macrophage cultures, stimulated as above and NO,” measured
in the culture supernatant as described below. As a control, MN-11 cells were stimulated
for 24, 48, 72 and 96 h with cytokines and culture supernatant collected. Usually culture

supernatant was stored frozen at -20°C until NO, determinations were performed.

5.2.3 Measurement of NO; and nitrate (NO;)

NO, is a fairly stable end product of NO- biosynthesis, but it may convert to NO;".
To quantify the amount of NO- released by stimulated macrophages, the amount of NO," and
NOj that accumulated in the culture medium was measured. One hundred uL aliquots were
removed from conditioned medium and the concentration of NO,” determined as described
in chapter 4, section 4.2.5. NO;” was measured by enzymatically reducing NO; to NO, with
nitrate reductase. Samples were incubated with nitrate reductase (25 milliunits) and f3-
NADPH (20 uM) for 30 min at 37°C and then NO, measured using the Griess reagent

[279].

5.2.4 Nicotinamide adenine dinucleotide phosphate diaphorase (NADPH-d) staining
Frozen sections were prepared as described previously (Chapter 3, section 3.2.4 (a)).

Cryostat sections were cut at 5 um, air dried and then washed with 100 mM PB for 5 min.
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Sections were then incubated in a mixture of 3-NADPH (1 mM), nitro blue tetrazolium (0.3
mM) and 0.2% Triton X-100 in 10 mM PB, pH 8.0 in a humid chamber for 1 h at 37°C.
The slides were washed with 100 mM PB, air dried and mounted in permount [249].
Controls were processed without B-NADPH. In some incubations, L-NMMA (1 mM) was
included in order to study the selectivity of this assay. Cultured MN-11 cells were grown
on 0.1% gelatin coated coverslips and stained as above. P19 cells obtained from Dr. M. W.

McBumey were used as positive controls.

5.2.5 Assay of NOS Activity

Tumor sections were snap frozen in liquid nitrogen and stored at -80°C until
analyzed. Sections were thawed on ice and extracted by homogenization (with a Polytron
homogenizer) in 2.5 volumes of a homogenization buffer (Appendix II). Tumor
homogenates were centrifuged at 14,000 rpm at 4°C for 30 min and NOS activity was
assessed in the supernatants by the conversion of L-["*C]arginine to [**C]citrulline [319].
Briefly, 2.5 volumes of assay buffer (Appendix II) was added to the tumor homogenates and
enzymatic reactions were conducted at 37°C for 20 min. Reactions were terminated by
addition of 1 mL ice-cold 1 mM CDTA, a chelator. These samples were then applied to
columns (1 c.c. syringe) containing 0.4 mL Spectra/Gel, cation exchange SOW-X8, Na form,
to remove unconverted arginine. Columns were eluted with 3 x 1 mL of | mM CDTA into
scintillation vials. Scintillation fluid (Aquasol-2), (12 mL) was added to each vial and
samples were counted in a 1600 TR Packard liquid scintillation counter. The activity of the
calcium-dependent enzyme was determined from the difference between the [U-

HCl]citrulline generated from control samples and samples containing 1 mM EGTA; the
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activity of the calcium-independent enzyme was determined from the difference between
samples containing 1 mM EGTA and samples containing both | mM EGTA and 1| mM L-
NMMA. NOS activity is expressed as pmol/min/mg protein.

Protein content of tumor homogenates was determined spectrophotometrically

(Beckman DU 640) with Bradford reagent [320], using bovine serum albumin as standard.

5.2.6 Immunohistochemistry

Paraffin wax-embedded tumor tissue was deparaffinized in xylene and rehydrated
in a series of decreasing concentration of ethanol. Endogenous peroxidases and nonspecific
immunoglobulins were inactivated as previously described in chapter 3, section 3.2.3 (b).
Sections were blotted and incubated in a humid chamber with 1:100 dilution (2.5 pg/mL)
of rabbit polyclonal antibody to macrophage iNOS (Transduction Laboratories). After
overnight incubation at 4°C the sections were rinsed with TBS and incubated at room
temperature for 30 min with 1:200 (7.5 pg/mL) goat anti-rabbit biotinylated [gG (Dimension
Laboratories Inc.). The biotinylated conjugate was detected by incubating sections with
avidin-peroxidase 1:1000 dilution (5 pg/mL) at room temperature for 30 min.
Immunolabeling was detected as described earlier in chapter 3, section 3.2.3 (b). MN-11
cells and macrophages (unstimulated and stimulated) were grown on 0.1% gelatin-coated

coverslips and stained for iNOS as described above for tumor tissue.

5.2.7 Western Blot Analysis
Tumor homogenates were prepared as described in section 5.2.5. Protein

concentration was determined using the method of Bradford. Samples were diluted by
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addition of equal volume of 2 x SDS sample loading buffer (Appendix II) and denatured by
boiling for S min. Five uL of the mouse macrophage lysate treated with [FN-y and LPS for
12 h provided by Transduction Laboratories was used as a positive control. An equal
amount of protein (50 pg) from each tumor was loaded into each well and size-fractionated
by 6% SDS-polyacrylamide gel electrophoresis for 16 h at 50 V. Resolved proteins were
transferred electrophoretically to a Immobilon-P membrane (Millipore Corp.), overnight at
14 V as described in [321]. The membrane was blocked for 1 h with 5% nonfat milk in TBS
at room temperature, washed once with TBS-T (TBS containing 0.05% Tween-20) and then
incubated with rabbit anti- iINOS (1:1000) for 1 h at room temperature. The membrane was
washed extensively with TBS-T and incubated with anti-rabbit horseradish peroxidase
(1:6000) for 45 min at room temperature. Immunoreactive bands were visualized by
enhanced chemiluminescence (ECL) using the LumiGLO™! substrate kit. Membrane was
washed extensively in TBS-T overnight and as a loading control probed with anti B-tubulin
(1:10, provided by Dr. M. W. McBurney). Immunolabeling was demonstrated with goat

anti-mouse horseradish peroxidase (1:6000) and detected by ECL.

5.2.8 Histological grading of granulocytic infiltration and necrosis

A 2-mm grid was drawn on the tumor section. Using 40 x objective with a calibrated
eye piece (1 mm index with 100 square grid) the top left and right or bottom left and right
corners on the 2-mm grid were counted. In all tumor sections 5-14 areas were scored and

in each section, granulocyte and necrosis counts were obtained in parallel.
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5.2.9 Statistical analysis

The in vitro data was analyzed for significance by the one-way factorial ANOVA
or Student’s ¢-test, as applicable. Following detection of a statistically significant F value,
post hoc Tukey-Kramer test was used. The in vivo data were analyzed by non-parametric
tests, Kruskal-Wallis ANOVA, followed by a post hoc Dunn’s test or Spearman rank test
as applicable. A value of p < 0.05 was considered to be significant (shown as *) or p <

0.01 was considered to be highly statistically significant (shown as **).

5.3 RESULTS
5.3.1 Induction of NOS activity in MN-11 cells

The incubation of tumor cells with cytokines and/or LPS can induce the production
of various mediators, among which is NO- [317]. To determine whether cytokines or LPS
can induce NOS activity in MN-11 cells, these cells were incubated with different
concentrations of [FN-y (25-100 units/mL), IL-1p (25-100 units/mL), TNF-a (25-100
units/mL), or LPS (1.0-5.0 ug/mL), alone or in combinations. Following incubations for
up to 96 h NOS activity, NO, and NO;" accumulations were measured. Control MN-11
cells exhibited a basal level of NOS activity of 2.05 + 0.07 pmol/min/mg, 46% was
identified to be calcium-independent (iINOS) and 54% was calcium-dependent (cNOS). No
further increase in NOS activity was observed up to 96 h. Basal level of NO,™ accumulation
at 24 h by MN-11 cells without any stimulant was 0.65 = 0.05 uM, respectively. No
significant increase in NO, or NO;" was detected up to 96 h (1.0 £ 0.3 for NO, and 1.2+
0.32 for NOs, respectively, n = 3). IFN-y, IL-1f3, TNF-a or LPS were ineffective as single

stimuli. Any combination of LPS and/or cytokines also did not result in an increase in NOS
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activity, NO, or NO;" accumulation (data not shown).

5.3.2 Mutation induction by macrophages in MN-11 cells

NO- is a major cytotoxic mediator secreted by activated macrophages [96,322] which
has been shown to cause mutations in bacteria [323] and induce DNA strand breaks in tumor
cells [324,325]. The ability of mouse peritoneal macrophages (elicited with 2% starch) to
induce mutations in MN-11 cells was tested by co-culturing macrophages with MN-11 cells
with and without an exogenous stimulant. Figure 5-1 shows the effect of stimulated
macrophages on cytotoxicity and mutation induction in MN-11 cells. Incubation of MN-11
cells with TPA at 2 X 107 M, in the absence of macrophages, resulted in statistically
significant cytotoxicity (survival of 44.5 + 1.5%, n = 2; ANOVA, post hoc Tukey-
Kramer test, p < 0.001). There was also a small increase in MF (p = 0.0469) as shown
in chapter 4, section 4.3.3. Incubation of MN-11 cells with macrophages alone caused a
non-significant decrease (p = 0.06) in cloning efficiency of MN-11 cells with a non-
significant increase in MF (p = 0.1390). Macrophages were stimulated with TPA, [FN-y
(100 units/mL) and LPS (5 pug/mL) alone or a combination of these stimulants. The
combination of TPA and macrophages was significantly more cytotoxic (Survival of 30 =
2.5%, n = 2; p < 0.01) than each of them individually. That is, the products of the
respiratory burst activated by TPA appear to be more cytotoxic. Treatment of macrophages
with IFN-y or LPS did not cause any further increase in cytotoxicity or MF. The
combination of IFN-y and LPS was slightly more cytotoxic than single stimuli, but a
significant increase in MF (10.1 = 1.2, n =2; p < 0.05) was observed. In the presence of L-

NMMA (a NOS inhibitor) there was a significant increase in survival and a decrease in MF
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Figure 5-1

Cytotoxic (A ) and mutagenic effects (B) of mouse peritoneal
macrophages stimulated with TPA, LPS and/or IFN-y in MN-11 cells.
Following treatment for 24 h, cultures were washed with PBS, cytotoxicity
and mutagenicity determined. Mean absolute cloning efficiency of
untreated cultures was 46.7 + 6.2%. Black bars represent cytotoxicity and
mutagenicity in control cells normalized to 100%. Hatched bars represent
cytotoxicity and mutagenicity of TPA on MN-11 cells. Grey bars represent
incubations in the presence of macrophages stimulated with the indicated
agents. Error bars indicate mean + SEM (results are from a single
experiment, n = 2, each analyzed in triplicate). Macrophages and MN-11
cells were incubated at a 1:1 ratio. Treatment with vehicle (0.1% (v/v)
dimethyl sulfoxide) had no cytotoxic or mutagenic effect (second set of
bars). Other details as in Materials and Methods. Statistically significant
differences (*) are as described in Results.
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when cells were cultured with both IFN-y and LPS.

To test the hypothesis that NO- is generated under these conditions, NO, and NO,
+ NO;™ accumulated in culture medium was measured (Figure 5-2). No detectable
accumulation of these metabolites occurred when macrophages were cultured in the absence
of immunostimulants. No further increase in accumulation of these metabolites was
observed when macrophages were stimulated with TPA. As expected, treatment with [FN-y
or LPS showed a small but non-significant increase in production of these metabolites (p >
0.05, for both NO, and NO,” + NOjs’) which was further increased by co-treatment with
[FN-y and LPS (p =0.0274). The NOS inhibitor significantly reduced the accumulation of

these metabolites (p = 0.0372).

