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ABSTRACT 

Ionizing radiation is a physical agent that is tumorigenic in all exposed tissues. 

These radiation-induced secondary neoplasms tend to be more aggressive and carry a 

poor prognosis. Our knowledge of the molecular mechanisms of ionizing radiation 

carcinogenesis is not as advanced as compared to chemical carcinogenesis. We have used 

repeated exposure to low LET radiation in the mouse skin model to study the molecular 

mechanisms of ionizing radiation as a complete carcinogen and as a tumor progression 

agent. 

Shaved backs of CD-I mice were treated with fractionated doses of p-irradiation 

in a complete carcinogenesis experiment. A total of 27 carcinomas and sarcomas were 

seen. Cell lines were established from four sarcomas and one squamous cell carcinoma. 

Biochemical studies revealed that three sarcoma cell lines were derived from 

rhabdomyosarcomas. All four sarcoma cell lines had a p53 null phenotype. We screened 

cDNA expression libraries from three cell lines for dominant transforming activities. 

GAPDH was isolated as a candidate transforming gene in the squamous cell carcinoma 

cell line. 

Using a papilloma producing mouse keratinocyte cell line, we have shown that 

repeated doses of ionizing radiation are equally effective as a tumor progression agent 

when compared to N-methyl N'-nitro-N-nitrosoguanidine (MNNG). In this model, 

elevated reactive oxygen species levels were seen in both radiation and MNNG 

progressed cells. Elevated transcription factor transactivation as well as constitutive 
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activation of Erk-1/2 and p38 MAP kinase activities were found to be potential mediators 

of the reactive oxygen species mediated mitogenic signaling in the progressed phenotype. 

Analyses of the anti-oxidant defense mechanisms showed that attenuation of catalase 

activity was a potentially important mechanism for the establishment of the pro-oxidant 

state. Forced re-expression of catalase in the malignant variants resulted in a reduction in 

transcription factor transactivation. 

Taken together, the results from experiments presented in this dissertation suggest 

that inactivation of gene products that maintain genomic stability, such as p53, may be an 

important step during neoplastic transformation with fractionated doses of ionizing 

radiation. Altered expression patterns of genes related to cell metabolism and oxidative 

stress can be functionally involved during the later stages of ionizing radiation-induced 

malignant transformation. 
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I. BACKGROUND INFORMATION 

Skin cancers, specifically non-melanoma skin cancers (NMSC), are the most 

common human malignancies. In the United States, more than 50% of all cancers 

diagnosed annually are NMSCs. In 1997, more than 900,000 cases of NMSC were 

estimated to occur (Parker et al., 1997). Amongst the NMSC, basal cell carcinoma (BCC) 

is four to five times more prevalent than squamous cell carcinoma (SCC) (Scotto et al., 

1983; Preston and Stem, 1992). While mortality from NMSC remains low because of 

their fairly indolent clinical course, these tumors produce significant morbidity, recur 

very frequently and occasionally metastasize. It is important to understand the molecular 

mechanisms that regulate the development and progression of malignant skin cancers in 

order to help design better strategies towards their treatment and prevention. Among the 

various etiological agents, both ultraviolet (UV) radiation as well as ionizing radiation 

(IR) have been identified as important environmental risk factors that contribute to the 

pathogenesis of this disease (Baca et al., 1998; Bowden and Gupta, 1998). 

Ionizing radiation is a physical agent made up of particulate or electromagnetic 

radiation. Examples of ionizing radiation include X-rays, gamma (y) rays, electrons, 

neutrons, protons and heavy metal nuclei. Upon their absorption, these radiations produce 

ionization events in the biological material. The charged particles, such as protons and 

heavy nuclei, can directly disrupt the atomic structure of the target with which they 

interact. The electromagnetic radiations (X- and y-rays), on the other hand, are indirectly 

ionizing. They do not produce chemical and biological damage themselves, but when 



18 

absorbed in the material through which they interact with outer shell electrons (Compton 

process) or inner shell electrons (photoelectric process) of atoms to produce fast-

electrons. These, in tum, ionize other atoms, break chemiccd bonds, and initiate the chain 

of events that ultimately is expressed as biological damage. The important distinction 

between ionizing versus non-ionizing (for example, UV) radiation is the localized release 

of large amounts of energy as ER. is absorbed by a biological material. The energy 

dissipated per ionization event is approximately 33 electron volts (eV), which is more 

than enough to break a strong chemical bond; for example the energy associated with a 

C=C bond is 4.9 eV (Hall 1978a). As a result, IR produces single and double strand 

breaks upon its direct action on the DNA. In addition, the radiation may also interact with 

other molecules, such as water, in the cell and produce reactive intermediates that in tum 

damage DNA and other macromolecules. Excessive, irreparable DNA damage usually 

leads to cell death. In other cases, error-prone repair of this damage in cells and tissues 

leads to their neoplastic transformation by poorly understood mechanisms (Hall 1978b; 

Kondo 1991). 