5.3.3 Staining for NADPH-d activity

NADPH-d is a histochemical marker for NOS activity [326,327] that stains all three
isoforms of nitric oxide synthases. The diaphorases are a group of enzymes that in a
histochemical medium can use an electron such as NADPH to reduce the soluble reagent
nitro blue tetrazolium to produce diformazan dye. Figure 5-3A shows the blue formazan
precipitate in MN-11 cells confirming NOS activity in these cells. This method labels both
cNOS and iNOS. When L-NMMA was included in the reaction mixture, all activity was
abolished. P19, an embryonal carcinoma cell line, was included as a positive control to
demonstrate NOS activity. These cells were allowed to differentiate into neurons with
retinoic acid (1 mM) [328,329] and stained with the NADPH-d technique; positive staining
was observed (data not shown). MN-11 subcutaneous tumors also showed positive staining;

both light and dark stained cells were observed (Figure 5-3B).
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Figure 5-2

Effects of various stimulants (TPA, LPS and/or IFN-y) on the
production of nitrite and nitrite + nitrate by murine peritoneal
macrophages. 2% starch-elicited, macrophages were co-cultured with MN-
11 cells (1:1 ratio) and stimulated with the indicated stimulants. The amount
of nitrite and nitrite + nitrate released by macrophages was measured after
24 h of incubation using the Griess reagent. Data shown are mean = SEM
from a single experiment analyzed in duplicate. Other details as in
Materials and Methods. Statistically significant differences (*) are as
described in Results.
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Figure 5-3  Histochemical evaluation of NADPH-d activity in MN-11 tumors. (A),
NADPH-d activity in cultured MN-11 cells. Positive activity is shown as
blue deposits in the cytoplasm. (B), NADPH-d activity in subcutaneous
tumors. Large arrow points to darkly stained cells and small arrow to lightly

stained cells (x 200).

-131-



Figure 5-3




5.3.4 Correlation between MF and NOS activity

Fifty-seven tumors (15-22 days of in vivo growth) were examined biochemically for
NOS activity and, in parallel, the MF was determined. Figure 5-4A shows that the total
NOS activity varied widely between different tumors (range 1.1-33.7 pmol/min/mg protein).
A positive correlation was observed between total NOS activity and MF (r = 0.68, 2 tailed
p <0.001(non-parametric Spearman rank test)). Calcium-independent (iNOS) activity also
showed a positive correlation with MF (Figure 5-4B, r =0.60, p <0.0001). cNOS activity
was between 1.0-4.2 pmol/min/mg protein for all the tumors examined; no correlation was
found with MF (data not shown). Both total NOS and iNOS was analyzed as a function of
the age of the tumor. No statistically significant differences were observed between the total
NOS or iNOS activity and the age of the tumor (Kruskal-Wallis ANOVA, post hoc Dunn’s

test, p > 0.05).

5.3.5 Immunohistochemical analysis of iNOS in MN-11 tumors

Cultured MN-11 cells stain positively with anti-iNOS antibody (Figure 5-5A).
Mouse peritoneal macrophages stimulated with [FN-y and LPS for 24 h were used as a
positive control to show iNOS staining (Figure 5-5B), whereas unstimulated macrophages
showed no immunostaining. In MN-11 tumors, positive staining for iNOS was present
mainly at sites of inflammatory cell infiltration. Granulocytes are the predominant cells
staining positively. Immunolabeling of granulocytes was detected in both necrotic and non-
necrotic regions of the tumor (Figure 5-6A & B). Macrophages and mast cells found at the
periphery of the tumor also labeled positively (data not shown). No labeling was observed

in tumor cells, lymphocytes or endothelial cells of the tumor vasculature. Normal rabbit
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Figure 5-4

Relationship between NOS activity and MF in MN-11 tumors. (A), Total
NOS activity versus MF. (B), iNOS activity versus MF. Tumors were
excised after 15-22 days of in vivo growth and MF determined. A section of
the tumor was snap frozen in liquid nitrogen and analyzed for NOS activity
as described in Materials and Methods. All data are represented from fifty-

seven individual tumors.
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Figure 5-5 Immunohistochemical localization of iNOS using the anti-mac iNOS
antibody. (A), Cultured MN-11 cells, counterstain haematoxylin, < 400.
(B), Mouse peritoneal macrophages stimulated with LPS plus [FN-y,
counterstain 2% Methyl green, < 400.
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Figure 5-6

Immunohistochemical localization of iNOS (using the anti-mac iNOS
antibody) in MN-11 tumors. (A), Granulocytes in the non-necrotic areas,
iINOS (brown stain) counterstain, haematoxylin, x 200. Arrow points to the
multi-lobed nuclei. (B) Granulocytes in the necrotic areas of the tumor,
counterstain, haematoxylin x 400. No apparent immunostaining was
detected in tumor cells.
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Figure 5-6




serum used as a negative control showed no staining of tumors or cultured cells.

5.3.6 Demonstration of iNOS protein

Immunohistochemical findings were confirmed by Western blot analysis of several
tumor lysates. Gel electrophoresis identified an approximately 130 kDa protein using the
anti-iNOS antibody in the control mouse macrophage lysate. Two of the 6 tumor lysates
analyzed showed the presence of the 130 kDa protein (Figure 5-7).  Parallel

immunohistochemical analyses were not carried out.

5.3.7 Correlation of MF with granulocytic infiltration

The predominant host cell type of MN-11 tumors was granulocytes, identified using
endogenous peroxidase activity (Chapter 3, section 3.3.5). To investigate the correlation
between the number of these cells and MF, an experiment was conducted in which MF was
determined in 20 control MN-11 tumors (14-19 days in vivo growth). In parallel, a section
of the tumor tissue was frozen and quantified for granulocytic infiltration and necrosis. In
four cases, the tumor was very small, sections were taken for granulocytic counts but the
corresponding MF was not determined. Figure 5-8A shows a positive correlation between
the number of infiltrating granulocytes and MF (r = 0.70, p = 0.0007 (non-parametric
Spearman rank test)). Similar results were obtained for percent tumor necrosis and MF (r
= 0.76, p < 0.0001, Figure 5-8B). When the same data was analyzed to correlate the
number of infiltrating granulocytes and necrosis, a strong correlation was observed (r=0.66,

p =0.001).
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Figure 5-7

Western blot analysis of MN-11 tumor lysates for iNOS. Lane 1, contains
positive control from mouse macrophage (RAW 264.7) cell line stimulated
with [FN-vy plus LPS for 12 h provided by Transduction Laboratories. Lanes
2-7 contain protein lysates from MN-11 tumors. Loading control using
antibody to B-tubulin showed equal protein in all lanes (data not shown).
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Figure 5-8

Relationship between granulocytic infiltration (A), necrosis (B) and MF
in MN-11 tumors. Tumors were excised after 14-19 days of /n vivo growth
and MF determined. A section of the tumor was frozen and stained for
endogenous peroxidase activity as described in Chapter 3, section 3.2.4 (a).
Histological grading was done as described in section 5.2.8. All data are
represented from 20 individual tumors.
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5.4 DISCUSSION

My earlier work has shown an increase in MF (3.64-fold) in cells recovered from
tumors (Chapter 2, section 2.3.6) than in the same cells maintained in culture for an
equivalent time. The inflammatory infiltrate consists primarily of granulocytes; however,
macrophages, lymphocytes and mast cells were also found at the periphery of the tumor
(Chapter 3, section 3.3.5). To investigate if the observed increase in MF might be due to
RNS produced by infiltrating cells, tumors were characterized for iNOS expression and NOS
activity.

Cultured MN-11 cells constitutively expressed both cNOS and iNOS enzymatic
activities. The results of the histochemical study show the presence of NOS-related
NADPH-d activity in cultured cells. Intense staining was also observed using the anti-mac
INOS antibody. When MN-11 cells were grown as tumors, they stained with NADPH-d.
Both light and dark stained cells were observed. When tumors were stained with anti-mac
iNOS antibody, staining was observed only in granulocytes and not in tumor cells. Taken
together, this data suggests that the light stained cells may represent cNOS in tumor cells and
the dark stained cells may represent iNOS in the phagocytic cells. Immunohistochemical
localization of cNOS in tumor cells was not demonstrated. A number of studies have
confirmed that nNOS can be labeled by NADPH-d technique [330-338]. NADPH-d activity
is associated with all three forms of NOS (nNOS, eNOS and iNOS) and independent studies
have shown that only different forms of NOS can withstand fixation with 4%
paraformaldehyde [327]. In conclusion, NADPH-d histochemistry provides a simple and
sensitive method to detect NOS-related activity. In cultured MN-11 cells, the expression of

INOS was not significantly increased after treatment with either combination of LPS and
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cytokines or cytokines alone. Since very little accumulation of NO,  or NO;” was detected
in culture supernatant of MIN-11 cells it could be possible that these cells express an aberrant
form of an enzyme that cannot be further induced. Studies have shown that other tumor cell
lines can synthesize NO- [317,318,339]. A murine adenocarcinoma cell line expresses iINOS
[339] and a neuroblastoma cell line contains cNOS. Human colon cancer cell lines also
show a diverse pattern of expression of NOS and generation of NO-. SW-480 and SW-620
cells express iNOS constitutively resulting in the production of NO-. DLD-1 cells also
produce NO-, but only after the induction of iNOS with LPS and/or cytokines. WiDr cells,
however, appear not to produce NO- either before or after stimulation with a variety of LPS
and/or cytokines combinations. SW-620 (metastatic) cells produce less NO- than SW-480
(non-metastatic) cells and this is due to the existence of an endogenous inhibitor of NOS
[317]. Since MN-11 cells cannot be induced by the combination of LPS and/or cytokines
tested, the possibility that these cells may contain endogenous inhibitors of cNOS or iNOS
cannot be excluded. It may also be possible that the correct combination of LPS and/or
cytokines was not determined in these experiments. Whether the failure of MN-11 cells to
generate NO- is due to genetic abnormality or a deficiency in protein kinases that regulate
NOS expression [340] remains unclear.

Macrophages were identified at the periphery of the tum.or on the basis of non-
specific esterase activity (Chapter 3, section 3.3.5). The presence of iNOS was shown in
these cells, suggesting that they are activated. The contribution of NO- generated by tumor-
associated macrophages in producing cytotoxicity and mutagenicity was explored in vitro
by co-culture experiments (Figure 5-1). Unstimulated macrophages did not cause any

significant increase in cytotoxicity and MF, suggesting no elaboration of any toxic
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metabolites. No release of NO- occurred, confirmed by no accumulation of NO,™ or NO,
+ NO;. When TPA was used to stimulate the respiratory burst, an increase in cytotoxicity
and MF was observed. This increase may be attributed to the release of ROS and not RNS,
since no NO,  or NO,” + NO;™ accumulation occurred in the culture supernatant. Other
reactive species, such as H,0, and arachidonic acid metabolites may also have contributed
to cytotoxicity and MF [325,341]. In another study, TPA stimulated macrophages showed
induction of 5,6-ring-saturated thymine bases in NIH 3T3 cells [342], due to release of ROS.
In MN-11 cells, a combination of [FN-y plus LPS resulted in a 2.5-fold increase in
cytotoxicity and MF. This increase may in part be explained by the finding that
macrophages are major producers of NO-, since increased accumulation of NO, or NO,” +
NO;™ was observed in culture supernatant of macrophages stimulated with IFN-y plus LPS.
That NO, or NO,” + NO; production and the observed cytotoxicity and MF was inhibited
by L-NMMA, suggested that NO- produced by stimulated macrophages may mediate tumor
cell cytotoxicity and mutagenicity. Other workers, using resident, periodate, casein or
thioglycollate-elicited macrophages, have also reported that co-treatment with [FN-y and
LPS was a more potent inducer of NO- production than either alone [313,341,343]. NO- has
been implicated as a major cytolytic and cytostatic factor in macrophage-mediated tumor
cell cytotoxicity under in vitro conditions [96,166,322]. These experiments suggest that NO-
generated by tumor-associated macrophages can cause cytotoxicity and mutagenicity in MN-
11 cells. However, activation of macrophages with LPS also leads to the generation of
numerous proinflammatory cytokines (IL-1, TNF-a, I[FN-y) or PAF, which may have
effected these resuits.

A weak but significant correlation was found between total NOS, iNOS activity and
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MF. This suggests that endogenously generated NO- by infiltrating granulocytes and
macrophages in MN-11 tumors may contribute to the increase in MF. Western blot studies
revealed a protein band of 130 kDa that corresponds to the known macrophage iNOS [344].
However, only 2 of the 6 tumors analyzed showed the presence of the iNOS protein,
suggesting it is due to infiltration of inflammatory cells in these tumors. These data do not
show the cell types that may be involved. Immunohistochemistry suggests that the source
of NO- was iNOS in the inflammatory infiltrate, predominantly in granulocytes and to a
lesser extent in macrophages and mast cells. No immunoreactivity was observed in tumor
cells, lymphocytes or vascular endothelial cells. This contrasts with our in vitro observation
showing positive staining for iNOS and NADPH-d in MN-11 cells. A possible explanation
for this could be that there exist factors in the fetal calf serum that may cause induction of
INOS. Alternatively there may be factors in the tumor milieu that may inhibit iNOS in MN-
Il cells. The regulation of iINOS is complex and occurs at transcriptional and
posttranscriptional levels [345] which may reflect its nature to be turned on and off in the
presence/absence of different factors.

The cause of relatively high levels of INOS expression and iNOS activity in MN-11
tumors is not known. Mice with various infections show increased NO- production [346],
but it is unlikely that our results were affected by infection. No correlation was observed
between the NOS activities in tumors on the right and left flanks (data not shown),
suggesting that systemic factors were not influencing MF. Each tumor may contain a
variable number of inflammatory cells that may be responsible for the variation in MF
observed in different tumors.

Granulocytes are the primary infiltrate of MN-11 tumors (Figure 5-6 A & B). A
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positive correlation between number of infiltrating granulocytes and MF suggests that the
NO- generated by iNOS expressed in these cells may contribute to an increase in MF
observed in vivo. The chemokines that may increase the infiltration of inflammatory cells
and their cellular source remains to be identified in MN-11 tumor. [L-8 is a member of the
chemokine family that is a potent chemoattractant for granulocytes and stimulates
granulocytic adhesion, respiratory burst, and degranulation [347]. Other cytokines like
TNF-c and IFN-y can act synergistically to stimulate NO- generation by induction of iNOS
[348]. MN-I11 cells were derived from a male C57BL/6 mouse treated with
methylcholanthrene [197,198]. It is possible that these cells produce TNF-« since other
methylcholanthrene induced fibrosarcomas are known to produce both TNF-o and IL-1
[349] and these cytokines can in turn induce iNOS.

Macrophages have also been shown to cause mutagenicity and induce DNA strand
breaks [323-325,350-352] in tumor cells. These cells not only produce ROS but mouse
macrophages have been shown to express iNOS that produces NO- in large amounts [159,
353-356]. Our data also shows that macrophages can induce cytotoxicity and mutagenicity
in MN-11 cells in co-culture experiments. Nonspecific esterase staining showed that MN-11
tumors have very few macrophages compared with granulocytes and they are predominantly
confined to the periphery of the tumor. Thus, it is more likely that granulocytes and not
macrophages in MN-11 tumors provide a significant contribution to the observed increase
in MF.

The preliminary data presented in this chapter suggests that NO- produced by
granulocytes may be involved in the increase in MF observed in MN-11 tumors. The

importance of NO- has been shown in inflammatory diseases [118,121,122,124,125,130,
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347,356-361] and in tumor-associated macrophages [135]. The infiltration of granulocytes
in MN-11 tumors could be increased by injecting cytokines to the tumor-bearing animals.
The role of NOS could be tested by blocking endogenous production of NO- by specific
inhibitors of iNOS to determine its effect on MF. These experiments would strengthen our
hypothesis that increased granulocytic infiltration may be responsible for the increase in MF

and are currently underway in our laboratory.
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CHAPTER 6

VITAMIN E INHIBITS CYTOTOXICITY AND
MUTAGENICITY OF NITRIC OXIDE-DONATING
DRUGS IN VITRO AND INVIVO



ABSTRACT

There is considerable interest in the pathophysiological role of NO-. This reactive nitrogen
species is generated enzymatically by NOS but also released by nitrovasodilators. /n vivo
mutagenicity by such drugs has never previously been demonstrated. The MN-11 tumor
model system appears to allow recovery of chromosomal mutations (multi-locus deletions)
that would otherwise be lethal because the cells are unusual in that they are heterozygous at
the X-linked HPRT locus. In this chapter, I show that NO-donating drugs are mutagenic in
tumor-bearing animals. MF is expressed as mutants per 10° clonable cells. As a basis for
comparison, animals bearing 12-day old tumors were exposed to '*’Cs y-radiation and
cisplatin, known DNA damaging agents. Each caused a dose-dependent increase in MF;
radiation induced 103 mutants per Gy and cisplatin induced 59 mutants per mg/kg above
background. The mutagenic effect of a single i.p. dose of NO-donating drugs administered
atday 12 was tested. GTN (5 mg/kg) induced 310 = 99 (mean + SEM, n=14) mutants above
background and MOL (100 mg/kg) induced 47 + 8 (n=6) mutants. None of these treatments
produced observable toxicity in the animals in the 2 day period between administration of
radiation or drug and sacrifice of the animal. Protection against mutant induction by an
antioxidant was tested. Animals were fed a dietary supplement of vitamin E (c-tocopherol
acetate, 100 mg/kg/day) for 19 days prior to GTN treatment which resulted in a 82%
decrease in MF. Vitamin E also decreased MF in vitro. Pretreatment of cells with 100 uM
a-tocopherol for 24 h decreased GTN induced mutants by 84% and sodium nitroprusside
induced mutants by 82%. Since NO- may be an important endogenous cancer risk factor,
protection by vitamin E in our experiments may help to explain its anticancer action in

humans.
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6.1 INTRODUCTION

Nitric oxide and RNS are chemically reactive species that can have detrimental as
well as beneficial roles. A relatively large amount of NO- is generated at sites of
inflammation enzymatically by phagocytic cells (macrophages and polymorphonuclear cells)
and other cell types, where it may be cytotoxic and genotoxic. NO-, delivered as gas or by
nitrovasodilators is also used therapeutically [362]. Organic nitrates, such as nitroglycerin
(GTN), and SNP have long been used as smooth muscle relaxants in the treatment of angina
pectoris, coronary vasospastic disorders and hypertension. More recently, inhaled NO- (5-80
ppm) has been used as a pulmonary vasodilator in patients with pulmonary hypertension
[363], adult respiratory distress syndrome and congenital diaphragmatic hernia [89]. Only
a few studies of mutagenicity/carcinogenicity of GTN and NO-donating drugs in animals
have been reported; evidence of carcinogenicity was reported in rodents, but only after
massive doses and prolonged administration[310,364,365]. There is no prior evidence of
mutagenicity/carcinogenicity of these agents in humans, although NO- produced by
phagocytic cells (macrophages and polymorphonuclear cells), epithelial and endothelial cells
has come under suspicion as a genotoxic species since chronic inflammatory conditions have
long been known to be risk factors for cancer [45,55,155]. Nitrotyrosine, a marker of
peroxynitrite damage, has also been shown to be present in inflamed tissues
[132,241,309,366]. Mannick et al. [241] reported that patients recovering from H. pylori
gastritis, who were given antioxidant vitamins (B-carotene and vitamin C), had a
significantly decreased level of iNOS and nitrotyrosine in their gastric epithelial cells.
Although NO- has been shown to be mutagenic in vitro [157,158,312], there has been no

previous reports of mutagenicity by NO-donating drugs in vivo.
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MN-11 cells grow as s.c. murine tumors and have been engineered to allow sensitive
detection of mutations at the HPRT locus. Indirect evidence indicates that chromosomal
mutations (multi-locus, large-scale deletions) can be detected at this site. Using this model
system, a 3.64-fold increase in MF has been observed in s.c. tumors as compared to parallel
in virro cultures (Chapter 2, [1]). More recently, it was also shown that some NO-donating
drugs (but not others) can induce HPRT" mutations in MN-11 cells in vitro (Chapter 4,
[194]). In this chapter, [ have shown, for the first time, that NO-donating drugs are
mutagenic in tumor-bearing animals and that vitamin E (a-tocopherol) strongly protects

against mutant induction, both in vitro and in vivo.

6.2 MATERIALS AND METHODS

All materials, chemicals and composition of solutions used in these experiments are
found in Appendix II.
6.2.1 Cell culture

MN-11 cells were grown as described in Appendix IV, section [V.1. (R, R,R)a-
tocopherol was dissolved in ethanol and absorbed to 10% fetal calf serum as described
[367]at the indicated concentrations. The final concentration of ethanol in the samples with

a-tocopherol was between 0.01-1%.

6.2.2 Mutation induction by clastogenic and NO-donating drugs in tumor-bearing

animals
Experimental tumors were established by s.c. injection of MN-11 cells into the flanks

of C57BL/6 female mice, 8-10 weeks of age, as described in Appendix IV, section IV.3.
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Tumors were allowed to form for 12 days and then mice were exposed to one of the
following conditions. Animals were whole-body irradiated with ¥’Cs y-rays (0-5 Gy) from
a "¥7Cs source at a dose rate of 1.15 Gy/min. Cisplatin and NO-donating drugs (GTN and
MOL) were diluted in sterile PBS immediately before use and injected i.p. bilaterally.
Control animals received vehicle (PBS) only. Dietary vitamin E (d-a-tocopherol acetate,
100 mg/kg/day) was administered by diluting it in soy oil and adding the liquid to dry
laboratory chow pellets. Animals were isolated, 1 per cage, to ensure that the pellet was
consumed. Control animals were treated similarly. Where indicated, this diet supplement
was initiated 7 days prior to tumor cell injection and continued throughout the course of the
experiment. Two days after mutagenic treatments, animals were sacrificed by cervical
dislocation, tumors recovered and processed. For all experiments, an ex vivo expression
period of 8 days was employed, following which MF was determined as described in

Appendix [V, section IV 3.

6.2.3 Cytotoxicity and mutagenicity of NO-donating drugs; effect of vitamin E

Cultures were trypsinized and 5 x 10° viable cells per 10 cm dishes were allowed to
attach overnight. Cells were preincubated for different time intervals with various
concentrations of «-tocopherol (as shown in figure legends), washed twice with PBS and
then exposed to NO-donating drugs for 24 h. Unless otherwise indicated, all experiments
with SNP were done in the presence of the cyanide scavenging system (8 units/mL of
rhodanese + 5 mM Na,S,0;). Following exposure to the NO-donating drugs, cultures were
washed twice with PBS, trypsinized and split into two set of dishes. Cytotoxicity and MF

was determined as described in Appendix IV, section IV 2.
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6.2.4 Measurement of nitrite in MN-11 cells preincubated with vitamin E and treated with
NO-donating drugs

Replicate cultures of 2 x 10°cells in 1 mL of phenol red-free DMEM containing 10%
fetal calf serum were allowed to attach for 6 h in 24 well dishes. Cells were washed once
with PBS and fed with phenol red-free DMEM containing a-tocopherol (100 uM), prepared
as described above (final ethanol concentration, 0.2 %) for 24 h. Cells were washed once
again with PBS and fed with phenol red-free DMEM + 10% fetal calf serum containing the
NO-donating drugs for 24 h. At the end of the incubation supernatant was collected and

analyzed by Griess reagent essentially as described previously (Chapter 4, section 4.2.5).

6.2.5 Characterization of Radiation and GTN induced mutants

(a) 5-azacytidine treatment. In these experiments, the possibility that methylation
of the HPRT gene was responsible for the HPRT" phenotype in GTN induced mutants was
also tested. 6-TG" colonies were obtained following treatment of the tumor-bearing animals
with GTN (as described in section 6.2.2), cloned and established in culture. Prior to 5-Aza-
Cyd treatment, all 6-TG® clones were grown in non-selective complete medium for 30 days
with subculturing as needed. The cytotoxic effect of 5-Aza-Cyd on mutant cells was
determined by incubating 200-500 cells per 6 cm dishes in the presence of 0-5.0 uM 5-Aza-
Cyd for 48 h. After 9 days, colonies were fixed, stained and scored as described in
Appendix IV, section IV.4. Reactivation studies were carried out by seeding exponentially
growing cultures into 10 cm dishes (2 x 10° cells per dish), allowing attachment for 6 h and
then treating with the indicated concentration of 5-Aza-Cyd for 48 h. Following treatment,

dishes were washed twice with PBS, cultured in non-selective medium for an additional 48
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h, and split into two sets of dishes. 1 x 10° cells per 10 cm dishes were challenged with
HAT to determine the reversion frequency. 200 cells per 6 cm dishes were seeded in
parallel in non-selective complete medium to determine the plating efficiency. Cultures
were refed with HAT-medium twice weekly. HAT® (HPRT") colonies were fixed, stained
and scored after 2 weeks. HAT® colonies are expressed as colonies per 1 < 10° viable cells,
where viability was determined from the plating efficiency. Control “reactivation”
experiments were performed using C86AGM2 cells (obtained from Dr. M. W. McBurney)
[368]. Survival and reversion frequencies were determined as described above.