Multiple sources of radiation exposure, which include intentional and accidental 

exposure, contribute to widespread human contact with this important environmental 

carcinogen. Epidemiological studies provide the primary data on the carcinogenic effects 

of ionizing radiation in man. Much of what is known has come from the studies of 

patients receiving diagnostic or therapeutic radiation, industrial or occupational 

exposures, and from the studies of atomic bomb survivors. Observations from these 

studies show that no body tissue is irrunune to the carcinogenic effects of ionizing 
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radiation. Until the 1950s and early 1960s non-malignant conditions, such as ankylosing 

spondylitis of the spine, were treated with X-irradiation to the affected areas. These 

patients were later found to have a fivefold higher incidence of leukemia (Smith and 

Doll, 1982). Women who received radiation treatment for post-partum mastitis showed 

increased incidence of breast cancer (Shore et al., 1977). In Canada during the 1930s and 

1940s, tuberculosis patients received greater than 400 rads of ionizing radiation resulting 

eventually in a 15-fold increase in lung cancer (Myrden and Hiltz, 1969). A very high 

frequency of bone sarcomas and head and neck tumors has been seen among watch dial 

painters who used a luminous paint containing radium. These women were in the habit of 

using their mouths to form a fine point on the tip of their brushes, resulting in an internal 

dose of ionizing radiation (Polednak et al., 1978). The survivors of the Hiroshima and 

Nagasaki bombing have been shown to be at considerably higher risk for developing a 

number of cancers. The first cancers in this population were leukemias developing from 

three to five years after exposure with a peak at seven to eight years exposure. Amongst 

solid tumors, increased risks of breast, thyroid lung and stomach were found (Thompson 

et al., 1994; Preston et al., 1994; Ron 1998). In addition to these tumors, an increased 

incidence of skin cancers has also been observed in these studies. 

Epidemiology of Ionizing Radiation Induced Skin Cancer 

Data from atomic bomb survivors 

The Life Span Study (LSS) of atomic bomb survivors in Hiroshima and Nagasaki 

encompasses a fixed cohort of almost 94,000 A-bomb survivors who received total-body 
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exposure. The tumor incidence data from this study shows that there is an increased 

incidence of skin cancers, amongst other solid tumors, in these survivors compared to the 

non-exposed population of these cities. Examination of radiation effects by histological 

type has suggested a strong association between the occurance of basal cell carcinoma 

and radiation exposure (Thompson et al., 1994). In another independent study (Sadamori 

et al., 1991), a strong inverse correlation was reported between the incidence of skin 

cancer and location of the patient relative to blast center at the time of bombing. In this 

study of 66,276 survivors from Nagasaki, 140 were found to have skin cancer. BCC 

(48%) and SCC (31%) were the most prevalent histology. The number of skin cancer 

cases was also seen to increase over time in this population after the year 1962. These 

data suggest that there may be a relatively long latency period for ionizing radiation 

induced skin cancer development, about 25 to 30 years. 

An update on skin cancer incidence amongst the A-bomb survivors has recently 

been published. In their analysis of 80,000 cohort members from this population, Ron and 

coworkes have documented an excess incidence of BCC as well as SCC at low doses of 

radiation exposure. In this study, a non-liner dose response was seen for BCC. In 

contrast, the risk for SCC development was found to be independent of the dose of 

radiation exposure. While many tumors were seen in the sun-exposed areas of the skin, 

no evidence for interaction between UV and ionizing radiation was seen. For BCC, the 

risk was found to decrease markedly as the age at exposure increased (Ron et al., 1998). 

These data suggest that basal layer of epidermis may be very sensitive to radiation 

carcinogenesis, particularly at the young age. In this population cohort, a relatively young 



age at radiation exposure has been found to increase the risk of developing other cancers, 

including thyroid and breast cancers, as well (Ron et al., 1995; Tokunanga et al., 1994). 

Clinical exposure to ionizing radiation 

Soon after the initial discovery of x-rays before the turn of the century, it became 

apparent that exposure to ionizing radiation can result in a carcinoma on the exposed skin 

after a long latency period (reviewed in Frieben, 1992). Later studies expanded this 

observation to include increased risk of skin cancer development in uranium workers and 

medical personnel (Sevcova et al., 1978; Matanoski et al., 1975). In the 1940s and 1950s, 

large numbers of patients with benign diseases were treated with low energy radiation. 