(b) Karyotype analysis. Progenitors of MN-11 cells contain 3 copies of X
chromosome [1]. It was suspected that a proportion of the HPRT ™ mutants might have lost
one whole X chromosome. Chromosome preparations were prepared by culturing cells in
0.1 ug/mL colcemid for 2 h at 37°C, harvesting, and treating with 75 mM KCl for 15 min
at 37°C before being fixed in three changes of methanol:acetic acid (3:1, v/v). The fixed
cells were dropped onto wet slides and dried at 55°C for 2 h. Slides were then passed
through ascending grades of ethanol to 100%, denatured at 70°C in 70% formamide/2x SSC
for 2 min and again passed through ascending grades of ethanol to 100%. Prehybridization
mix (50% formamide, 10% dextran sulfate, 2x SSC, 1 pg/mL salmon sperm DNA) was
denatured at 70°C for 2 min, cooled on ice, and then applied to slides for 1 h at 37°C.
Karyotype analysis was carried out using an X centromeric-specific probe (DXWas70)
labeled with biotin by nick translation or random priming. Hybridization mixture was
prehybridization mix including 100 ng of labeled probe, denatured at 75°C for 10 min and
then transferred to ice. This mixture (10 pL) was applied to the slide under a 22 x 22 mm

coverslip, sealed with rubber cement and incubated at 37°C for 16-20 h. Slides were then

-150-



washed three times in 50% formamide/2x SSC, three times in 2% SSC and twice in PN
buffer (Appendix II) for S min at 45°C. Detection of biotinylated DNA was accomplished
with two layers of avidin-FITC as described [369]. Representative cells were photographed
using a Zeiss Axioskop 20 microscope. These experiments were done in collaboration with
Dr. David Blakey at Bureau of Chemical Hazards, Environmental Health Directorate, Health

and Welfare, Canada.

6.2.6 in vitro growth rate determination

Growth rate of MIN-11 cells in the presence of 5-Aza-Cyd or NO-donating drugs was
established by plating 2 x 10* cells per 6 cm dishes and measuring the increase in cell
number with a Coulter counter over a 6 day period. Cell doublings were calculated from the

logarithmic phase of the growth curve.

6.2.7 Statistical analysis

Data from animal experiments are expressed as mean + SEM, but were analyzed
using a non-parametric Mann-Whitney test. A 2 tailed p value of < 0.05 was considered to
be statistically significant (shown as *) or p < 0.01 was considered to be highly statistically

significant (shown as **).

6.3 RESULTS
6.3.1 Induction of mutants in tumor-bearing animals by known clastogenic agents
Ionizing radiation and the antitumor drug cisplatin are well known chromosome and

DNA breaking agents. Our previous in vitro studies have shown that MN-11 cells are
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sensitive to mutant induction by both ®Co y-rays and *’Cs y-rays (Chapter 2 & 4). As a
measure of the sensitivity of MN-11 tumors for detecting mutants in vivo, tumor-bearing
animals were either exposed to '*’Cs y-radiation or injected with cisplatin. In Figure 6-1A,
the effects of *’Cs y-radiation on mutant induction are shown. MF increased with dose of
B7Cs y-rays; cells were challenged with 6-TG on day 8 post-irradiation. Mutant induction
was almost undetectable when cells were challenged on day 4 post-irradiation (data not
shown). The calculated increase in MF from regression analysis was 103 mutants per Gy.
The in vitro cytotoxic and mutagenic effects of cisplatin in MN-11 cells were also studied.
The survival curve showed no detectable shoulder. A dose-dependent increase in
cytotoxicity and mutation induction was observed. The D, dose was 0.45 ug/mL and the
number of mutants induced was about 90 per 10° cells (Figure 6-1B, inset). As expected,
cisplatin was also found to be mutagenic (Figure 6-1B), causing a dose-dependent increase
in MF. The calculated increase in MF was 59 mutants per mg/kg. The cloning efficiency
of cells recovered from tumors treated with 5 mg/kg cisplatin and 5 Gy of radiation was

significantly lower than the vehicle-treated tumors (data not shown).

6.3.2 Mutant induction by NO-donating drugs in tumor-bearing animals

Exposure of rats to NO- and NO, gases has previously been shown to induce
ouabain-resistant mutants in explanted lung cells [62]. There are no previous studies of the
mutagenicity of NO-donating drugs in vivo. The ability of two clinically used
nitrovasodilators, GTN and MOL, to induce mutants in MN-11 tumor-bearing animals was
tested. GTN produced an increase in MF with non-linear dose-response kinetics (Figure 6-

2A); a threshold was observed with a significant increase seen at S mg/kg. At this dose, the
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Figure 6-1

Mutation induction by DNA damaging agents in tumor-bearing animals.
(A), ¥’Cs y-radiation; (B), cisplatin. Four to 8 animals were treated at each
dose. Treatments were on day 12 after tumor cell inoculation. Tumors were
excised on day 14, cells were cultured for 8 days and challenged with 50 uM
6-TG to determine MF. The symbols and error bars represent means = SEM.
Where no error bars are shown, they are within the symbol. Inset in (B)
shows the cytotoxic and mutagenic effects of cisplatin in cultured MN-11
cells. Cell cultures were exposed to cisplatin for 24 h in complete medium
at 37°C. Following treatment cultures were washed with PBS and replaced
with complete medium. Cytotoxicity and mutagenicity was determined as
described above. Error bars indicate the mean + SEM of 2-5 independent
experiments involving 4-5 dishes at each experimental point.
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Figure 6-2

Mutation induction by NO-donating drugs in tumor-bearing animals.
In panels (A) and (B), 5 animals were used for each dose; the mean MF =
SEM are shown.. On day 12, animals were injected i.p. with the respective
NO-donating drug, tumors excised on day 14, established in culture and MF
determined. (A) GTN. At the highest dose, the mean MF was 146.2 x 107,
calculated for 4 tumors. A fifth tumor, whose MF was very much higher
(1333 x 107), is shown separately as a square symbol. (The median for the
5 tumors was 137 x 10%). Difference between control and GTN (5 mg/kg)
treated group is statistically significant (Mann Whitney test, p = 0.03). (B),
MOL. At the highest dose, the mean MF was 65.8 x 10~ (median MF was
70.0 = 10%) (n = 5). Difference between control and MOL (100 mg/kg)
treated group is statistically very significant (Mann Whitney test, p = 0.004).
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MF was 146.2 x 10° = 37.8 x 107 (n = 4) (mean + SEM). A fifth animal in this group
showed a remarkably high MF (1333 per 10°cells) and is shown as a separate data point in
the figure. Treatment with MOL showed an essentially dose-dependent increase in MF
(Figure 6-2B). The MF observed at the highest dose, 100 mg/kg was 65.8 x 10°+7.8 x 10
(n =5) . Treated animals showed no obvious toxicity with either GTN or MOL. The
cloning efficiency of cells derived from the tumors was unaffected by treatment with these
drugs (data not shown). Histologically, there were no observed differences in either the
vascularity of tumors or the number of infiltrating phagocytic cells in GTN-treated tumors
compared to the vehicle-treated controls at the time of resection, 2-3 days after drug

administration.

6.3.3 Effect of dietary vitamin E on GTN induced mutations in tumor-bearing animals

An experiment was carried out to explore whether a lipophilic antioxidant, vitamin
E, could protect against mutagenicity induced by GTN (Figure 6-3A). One group of animals
was fed normal laboratory chow and injected with 5 mg/kg GTN at day 12 after inoculation
with tumor cells. A second group was provided with vitamin E dietary supplements (100
mg/kg per day) for 19 days prior to GTN treatment. A control group received no GTN and
no vitamin E. In the absence of vitamin E supplements, the MF in GTN-treated animals was
329 x 10° £ 88.4 x 107 (n = 9) (mean + SEM). Vitamin E-supplemented animals had a
markedly reduced MF, 92.5 x 10% £ 15.9 x 10 (n = 11). The MF in the control group was
39.4 x 10%+ 7.0 x 10°% (n=7) . Inhibition of MF by vitamin E was 71.9% (81.7% if the MF
of the control group is subtracted). The effects of vitamin E on the spontaneous MF was

also tested in 3 independent trials (Figure 6-3B). Vitamin E reduced the MF by 47.3%,
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Figure 6-3

Effect of dietary vitamin E on induced and ‘spontaneous’ mutant
frequencies in tumor-bearing animals. (A), GTN and vitamin E. Three
groups were subjected to the following treatments: [) injection with PBS; ii)
injections with GTN (5 mg/kg) iii) Vitamin E supplemented diet (100
mg/kg/day for 19 days) and then injection with GTN. The mean MF in
GTN-treated animals was 329 x 107 (n =9) and 92.5 < 10° (n = 11) for
vitamin E-supplemented animals. The respective median values were 255
and 98.5. The spontaneous mean MF was 39.4 x 10 (median MF was 34.1)
(n=7). Difference between GTN and GTN-+vitamin E groups is statistically
significant (P = 0.05). (B), Effect of vitamin E on the spontaneous MF.
Three independent experiments carried out over the course of | year are
shown. The number of animals in each group is shown in parentheses. Solid
bars are animals treated with vitamin E as described in Materials and
Methods. Differences between animals fed normal laboratory chow and
those supplemented with vitamin E groups is statistically highly significant
(P = 0.0015) for experiment 2 and statistically significant (P = 0.03) for
experiment 3.
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65.4% and 61.9%, respectively, in the three trials. Vehicle (soy-oil) supplementation did

not show any protection against GTN induced mutagenicity (data not shown).

6.3.4 Effect of Vitamin E on mutagenicity and cytotoxicity induced by NO-donating drugs
in vitro

To better understand the mechanisms involved, in vitro cytotoxicity and mutagenicity
studies were carried out. Treatment of MN-11 cells with 0.5 mM SNP for 24 h reduced
survival to 56%. In the presence of a cyanide scavenging system, survival was increased to
82% (Figure 6-4A). a-Tocopherol was also tested for its possible protective activity against
NO:--mediated cytotoxicity; the vitamin was added to MN-11 cells 24 h prior to addition of
SNP at concentrations upto 1000 uM (Figure 6-4A). Preincubation with 1 or 10 uM failed
to provide any significant protection while near-maximal effect was seen at 50 uM with little
further protection at higher concentrations. GTN (0.44 mM) reduced survival to 51%
(Figure 6-4B) which was significantly increased with 6 h preincubation with o.-tocopherol
(100 uM) and completely protective at 24 h. Preincubation of MN-11 cells with 25-1000
uM a-tocopherol for 24 h did not cause any cytotoxicity (Figure 6-4C).

SNP induced about 28 mutants per 10° cells in the presence of the cyanide
scavenging system. o-Tocopherol at 100 uM did not protect against mutagenicity when
added immediately prior to the addition of SNP. A slight decrease in MF was observed
when MN-11 cells were preincubated with «-tocopherol for either 2 or 6 h, respectively
(data not shown); however, 24 h preincubation reduced the MF by 82% (Figure 6-5). GTN
at 0.44 mM induced about 20 mutants per 10° cells, which was also reduced by 84% when

cells were preincubated with 100 uM «a-tocopherol for 24 h (Figure 6-5).
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Figure 6-4

Effect of vitamin E on cytotoxicity of NO-donating drugs on MN-11 cells
in culture. Error bars represent mean £+ SEM (n = 3 independent
experiments, each involving 3 replicate dishes at each experimental point).

(A), Dose-dependent protection of MN-11 cells from SNP (0.5 mM) induced
cytotoxicity by a-tocopherol (solid bars). Increasing doses of a-tocopherol

were added to MN-11 cells 24 h prior to addition of SNP. Survival was
determined after 24 h of incubation. (0+), SNP in the presence of the
cyanide scavenger (rhodanese + thiosulfate). Difference between MN-11

cells treated with SNP and those preincubated with 50 uM e.-tocopherol and
then treated with SNP is considered to be statistically significant (2 tailed p
=0.016). (B), Effect of preincubation of a-tocopherol (100 uM) on GTN
(0.44 mM) induced cytotoxicity. MN-11 cells were preincubated at various
time points with a-tocopherol, treated with GTN for 24 h and survival

determined (solid bars). Difference between MIN-11 cells treated with GTN
and those preincubated with a-tocopherol for 6 h (p =0.01)or24 h (p =
0.0006) and then treated with GTN is statistically significant. Hatched bars
in A and B represent survival (%) of MN-11 cells in the presence of SNP and
GTN, respectively. (C), Effect of increasing concentrations of c-tocopherol
on MN-11 cells. Treatment of vehicle (0.1-1% ethanol) had no cytotoxic
effect (data not shown).
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Figure 6-5

Effect of vitamin E on mutagenicity of NO-donating drugs on MN-11
cells in culture. Error bars represent mean = SEM (n = 3 separate
experiments, each involving 3 replicate dishes at each experimental point).
Cultures were maintained in non-selective medium (hatched bars) or medium
containing o-tocopherol (100 uM) (solid bars) for 24 h, washed with PBS,
then exposed for 24 h to either GTN (0.44 mM) or SNP (0.5 mM). MF of
vehicle (0.1% ethanol) treated cultures (labelled ‘Spont’) is also shown.
Difference between GTN and GTN + a-tocopherol is statistically significant
(2 tailed p = 0.012). Difference between SNP and SNP + a-tocopherol is

also considered to be statistically significant (p = 0.043).
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6.3.5 Effect of Vitamin E on metabolic conversion of NO-donating drugs to nitrite by
MN-11 cells

[ have previously shown that SNP and GTN were slowly metabolized by MN-11
cells (t.,, = 12 h) (Chapter 4) to produce nitrite, a more stable end-product of NO-. To rule
out the possibility that the observed protection by a-tocopherol may be due to a down
regulation of the enzymes responsible for metabolism of either SNP or GTN, its effect on
the accumulation of nitrite was measured by Griess reaction. As shown in Table 6-1, no
reduction in nitrite was observed: 235 vs 280 for GTN and 144 vs 168 for SNP(nmoles

nitrite per 10° cells per 24 h for control and «-tocopherol treated, respectively).

6.3.6 Characterization of mutants

(a) Reactivation studies. Treatment of cells with 5-Aza-Cyd inhibits DNA
methyltransferase activity thereby causing demethylation of DNA [370]. Table 6-2 shows
that 5-Aza-Cyd caused a dose-dependent decrease in cloning efficiency of C86AGM2 and
GTN induced mutant cells. C86AGM2 cells carry one active and one inactive X
chromosome with an inactive APRT gene on the active X chromosome. At concentrations
of 2.5 and 5.0 uM, it reduced survival to 60.5 + 1.96% and 45.4 £ 2.05% (mean + SEM, n
= 11), respectively, and these concentrations were used for reactivation studies. C86AGM?2
cells formed colonies in HAT-medium with a spontaneous reversion frequency of 6.4 x 10
£ 1.3 x 10 (mean + SEM). 5-Aza-Cyd treatment of these cells dramatically increased the
frequency of HATR colonies in a dose-dependent manner; 95 x 10+ 5.0 x 10 with 2.5 uM
and 280 x 107 £ 7.2 x 10 with 5.0 uM, respectively. No HAT® colonies were detected

following treatment of 6-TGR MN-11 clones with 1.0, 2.5 or 5.0 uM 5-Aza-Cyd in GTN
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Table 6-1

Effect of Vitamin E on metabolic conversion of NO-donating drugs to
nitrite by MN-11 cells. 2 x 10° MN-11 cells were preincubated for 24 h in
the presence of a-tocopherol (100 pM) and NO-donating drugs were added
for 24 h. Nitrite was determined by the Griess reagent. Values shown are
mean + range of 2 independent experiments, each involving duplicate
analysis. SNP was at 0.5 mM and GTN was at 0.12 mM, respectively.
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Table 6-1

Nitrite accumulation by NO-donating drugs in the presence of vitamin E

Treatment

Cells alone
GTN alone
GTN + pre
SNP alone
SNP + pre

Nitrite accumulated (uM)

0.82+04
47.0+ 3.8
56.0+ 4.6
289+ 1.1
33.5+2.5




Table 6-2

5-Aza-Cyd induced cytotoxicity and reversion frequencies (HATR®
colonies) in C86AGM2 and GTN induced mutant cells. 5-Aza-Cyd
treatment was for 48 h; after which cultures were washed with PBS and fresh
complete medium was added for a further 48 h. Mean absolute cloning
efficiency of untreated cultures was 41.0+2.8%. Cell survival and reversion
frequencies were determined as described in Materials and Methods.
Reversion frequency is expressed as HAT® cells per 1 x10° viable cells. Data
shown are mean £ SEM of 3 separate dishes analyzed in triplicate for each
treatment.
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Table 6-2

Concentration of 5-Aza-Cyd (uM)

1.0 2.5 5.0

Cell line Survival | HAT® | Survival | HAT® | Survival | HATR | Survival | HATR

(%) colonies (%) colonies (%) colonies (%) colonies

C86AGM2 | 100+2.2 6.4x1.3 | 79x4.0 N.D. 61£6.4  95+5.0 | 40+7.0 280+7.2
NG-1 100£7.8 0x0 79+8.2 0+£0 | 69194 00 |48x156 0zx0
NG-2 10084 00 74+8.0 0+0 68+4.8 0+0 50140 0zx0
NG-3 100+4.3 00 81+5.8 0+0 64+3.6 00 52+16.6 00
NG-4 100£9.2 0x0 84+5.9 0+0 68+6.2 0+0 54146 0zx0
NG-5 100£2.7 00 79+9.8 0£0 | 61£19.7 00 39£104 00
NG-6 10015 0+0 83+4.0 0+0 55+13.2 0+0 31+5.9 00
NG-7 100£8.0 0x0 78+7.2 0+0 53+6.1 00 38+2.8 00
NG-8 10046 0x0 85+7.3 0£0 64+7.3 00 48+6.9 00
NG-9 100£0.7 00 79+9.1 0+0 51+3.1 0+0 46+4.9 0£0
NG-10 100£3.8 0+0 88+6.8 0£0 58+11.6 0£0 47£5.5 0£0
NG-11 100£6.6 0x0 87+9.1 0£0 55+5.1 0+0 46x2.9 0+0

N.D. = not determined



induced mutants (NG-1 to NG-11, n =11, in 2 independent experiments) (Table 6-2).

(b) Karyotype analysis. Karyotype analysis, using the X centromeric-specific
hybridization probe was performed on control, radiation (3 or 5 Gy) and GTN induced (5
mg/kg) mutants to determine if X chromosome loss was occurring. The probe detected 3
X-chromosomes and also X centromeric-sequences on chromosome 11 and a small fragment
in all the mutant and control MN-11 cells (Figure 6-6). The results are summarized in Table
6-3. No loss of a total X chromosome was observed in any of the mutants tested (these

results were obtained in collaboration with Dr. Blakey).

6.4 DISCUSSION

Our laboratory has developed an in vitro/ex vivo murine tumor model system in
which the HPRT gene serves as a mutational target. Using this model system an increase
in MF has been reported in MN-11 cells grown as s.c. tumors compared with the MF of cells
grown in culture (Chapter 2, [1]). On the basis of this evidence, I hypothesized that ROS
and RNS which may be produced by activated phagocytic cells within solid tumors, may be
mutagenic and genotoxic. Earlier in vitro study has shown that NO-donating drugs (GTN
and SNP) can readily induce mutations at the HPRT locus in MN-11 cells (Chapter 4,
[194]). To explore the possibility that RNS generated within the tumors might be involved,
I tested the mutagenic potential of NO-donating drugs in tumor-bearing animals and also if
the mutation could be blocked by dietary vitamin E.

Ionizing radiation and the cancer chemotherapeutic drug, cisplatin, are well
established DNA damaging and mutagenic agents. Ionizing radiation is an effective inducer

of HPRT" mutants in MN-11 cells in vitro (Chapter 3). As a measure of the sensitivity of
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Figure 6-6

Detection of X centromeric-specific sequences by fluorescence in situ
hybridization in MN-11, radiation and GTN-induced mutant cells.
Metaphase spreads of MN-11 (top) and NG-1 mutants (bottom) are shown.
The orange arrows locate three X-chromosomes and the magenta arrows
indicate X centromeric-specific sequences on chromosome 11. Yellow
arrows point to an unidentified fragment. Radiation-induced mutants also
demonstrated a similar pattern of X centromeric-specific sequences (data not
shown).
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Figure 6-6




Table 6-3

Karyotypes of MN-11, radiation and GTN-induced mutant cells. Results
represent the mean = SD of separate samples. The differences in total

number of chromosomes and the total number of signals detected by the X-

centromeric probe are not statistically significant between the treatment and

control MN-11 cells (p > 0.05, ANOVA., post hoc Dunnett’s t-test).
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Table 6-3

Sample Total number of Total number Number of X  Number of other painted
chromosomes of signals chromosomes chromosomes
chromosome 11 unidentified
Fragment
MN-11 72.8+3.9 6.3+£0.6 3.0+0 2.9+0.34 0.41+0.5
(n=17)
Radiation 74+£5.0 70x0 30+£0 300 1.0+£0
(n=4)
GTN 73.5+3.0 6.8+ 0.5 3.0£0 2.8+0.5 1.0£0

(n=4)




MN-11 tumors for detecting mutants in vivo, tumor-bearing animals were either exposed to
37Cs y-radiation or injected with cisplatin. *’Cs y-radiation (single dose, 0.5-5.0 Gy)
induced dose-dependent increase in MF in tumor-bearing animals. The MF increased about
100-fold with dose. Kataoka et al. [371] reported a MF of 1-2 x 107 per Gy in mice
exposed to ®Co y-rays; compared to 103 per 10° cells per Gy in MN-11 tumors (Figure 4-
1A). The differences in sensitivities to detect mutants in the two systems could be explained
due to the differences in detecting chromosomal mutations. Cisplatin is an antitumor drug
which acts by producing interstrand and intrastrand crosslinks of cellular DNA and has been
shown to be mutagenic in CHO cells [372-374] and in T-lymphocytes of patients receiving
cisplatin therapy [375]. It was found to induce mutants in cultured MN-11 cells (Figure 4-
1B, inset). At equivalent cytotoxicities, '*’Cs y-radiation was a more effective mutagen
(Chapter 2) than cisplatin (170 compared to 90 mutants per 10° cells at D,). As expected,
it was also effective in inducing mutants in vivo, however, there was a large scatter in MF
among different tumors at different doses. This could be attributed due to differences in the
delivery of the drug to the tumor cells in different animals, metabolism of the drug or other
factors. These experiments show that MN-11 tumor model system is also sensitive to detect
mutations in vivo.