Amongst these were patients who received radiation treatment for skin conditions 

including acne, eczema, psoriasis and hemangiomas. Both BCCs and SCCs have been 

described during the post-radiation follow-up of these individuals (Anderson and 

Anderson, 1951; Martin et al., 1970). Other skin cancers, such as superficial sarcomas 

(Jones 1953; Chasmaret al., 1957) chondromas (Pincus et al., 1967; Pifer et al., 1968) 

and sebaceous carcinoma (Justi 1958; Constant and Leahy, 1968) have also been 

observed. The latency period for these radiation induced skin cancers also averaged three 

decades (Hood and Young, 1984), similar to that seen in the A-bomb survivors. 

The most direct epidemiological evidence for ionizing radiation exposure as a risk 

factor for skin cancer in humans comes from patients who, as children, received 

therapeutic radiation for tinea capitis (a fungal infection of the scalp). In a study done in 

New York City, 2,2(X) children irradiated for tinea capitis were followed and compared 

with children treated with other modalities. For children who received radiation therapy. 
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a relative risk of 3.8 and an absolute risk of 2.3 per 10"* persons per year per Gray (Gy) 

were reported for developing skin cancer (Harley et al., 1983; Shore et al., 1984, Shore 

1990). In another study conducted in Israel, a four-fold increase in skin cancer was seen 

in over 10,000 children irradiated for tinea capitis compared with 16,000 matched 

controls. BCC was the predominant tumor histology seen in these cases. The absolute 

risk was calculated to be 0.31 per 10"* persons per year per Gy (Ron et al., 1991; Modan 

et al., 1993). The lower absolute risk in the Israeli study may be due to the darker overall 

skin color of these children compared with the Caucasian children in the New York City 

study. It has been suggested that UV light may synergize with radiation exposure to 

produce skin tumors, particularly SCCs, because most SCCs found in irradiated patients 

occur in sun-exposed sites (Davis et al., 1989). 

The incidence of skin cancer in irradiated patients is generally thought to be 

directly proportional to the total accumulated dose. In contrast with the relatively benign 

behavior of sporadic skin cancers, however, SCCs induced by radiation therapy tend to 

be very aggressive, unresponsive to therapy and have a high incidence of recurrence and 

metastasis. A 70% local recurrence rate and a 5 year survival rate of only 50% has been 

reported in such patients (Edwards et al., 1989). In other studies, authors have noted a 20-

26% rate of metastasis (Johnson et al., 1992). These data point towards important 

differences in the biology of ionizing radiation induced skin cancers compared to the 

sporadic form of the disease and underscore the importance of understanding the 

molecular mechanisms of ionizing radiation carcinogenesis. Epidemiological data from 

A-bomb survivors as well as patients treated with ionizing radiation show that childhood 
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exposure carries a significant risk for ionizing radiation induced secondary malignant 

neoplasms. These skin and subcutaneous cancers also carry a poorer prognosis (Ron 

1998) as is seen with adult radiation induced tumors. Very little is known about the 

molecular biology of these neoplasms. Studies using animal models can provide a better 

insight into the molecular mechanisms of ionizing radiation carcinogenesis and help in 

designing treatment and prevention strategies for these secondary malignant neoplasms. 

Some of these animal models are reviewed in the following sections and the current 

understanding of the molecular alterations in radiation responses is discussed. 

Experimental Models for Ionizing Radiation Induced Cutaneous Cancers 

A number of animal and in-vitro model systems of ionizing radiation induced 

carcinogenesis or cell transformation have been developed and intensively studied. 

Amongst these, the rat and mouse models have been used for mechanistic experimental 

research into radiation induced skin cancers. 

The rat skin model 

Ionizing radiation has been shown to induce a variety of tumor types in rat skin 

including BCCs, SCCs as well as sarcomas. Bums and coworkers have shown that a 

single dose of low LET (linear energy transfer) radiation to the dorsal skin induces skin 

and subcutaneous tumors that begin to appear about 10 weeks after irradiation and 

continue to appear at an accelerated rate until the end of the animals' normal survival 

time. High LET radiation, such as argon or neon ion beams, were found to be more 

tumorigenic as compared to low LET (electron) radiation. No evidence for a dose 
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threshold for tumor induction was seen with either radiation type. Using split doses with 

different time intervals between doses, these investigators observed a repair phenomenon, 

particularly with low LET radiation, with an estimated half life of 3 h. Based on these 

studies, the authors concluded that in rat skin, ionizing radiation produces carcinogenic 

lesions via two repairable events at low LET, and via a single non-repairable event 

pathway at high LET (Bums et al., 1991; Bums et al., 1989). The rat skin has proved to 

be a very useful model to study the influence of dose (Bums et al., 1975; Bums and 

Vanderlaan, 1977), LET (Bums and Albert, 1981) and geometric distribution of the dose 

(Albert et al., 1967) on mmor yield. It has also been shown to be more susceptible to 

tumor induction by ionizing radiation as compared to mouse skin (Bums et al., 1989). 