NO- has been shown to be mutagenic in both bacterial and mammalian systems. NO-
gas was mutagenic in TK6 cells [158] and in explanted rat lung cells in vivo [62]. NO-
donating drugs have been shown to be mutagenic in bacterial [157] and in MN-11 cells
(Chapter 4). There are no earlier reports of mutagenicity of NO-donating drugs /7 vivo.
Since MN-11 cells can grow both in vitro and as subcutaneous tumors, these cells were used

to assess the mutagenic potential of NO-donating drugs in tumor-bearing animals.
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Nitrovasodilators are prodrugs of NO- and have been used clinically for about 100 years in
the treatment of angina pectoris, congestive heart failure, and hypertension [376]. GTN is
enzymatically metabolized to NO- in the presence of a thiol group (especially cysteine)
[295]. MOL is enzymatically metabolized by the liver to release SIN-1 (active metabolite
of MOL), which is then converted non-enzymatically into SIN-1A, releasing NO- [284].
GTN has been shown to be metabolized by MN-11 cells, but MOL was not metabolized
(Chapter 4, section 4.3.5). [ show here for the first time that both GTN and MOL (single
i.p. doses) induced HPRT mutants in tumor-bearing animals. There is a threshold observed
with GTN and a statistically significant increase was observed only at the highest dose
tested. This could be because cellular and repair mechanisms responsible for detoxifying
NO- have to be overwhelmed before the mutation can be induced. However, treatment with
MOL produced an essentiaily dose-dependent increase in MF. It should be noted that these
are not physiologically relevant doses of NO-donating drugs. MOL (4 mg/kg) [377] and
GTN are used clinically in the treatment of patients with coronary artery disease and
myocardial ischaemia. The large variance in MF found among different tumors could be
explained by differences in metabolism of the drugs in individual tumors and or other
factors. The differences in MF in individual tumors could not be attributable due to
differences in tumor vasculature or increased infiltration of phagocytic cells in the GTN-
treated tumors. Histochemical analysis of GTN-treated tumors did not reveal any
differences in tumor vasculature or number of infiltrating phagocytic cells (data not shown).
The increased MF observed in tumor-bearing animals exposed to NO-donating drugs could
not be due to increased rate of cell replication. /n vitro growth rates of MN-11 cells exposed

to NO-donating drugs had a doubling time of 14 + 2.4 h (data not shown), which is
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essentially the same as untreated MN-11 cells (Chapter 2). SNP was not used in vivo since
an earlier study has shown that acute overdoses of SNP in laboratory animals result in death
by cyanide poisoning [378].

Previous investigations have shown that of the various lipid- and aqueous-phase
antioxidants tested, only vitamin E (c-tocopherol) was found to be the most potent quencher
of RNS. When MN-11 cells were exposed to NO-donating drugs both cytotoxicity and
mutagenicity was observed. Pretreatment of MN-11 cells with a-tocopherol (100 uM) in
vitro protected against NO- induced cytotoxicity and mutagenicity. Although the membrane
concentration of vitamin E is not determined directly, it is likely that vitamin E is
responsible for the observed protection. This is consistent with earlier reports where vitamin
E was shown to protect pancreatic islet cells against cytotoxicity [379] and Sa/monella
typhimurium TAI1535 against mutagenicity [178]. Interestingly, this study of NO-
mutagenicity in bacterial cells showed little protection by other antioxidants besides «-
tocopherol. The only other effective compound was B-carotene. Trolox, a water-soluble
form of vitamin E analog was protective against peroxynitrite-mediated oxidative stress and
apoptosis in rat thymocytes [380]. It was also shown to reduce nitric oxide synthase activity
in tumor necrosis factor-c -treated hepatocytes [381] and protect against NO- mediated
mitochondrial complex IV damage in cultured astrocytes [382]. In MN-11 cells, the
protection afforded in vitro is not due to deregulation of enzymes responsible for metabolism
of GTN and SNP, since nitrite accumulation was unaffected in cells preincubated with
vitamin E. Animals fed with vitamin E supplemented diet (100 mg/kg/day) for 19 days
prevented the mutagenic effect of GTN. Vitamin E did not have any cytotoxic nor

mutagenic effects on MN-11 cells both in vitro and in vivo. Other workers have shown that
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dietary supplementation with vitamin E is safe even at relatively high doses. Animal studies
have shown that the toxicity of vitamin E is very low and it is not mutagenic, carcinogenic,
or teratogenic [383,384]. Our data is in agreement with these observations. Because
vitamin E protects against membrane lipid-peroxidation, it is possible that a membrane-
derived lipophilic species may act as an intermediate in the cytotoxicity and mutagenicity
observed in MN-11 cells. Recently, much attention has been paid to the role of DNA
methylation in different stages of cancer development and carcinogenesis [385-387]. I have
also tested if GTN induced mutant phenotype may be due to methylation of CpG sites in the
promoter region of the HPRT gene. As a control C86AGM2 cells were used. Treatment of
C86AGM2 cells with DNA demethylating agent, 5-Aza-Cyd, resulted in a large increase in
reversion frequency. Our results obtained using these cells are essentially identical to those
obtained by Hockey et al. [368]. Treatment of GTN induced mutants with 5-Aza-Cyd,
induced no HPRT™ revertants. These observations suggest that DNA methylation is not
responsible for the HPRT" phenotype and majority of the mutants detected in MN-11 cells
may be due to their ability to survive large-scale deletions on the HPRT gene. 5-Aza-Cyd
did not alter the growth rate of MN-11 cells. The doubling times were 15 +2.3 h.

MN-11 cells contain 3 copies of the X-chromosome (Figure 6-6 and Table 6-3). The
sensitivity to mutation induction by clastogenic agents (ionizing radiation and radiomimetic
drugs) support the notion that MN-11 cells detect chromosomal mutations (as opposed to
gene mutations) (Chapter 4). Tumor cells are genetically unstable [206] and therefore I
expected to observe a total loss of X-chromosome in majority of the mutants. Karyotype
analysis of radiation and GTN induced mutants using X centromeric-specific FISH probe

showed no total loss of the X-chromosome. All the control and mutant cells examined

-169-



possess 3 X-chromosomes, suggesting that each of these 3 X-chromosomes may possess at
least one essential gene, important for cell viability. Interestingly, all 3 X-chromosomes are
maintained in all generations, further strengthening the notion of importance of essential
genes on all 3 X-chromosomes. Hence, [ suspect rearrangements, translocations, large
deletions or small-scale deletions would be occurring in mutants but still maintaining the
essential genes.

Our observations using NO-donating drugs add to the growing body of evidence that
RNS may be mutagenic in vivo as well as in vitro. Vitamin E is a lipophilic antioxidant that
appears to be protective in some studies. Epidemiological investigations suggest that
vitamin E may lower the incidence of prostate and colorectal cancers and cardiovascular
disease [388-393]. Our studies provide the first evidence that vitamin E can protect
mammalian cells against mutagenicity of NO-donating drugs, both in vitro and in vivo.
Furthermore, vitamin E inhibited the ‘spontaneously’ arising mutants in tumor-bearing
animals. The mechanism of inhibition of mutant induction is not known. However, few
studies have shown that vitamin E may modify inflammatory responses by modifying the
functions of activated neutrophils. An in vivo study demonstrated that neutrophils from
rabbits receiving vitamin E were less adherent to the endothelium after exposure to the
chemoattractant, N-formylmethionyl leucyl phenylalanine (FMLP) and they also
demonstrated decreased capacity for production of H,0, [394]. Another in vitro study has
shown that vitamin E may inhibit superoxide generation by PMA-stimulated rat neutrophils
[395]. NO- is produced by activated neutrophils [294,396]. Hence, infiltrating
polymorphonuclear cells may result in reduced ROS and RNS production. NO- is postulated

to be generated in inflammatory diseases that predispose to cancer [45,55,130,155,275,309]
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and may be generated in MN-11 tumors by infiltrating neutrophils, macrophages or mast
cells. iNOS has been shown to present in neutrophils and macrophages in MN-11 tumors
(Chapter 5). Our findings are relevant to the in vivo situation and support the idea that
increased dietary vitamin E supplementation may be important in preventing against NO-

mediated damage.
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CHAPTER 7

GENERAL DISCUSSION



Tumor progression refers to the progressive phenotypic changes frequently observed
in growing tumors, including invasiveness, ability to metastasize and drug resistance. The
mechanism by which these changes occur is not well understood, but is thought to be
associated with genetic damage. Solid tumors are made up of a diverse population of cell
types. These include vascular endothelial cells, fibroblasts of the stromal compartment,
immune cells (lymphocytes, granulocytes and macrophages), mast cells and tumor cells.
Although a number of immunohistochemical studies have demonstrated the presence of
infiltrating phagocytic cells within or at the periphery of various tumors, there has been
considerable debate as to their biological role(s). These cells release cytokines, arachidonic
acid metabolites, ROS and RNS that can damage DNA and may be responsible for the
genetic changes seen in tumor cells during tumor progression. To investigate the role of
tumor-infiltrating phagocytic cells in solid tumors our laboratory has developed a new
murine in vitro/in vivo tumor model system to study the frequency at which mutations arise
in vivo within tumors. A tumor cell line was established from a methylcholanthrene-induced
mouse tumor [198]. This line was then genetically modified to create a functionally
heterozygous gene at the HPRT locus [1]. The work presented in this thesis describes the
use of this cell line to study the contribution of the tumor microenvironment in promoting
genomic instability underlying tumor progression and to identify such factors.

This thesis describes the development of a unique murine experimental model (MN-
11cells, Figure 1-1) to study mutations that arise in situ in tumors. MN-11 cells exhibited
a low spontaneous loss of the HPRT gene and an increased rate (> 1000-fold as compared
to the parental line) of mutation detection, when exposed to a clastogenic agent, *°Co y-rays.

The sensitivity of the system is comparable to the other heterozygous marker genes (7X,
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APRT, and GPT) as reported by other workers [227,228,230,232], suggesting that the HPRT
gene is located on a heterozygous chromosome (presumably X-chromosome). The
conclusion from these experiments is that MN-11 cells can detect both gene mutations
(small-scale deletions and point mutations) and chromosomal mutations (i.e., large-scale,
multi locus deletions) at the HPRT locus. This data is also supported by the presence of both
“large” and “small” colonies in HPRT" mutants induced by *°Co y-rays in MN-11 cells. The
“small” colony phenotype has previously been described in literature and is associated with
large-scale deletions at the 7K locus in mouse L5178Y lymphoma cells [201-203]. MN-11
cells can also grow as s.c. tumors in syngeneic animals. The most significant observation
to arise from these studies has been that the MF in cells grown as tumors in syngeneic mice
was 3.64-fold higher than when they are grown in vitro under standard culture conditions.
This is the first direct evidence of existence of mutagenic and/or clastogenic factors in the
tumor milieu. These findings were recently supported from work from two different
laboratories [42,43] who have also shown that the tumor microenvironment may promote
genomic instability in tumors.

To explore factors in the tumor microenvironment that might be responsible for the
observed increase in MF in MN-11 cells grown as tumors, tumors were studied
histologically. The most abundant infiltrating cell type in MN-11 tumors is granulocytes,
and to some lesser extent macrophages, mast cells and lymphocytes. Granulocytes were
observed mainly in the necrotic areas of the tumors and to a lesser extent in the non-necrotic
areas (Chapter 3). Immunohistochemical analysis of these tumors show that the local milieu
of the tumor is conducive for iNOS expression in granulocytes, suggesting the cells may be

activated. Macrophages and mast cells also show the presence of iNOS, present in very few
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numbers at the periphery of the tumor. Biochemical analysis of tumor homogenates showed
a positive correlation between INOS activity and MF. These data suggest that granulocytes
may be the primary cellular sources of RNS in MN-11 tumors. However, stimulated
granulocytes likely also produce ROS that may interact with NO- and produce more potent
genotoxic nitrating species such as peroxynitrite and nitrosating species such as nitrosonium
ion (Chapter 1 (Figure 1-5), [114,397]). In this study [ have not shown nitrotyrosine
staining, a marker of peroxynitrite and other nitrating species in MN-11 tumors. This could
be demonstrated using immunohistochemistry and study if its presence correlates with MF.
This would provide evidence for the presence of such species. The results presented in this
thesis also show a clear positive correlation between number of infiltrating granulocytes and
MF (Chapter 5). This observation suggests that RNS and/or ROS generated by infiltrating
granulocytes may be responsible for the observed increase in MF observed in vivo.
Biochemical estimation of myeloperoxidase activity in tumor homogenates could be used
as a quantitative measure of granulocytic recruitment in the tumor tissue. Such experiments
would strengthen the correlation between granulocytes and mutant induction. Granulocytic
infiltration is a common feature of solid human tumors and inflammatory diseases, but the
function of these cells in the biology of tumors and their state of activation is uncertain.
Tumor-associated macrophages have been shown to represent a major component of the
cellular infiltrate in some experimental solid tumors where they have been postulated to have
a role in the growth and metastasis of these tumors [323,324,350,352]. Recently, tumour-
associated macrophages have been shown to express iNOS in human breast cancer [135].
These observations add to the growing list of functions for phagocytic cells and suggest that

RNS generated by granulocytes may have a role in tumor progression.
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A model is presented to summarize the results and provide a theoretical explanation
for the observed increase in MF in MN-11 tumors (Figure 7-1). Synthesis of chemotactic
cytokines by MN-11 cells, leukocytes or necrosis may contribute to the recruitment of
granulocytes into the tumor tissue. This increased infiltration may lead to the production of
ROS and/or RNS that may have cytotoxic and/or genotoxic effects on the neighbouring MIN-
11 cells, scored as HPRT" mutants in this system. Chemotactic factors, such as LTB,, [L-1,
G-CSF, IL-8, and the members of the [L-8 family NAP-1 and MIP-2 have been shown to
increase neutrophilic granulocytes in different tissues [269,272,398-404]. Treatment of
granulocytes in vitro with GM-CSF increases H,0, production and causes enlargement of
these cells [405]. The constitutive release of cytokines by tumor cells in which a cytokine
gene has been inserted has been recently accomplished in mouse models
[271,272,402,406-408]. More recently, human neoplastic cells may have also been
successfully transduced with cytokine genes [273,409]. Yoshida et al. [273] have shown
that granulocytic chemotactic factors are produced by a malignant fibrous histiocytoma cell
line, suggesting the role of granulocytes in the disease progression. Most of the studies have
shown the ability of granulocytes to kill tumor cells thereby suppressing tumorigenicity in
vivo [272,404]. However, Pekarek et al. [403] have shown that granulocytes are required
for tumor growth. They studied UV-induced cancers in mice; these cancers, when
transplanted into normal syngeneic hosts, are usually rejected. A variant was derived that
formed tumors in athymic nude mice and required host granulocytes for growth and
elimination of host cells by an antigranulocyte antibody inhibited tumor growth. Using the
MN-11 system, experiments carried out in our laboratory (detailed in the M.Sc thesis of

Helen Privora) have shown that direct injections of IL-8 into MN-11 tumors, increases the
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Figure 7-1

Possible role of granulocytes in tumor progression. Schematic depicts a
multistep cascade of events that leads to granulocytic chemotaxis to sites of
increased cytokine production. A blood vessel with red blood cells (RBC)
and white blood cells mainly monocytes (M), granulocytes (G), and
lymphocytes (L) is shown. Note also a tissue mast cell and macrophage
(Mac), infiltrating tumor cells. The role of these cells in the biology of MN-
11 tumor is not known. MN-11 cells may secrete cytokines, such as IL-1 or
[L-8 that may attract granulocytes from the blood vessels. Conversely,
necrotic areas in the tumor may also produce chemotactic factors that may
cause granulocytic recruitment to the tumor. Granulocytes move from the
blood to extravascular space via a multistep series of events that include
selectin-dependent rolling and (3,-integrin (CD 18)-dependent adhesion and
emigration [93]. These cells may in turn produce large amounts of ROS and
RNS that can induce mutations at the #PRT locus in MN-11 cells.
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Figure 7-1
POSSIBLE ROLE OF GRANULOCYTES IN TUMOR PROGRESSION
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granulocytic content of the tumor. A positive correlation was observed between the number
of infiltrating granulocytes and MF (Sandhu, Privora and Bimboim, ms. in preparation), but
there was appreciable animal-to-animal variability. A more reliable method of increasing
granulocytes in MN-11 tumors would be achieved by constructing permanent IL-8
expressing transfectants of MN-11. Although in principle this is straightforward, a
complication is that excessive [L-8 expression can lead to extensive cytotoxicity mediated
by increased granulocytic infiltration. Expression of this chemokine by tumor cells was
shown markedly to decrease tumorigenicity of xenografts (and increase in granulocytic
infiltration) in nude mice [270,271]. Therefore, another strategy would be to use an
inducible expression vector. Once a reliable method to enhance the in vivo MF is
established, aselective inhibitor of iNOS, aminoguanidine [410,411] would be administered
to decrease the amount of NO- produced by granulocytes. These experiments would prove
that NO- generated by granulocytes is responsible for the increase in MF.

Treatment of MN-11 cells in vitro by generators of ROS and RNS increased the MF
(Chapter 4, [194]). Experiments using NO-donating drugs that liberate NO- spontaneously
and rapidly (SPER/NO- and SNAP) produced cytotoxicity with little mutagenicity.
Conversely, drugs that require bioactivation and liberate NO- slowly (GTN and SNP) were
more mutagenic and less cytotoxic. Tamir et al. [412] have shown that a slow, controlled
rate of release of NO- gas can increase toxicity, DNA damage and mutagenicity in a bacterial
system. NO,’, a common end-product of many NO- reactions did not cause any cytotoxicity
and/or mutagenicity in MN-11 cells (Table 4-2). These results suggest that different states
of NO (such as NO™ or NO-) may be generated by these drugs that may vary in their

mutagenic/cytotoxic potential [114,142,413]. To extend this study, other clinically used
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organic nitrates, organic nitrites, NO- gas and spontaneous NO-donating drugs could be
tested. The mechanism by which NO- generated by GTN and SNP caused mutant induction
in MN-11 cells is unclear and is currently being investigated in our laboratory. Glutathione
(GSH) is a principal intracellular non protein thiol and has been shown to protect cells
against oxidative stress and free-radical damage including NO- [414-417]. Lowering of
GSH levels in vitro and in vivo can readily be carried out by using BSO (L-buthionine SR-
sulfoximine), which blocks y-glutamylcysteine synthase, the first step in GSH biosynthesis.
Depletion of GSH by BSO in a rodent and a human cell line was shown recently to sensitize
cells to killing by NO- gas [418]. Similar results were obtained using MIN-11 cells treated
with GTN or SNP and BSO; NO-donating drugs alone increased GSH levels and BSO
treatment increased cytotoxicity and mutagenicity (described in the M.Sc thesis of Helen
Privora; Privora, Sandhu and Birnboim, ms. in preparation). The effect of GSH depletion
on cytotoxicity and mutagenicity in tumor-bearing animals would help to determine its effect
in vivo. These studies will allow us to understand and identify the chemical pathways that
can lead to mutations by NO- in MN-11 cells.

NO-donating drugs (GTN and MOL) were shown to cause a dramatic increase in MF
in tumor-bearing animals (Chapter 6, [419]). These data are the first to show mutagenic
effects of NO-donating drugs in vivo. Administration of an antioxidant, vitamin E, to the
diet of animals for 19 days before GTN treatment largely abolishes the MF. This is among
the most dramatic /n vivo protective effects demonstrated in a whole-animal system by
dietary vitamin E. Vitamin E reduced the spontaneous MF, suggesting that the formation
of the mutagenic species in the tumor environment could be abolished. Protection by

vitamin E was also shown in vitro against GTN and SNP induced cytotoxicity and
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mutagenicity. Although the data presented in this thesis shows the protective role of vitamin
E against GTN and SNP induced cytotoxicity and mutagenicity, the species generated is
unknown.

Characterization of the mutation induced is very important because the data suggests
that MN-11 cells can detect chromosomal mutations, but this needed to be proven. In
humans, the nearest essential genes to APRT have been mapped by study of radiation
induced mutants and lie approximately 2 Mb in the centromeric direction and 1.3 Mb in the
telomeric direction [420]. In mice, equivalent mapping studies have not been done, but
recovery of HPRT" mutants following radiation is similar to human cells, about 1-2 per 10°
cells per Gy [227,421-423]. In MN-11 cells, recovery of HPRT" mutants is 100 = higher.
This could be because MN-11 cells, as a result of non-disjunction event, have 3 active X
chromosomes, converting this normally hemizygous locus to a heterozygous locus [1].
Using X centromere-specific FISH probe, no total loss of X chromosome is seen in any of
the radiation or GTN-induced mutants (Chapter 6). This suggests that interstitial deletions
or recombinations are likely occurring, of a size too small to be detected by standard
karyotyping. Therefore, FISH probes that span the HPRT gene (approximately 40 kb) could
be used. A 20 kb section of the mouse HPRT gene has been cloned and is available from
Dr. M.W.McBurney. Long PCR has been used to produce other fragments comprising most
of the gene. A large proportion of radiation-induced mutants are expected to show a
reduction from 3 copies of the APRT gene (2 non-functional + 1 functional) to 2 copies
(both non-functional). If similar results are obtained for GTN-induced mutants, then this
would be the first evidence that RNS can cause chromosomal mutations. Standard Southern

blotting using HPRT cDNA as a probe does not work reliably because of the very small size
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of most HPRT exons. Loss of the functional copy of the APRT gene in mutants could not
easily be detected because of the presumed presence of the 2 non-functional copies of the
gene. Finally HPRT mRNA could be examined in mutant cells by RT-PCR. Transgenic
mice now used for in vivo mutagenesis studies do not detect chromosomal mutations,
because loss of the entire marker transgene cannot be scored [181,183]. Chromosomal
mutations may be a common but an undetected event caused by RNS. Since such mutations
are common in human tumors, this would help to establish a link between such mutations
and ROS and RNS present in the tumor milieu.

In summary, this thesis documents that conditions within the tumor
microenvironment are mutagenic. Tumor-infiltrating granulocytes may produce factors such
as ROS and/or RNS that may produce mutagenic and/or clastogenic damage to DNA,
commonly observed in solid tumors. In this manner, the tumor microenvironment may

contribute to genetic instability in tumors leading to tumor progression.
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APPENDIX I: DEVELOPMENT OF MN-11 TUMOR MODEL
SYSTEM
Methylicholanthrene

Ry

CS57BL/6 MALE MOUSE

l

MCI1A FIBROSARCOMA
(maintained by transplantation in syngeneic animals)

l

MCI1A-C1
(clonal variant of MC1A which is tissue culture adapted)
(HPRT-, HATR, 6-TG®)
HPRT*'*-or HPRT*'*'* genotype

N-methyl-N-nitrosourea (MNU)’ vl»

MC-TGR17
(HPRT-, HATS, 6-TG®)
HPRT”" genotype

l

MC-TGS17-51
(HPRT", HAT®, 6-TG)
HPRT*'" genotype

infection with a retroviral construct/ l

carrying the neo gene
MN-SERIES
(HPRT", HATR, G418R, 6-TGS)
HPRT*'” genotype
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APPENDIX II: LIST OF CHEMICALS, SUPPLIERS AND

a-napthyl acetate
AES
Aminopterin

Assay buffer

5-Aza-Cytidine

3-NADPH

Bleomycin sulfate
5-Bromo-2'-Deoxyuridine
Caffeine

Catalase

Cisplatin

Colcemid

DAB

(dl)-c.-tocopherol acetate
DMEM

DMSO

Ferric chloride

Fetal Calf Serum
Geneticin (G418)

Glucose oxidase
GTN

Homogenization buffer

Hydrogen peroxide
Hypoxanthine

Lipopolysaccharide
LumiGLO™ substrate kit
Methyl Green
Molsidomine

SOLUTION COMPOSITION

Sigma Chemical Co

ICN

Sigma Chemical Co; stored at -20°C as a stock solution of
4 x 10°M

1 mM KH,PO,, 0.2 mM CaCl,, | mM MgCl,, 1 mM (3-
NADPH, 6 mM L-valine, 18 uM L-arginine, 1 uCi “*C-L-
arginine (Amersham)

Sigma Chemical Co; Stock solution of 0.5 mM was
prepared in complete medium immediately before use
Sigma Chemical Co

3 units/mL, (Blenoxane); Bristol-Meyers Squibb Canada
Sigma Chemical Co

BDH

Sigma Chemical Co; (EC 1.11.1.6) from bovine liver

1 mg/mL solution; David Bull Lab (Canada)

10 ug/mL stock; Gibco BRL

Sigma Chemical Co., Stock solution of 2.4% DAB
prepared in TBS , aliquoted and frozen at -80 °C
deCiba-Geigy, Canada

Gibco BRL

J.T. Baker

Fischer

Flow Laboratories, Inc.

Gibco BRL, New York, USA; stored at -20°C as a

50 mg/mL stock in 10 mM Tris-HCI, pH 6.0

Sigma Chemical Co; stored as a stock solution of

150 units/mL in H,O at -20 °C

5 mg/mL (22 mM); David Bull Lab (Canada) Inc; dilution
was made in PBS, immediately before use in subdued light
320 mM sucrose, 10 mM HEPES, | mM D, L-thiothreitol,
1 mM EDTA, 10 pg/mL soybean trypsin inhibitor, 10
ug/mL leupeptin, and 2 pg/mL aprotinin, pH 7.4

Fischer; 7.98 M stock stored at 4°C; dilution was made in
H,0, immediately before use

Sigma Chemical Co; see Appendix II.1 for preparation
procedure

Sigma Chemical Co; from E. coli 0128:B12

Kirkegaard & Perry Laboratories, Maryland, USA

J.T. Baker

Hoechst-Roussel Canada Inc., Montreal or Sigma; 0.05 M
stock in complete medium prepared fresh in subdued light,
filtered through 0.2 um filter and used immediately
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N-(1-napthyl)-ethylene-
diamine dihydrochloride
NY-monomethyl-L-arginine

Nitrate reductase
Nitroblue tetrazolium
Oxyhaemoglobin
Phosphate buffered saline

Persidomine

PN buffer

Rhodanese

(R,R,R) a-tocopherol
Sample loading buffer

SNAP
SNP

Sulfanilamide
Superoxide dismutase

Sodium cyanide
Sodium nitrite
Sodium thiosulfate
SPER/NO

2X SSC
Streptonigrin
6-TG

TBS (Tris buffered saline)
Thymidine
TPA

Trypan blue stain

Toluidine blue O
Wright’s stain

Sigma Chemical Co; Stored as a stock solution of 0.1% in
H,O at 4°C protected from light

Toronto Research Chemicals, Inc; stored at -20°C as a
stock of 50 mM in H,O

Sigma Chemical Co; (EC 1.6.6.2) from Aspergillus species
Sigma Chemical Co

Sigma Chemical Co (bovine haemoglobin type I)

2.7 mMKCI, 1.5 mM KH,PO,, 137 mM NacCl,

4.3 mM Na,HPO,, pH 7.4

Hoechst-Roussel Canada Inc., Montreal

100 mM sodium phosphate, 0.05% Nonidet P-40, pH 8.0
Sigma Chemical Co

Gift from Dr. Alvin Chan

125 mM Tris-HCI, pH 6.8, 4% SDS, 20% glycerol, 2%
bromophenol blue, 10% v/v freshly added [3-
mercaptoethanol

Toronto Research Chemicals, Inc.

Aldrich Chemicals; 100 mM stock in serum free medium
was prepared immediately before use in subdued light
Sigma Chemical Co; stored as a stock solution of 1.0% in
5% phosphoric acid at 4°C

DDI Pharmaceuticals, Mount View, CA; (EC 1.15.1.1)
from bovine liver

J.T. Baker

Fischer

Fischer

Toronto Research Chemicals, Inc.

150 mM NaCl, 15 mM sodium citrate, pH 7.0

Sigma Chemical Co

Sigma Chemical Co; stored at -20 °C as a stock solution of
10 mM in H,O

50 mM Tris-HCI (pH 8.0), 150 mM NaCl, Adjust pH to 7.6
Sigma Chemical Co
12-O-Tetradecanoylphorbol-13-acetate, LC Services Corp.,
Wobum, MA; stored at -20°C as a stock solution of

I x 10™* M in dimethyl sulfoxide

Mix 4 parts 0.2% trypan blue with1 part 4.25% NaCl prior
to use; mix cells in a 1:1 (v/v) ratio

Fischer

BDH; 1.7 g wright’s stain in | litre of methanol

II.1 Preparation of HAT-medium

IL.1.1 HT-medium: Stock (100 x) contains hypoxanthine and thymidine at a concentration
of 1 x 102 M and 1.5 x 10 M, respectively.

Weigh 0.1361 g of hypoxanthine and dissolve in 40 mL of dd H,O. Similarly weigh 0.036

214-



g of thymidine separately and dissolve in 40 mL of dd H,O. Combine the two drugs in a
250 mL beaker, add a stir bar and add 2-3 drops of 10 N NaOH completely to dissolve HT.
Make volume to 100 mL with dd H,O. Filter sterilize through 0.2 um filter and dispend into
1.5 mL autoclaved microfuge tubes. Storeat-20°C. Add 100 puL to 10 mL of non-selective
medium so that the final concentration of hypoxanthine and thymidine are 1 x 10* M and
1.5 x 107 M, respectively.

I 1.2 Aminopterin: Stock (100 x) contains aminopterin at a concentration of 4 x 10 M.
Weigh 1.76 mg of aminopterin and dissolve in 100 mL of dd H,O. Completely dissolve
aminopterin by adding 2-3 drops of 10 N NaOH. Filter sterilize through 0.2 um filter and
dispend into 1.5 mL autoclaved microfuge tubes. Store at -20°C covered with tin foil since
aminopterin is light sensitive. Add 100 puL to 10 mL of non-selective medium so that the
final concentration is 4 x 107 M.

HAT-medium is non-selective medium supplemented with hypoxanthine, aminopterin and
thymidine at concentrations of 1 x 10°* M, 4 x 10" M and 1.5 x 10 M, respectively.
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APPENDIX III: PREPARATION OF FIXATIVE AND ANTIBODY
SOLUTIONS

Preparation of reagents used for histochemical studies and staining techniques is described
in reference [250].

Modified Zamboni’s fixative

paraformaldehyde 4%

picric acid 0.4%

160 mM PB, pH 6.9

Dissolve 40 g paraformaldehyde in 300 mL distilled H,O by heating in a fume hood, stirring
constantly until only a faint cloudiness persists. Clarify this solution by adding 10 N NaOH
drop by drop until the solution is clear. Cool to room temperature, then at 4°C and filter.
Add sufficient 0.5 M NaH,PO, (stock) to about 250 mL 0.5 M Na,HPO, (stock) to bring the
pHto 7.1. Take 320 mL of this phosphate buffer, and add 140 mL of saturated picric acid.
To this solution, add the paraformaldehyde solution, filter and adjust pH to 6.9 and make up
to 1 L. Fixative should be cleared from the tissue in several washes of 100 mM PB, pH 7.2.

ANTIBODY SOLUTIONS

Non-specific activity blocker

Bovine serum albumin 40¢g
Sucrose 10g
Normal swine serum 1 mL
50 mM TBS, pH 7.6 100 mL

Filter sterilize through 0.45 pm filter and store at 4°C.

Primary and Secondary antibody diluent

Bovine serum albumin 40¢g
Sucrose 10g
50 mM TBS, pH 7.6 100 mL
Sodium azide 0.1%

Filter sterilize through 0.45 pm filter and store at 4°C.
PREPARATION OF AES COATED SLIDES

Dip slides in 10% Extran 300 solution overnight. Wash slides in hot running water for 30
min. Dry them at 60°C for 20 min and bring to room temperature. Prepare fresh solution
of 2% AES with dry acetone and place slides for 2 min. Dry acetone is prepared by adding
sodium sulfate to acetone and filtering with a coarse filter. Wash slides in dry acetone (few
dips) and then in distilled water thoroughly. Dry at 42°C overnight and use.
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APPENDIX IV: GENERAL METHODS

IV.1 Cells and Culture conditions

Cells(MC1A-C1,MC-TGS17-51 and MN-series) were grown in 10 cm tissue culture
dishes in non-selective medium (Dulbecco’s Eagle medium (DMEM) supplemented with
10% fetal calf serum (FCS)) at 37°C in a humidified atmosphere of 5% C0O./95% air. To
remove any pre-existing mutants, cells were grown in HAT-medium for 7 days and
transferred to HT-medium for 2 days to allow recovery from HAT treatment. If cells were
transferred directly from HAT-medium to non-selective medium, the plating efficiency of
the cells was only about 5%. Hence, when cells grown in HAT-medium needed to be
transferred to non-selective medium they had to be cultured first in HT-medium for a
minimum of 24 h, although 2 days was chosen in all experiments. For subculture, cells were
detached with 0.05% trypsin and seeded at 2 x 10° cells per 10 cm dish in fresh medium.

IV.2 Determination of in vitro mutant frequency

Exponentially growing cultures were trypsinized and 5 x 10° cells (determined by
trypan blue exclusion) per 10 cm tissue culture dish were allowed to attach overnight.
Cultures were then subjected to either a physical or chemical agent (described in Chapters
2 and 3). Following treatments, cultures were incubated at 37°C for 24 h, unless otherwise
indicated, washed with PBS and split into two sets of dishes. For determination of
cytotoxicity, 200 cells/6 cm dish (unless otherwise indicated) were seeded in non-selective
medium and were kept without any renewal of medium. Colonies were stained and scored
(> 50 cells) after 7-9 days (MN-series) or 10 days (MC-TGS17-51), as described below. For
determination of MF, 5-10 x 107 cells/10 cm dish were grown in non-selective medium for
8 days to allow the full expression of the mutant phenotype. The subculture was done twice
or three times during the expression time to avoid confluence or a cell number lower than
5 x 10°. Mutant cells were detected by plating 1 x 10° cells (determined from the
reconstruction experiment as described in Chapter 2) per 10 cm dishes in 6-TG-medium.
Twice weekly, culture medium was replaced with 6-TG-medium. 6-TG® colonies (> 50
cells) were scored at either 10 days (MN-series) or 14 days for MC-TGS17-51. 6-TG-
medium was non-selective medium supplemented with 5 x 10 M 6-thioguanine. In
parallel, plating efficiency was determined by seeding 200 cells/6 cm dish. MF is expressed
as mutants per 1 x 10° viable cells, where viability was determined from the plating
efficiency.

IV.3 Determination of in vivo mutant frequency

Cells were grown and prepared for animal experiments as described above. 1 x 10°
cells/10 cm dish (in triplicate) were seeded in 6-TG-medium to verify the effectiveness of
HAT treatment. To determine the spontaneous MF, 5 x 10° cells/10 cm dish (in duplicate)
were placed in non-selective medium, subcultured as needed, and challenged with 50 uM
6-TG. Tumors were formed by injecting 5 x 10° cells subcutaneously (0.1 mL suspension,
using a 1 c.c. syringe #25 G% needle) into the right flanks of syngeneic C57BL/6 female
mice, 8-10 weeks of age (Charles River Laboratories). Animals were maintained on regular
laboratory chow, 2-3 per cage (12 h light-dark cycle). When tumors reached approximately
1 cm in diameter (14 days after injection), animals were sacrificed by cervical dislocation.
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Tumors were excised aseptically, dead and necrotic tissue as well as the encapsulating
fibrous sheath (white in appearance) was removed. Single cell suspensions were prepared
by finely mincing the tumor tissue with a scalpel blade (#22), and mechanically
disaggregating further by triturating with 3 c.c syringes (without a needle). After
centrifugation at 1000 rpm at 4°C, supernatants were removed by aspiration. The pellets
were suspended in non-selective medium and transferred to 10 cm dishes. Following
incubation for 24 h, non-adherent dead cells and tumor fragments were removed, cultures
were washed with PBS and replaced with fresh non-selective medium. Cells were
established in culture for 4-5 days. MF and plating efficiency was determined essentially
as described above. To estimate the percentage of total cells which were G418%, 200 cells/6
cm were seeded in G418-medium. G418-medium is non-selective medium containing 500
ug/mL G418. After 8 days, colonies were stained and scored. The number of 6-TG®?
mutants was corrected for plating efficiency and for G418-resistance. All animal procedures
were carried out in accordance with guidelines of the Canadian Council on Animal Care.

Mutant frequency = # of 6-TG® colonies

(corrected for G4 18R cells) 1 x 10° G418R cells

Mutant frequency = # of 6-TG®R (corrected for G418®) colonies
(corrected for viable G418R cells) 1 x 10° viable G418® cells

IV.4 Staining and scoring of colonies

Following incubation, dishes were removed from the incubator, washed with PBS,
colonies fixed with methanol for 15-20 min, rinsed with PBS and stained with Wright’s stain
for 5 min. Excess stain was removed by rinsing gently with running water. Colonies are
scored after air drying overnight at room temperature. Colonies comprising > 50 cells (>
0.2 mm) were considered to be viable and could be readily scored under 2.5 x magnification.
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