These differences in sensitivity to tumor induction have been attributed to a higher 

number of cells at risk in the rat skin, differences in cell cycle or hair follicle stmcture. 

Whereas ionizing radiation carcinogenesis has been an area of intense study, 

responses to other carcinogens in rat skin remain less well characterized, which makes it 

difficult to conduct comparative smdies in this model. Further, the widely accepted 

multistep nature of tumorigenesis has not been fully established in this model. These 

limitations make the mouse skin a more attractive model system for experimental 

carcinogenesis. 

The mouse skin model 

An accepted paradigm for neoplastic transformation is the multistep model of 

carcinogenesis in mouse skin. This model has been widely used to smdy molecular 

mechanisms of cutaneous neoplasms induced with chemical and physical carcinogens. 



25 

The chemical induction of malignant skin tumors has been operationally divided into at 

least three stages, initiation, promotion and progression (for review see Yuspa, 1998; 

DiGiovanni, 1992). Initiation involves application of a subcarcinogenic dose of a 

carcinogen that results in the mutational activation of a cellular proto-oncogene. Tumor 

promotion involves repeated doses of an agent that induces regenerative hyperplasia that 

causes selective clonal expansion of the initiated cell population (Finch et al., 1996). 

When applied repeatedly after chemical initiation, such treatments result primarily in the 

development of benign papillomas. The final stage (progression) involves irreversible 

conversion of benign papillomas to malignant SCCs. Tumor initiators, such as urethane, 

N-methyl-N'nitro-N-nitrosoguanidine (MNNG; Hennigns et al., 1983), organic peroxides 

(O'Connell et al., 1986a), chemotherapeutic drug cis-platin (Warren et al., 1993) and 

fractionated doses of ionizing radiation (Jaffe et al., 1987), are also effective in increasing 

the conversion rate of papillomas. These observations suggest that malignant conversion 

requires an additional step(s), possibly a mutagenic alteration or a clastogenic effect. 

In addition to being the preferred model to study the in-vivo mechanisms of 

chemical carcinogenesis, the mouse skin model has also been used to evaluate the 

effectiveness of ionizing radiation in neoplastic transformation. In this model, 

fractionated doses of low LET particulate radiation, such as electrons, produce a 

spectrum of mmor histologies that closely parallel that seen in humans (Gupta et al., 

1998). In a complete carcinogenesis protocol, both skin and subcutaneous tumors are 

seen. SCC is the most frequent tumor type in the skin. Osteosarcomas and fibrosarcomas 

predominate as subcutaneous sarcomas. Ootsuyama and Tanooka have observed a 100% 
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tumor incidence in ICR mice with thrice weekly irradiation using P-rays at doses of 250 

to 1180 cGy per exposure. In their studies, they also observed a rapid decrease in tumor 

yield when the dose was dropped to ISOcGy. No tumors were seen with doses below 

0.75cGy, which suggests that dose-response relationship on repeated irradiation is non

linear and that a critical threshold dose exists for tumor induction in this model (Tanooka 

and Ootsuyama, 1991, 1993; Ootsuyama and Tanooka 1987, 1988, 1991,1993) 

Jaffe and Bowden (1986) have studied ionizing radiation as a tumor initiator in 

SENCAR mouse skin. These experiments used 4 MeV x-rays (dose 7.5 to 22.5 Gy) as an 

initiating agent, followed by TPA promotion. Induction of SCC was seen with single 

doses of x-rays; however, the initiating effect was considerably less than that seen with 

chemical agents. These studies were later expanded using CD-I mice showing that the 

proliferative state of the skin did not significantly effect the mmor yield. At a lower 

initiating dose there appeared to be a correlation between promotion duration and 

carcinoma incidence. BCC induction was also seen in this study that was dependent on 

the dose of ionizing radiation (Jaffe and Bowden, 1987). Ootsuyama and Tanooka have 

studied tumor promotion activity of p-radiation. In their experiments, repeated treatment 

with 4.7 Gy doses following an initiating dose of 7,12-dimethylbenz[a]-anthracene 

(DMBA) did not produce a significant number of tumors (Ootsuyama and Tanooka, 

1987). These studies show that ionizing radiation can act as a weak initiator and does not 

function as a tumor promoter in mouse skin. 

In 1987, Bowden et al demonstrated that fractionated doses of p-rays were 

effective in enhancing the malignant progression of benign papillomas. CD-I mice were 
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initiated with MNNG and promoted for 20 weeks with twice weekly applications of TP A. 

These papilloma bearing mice were then treated with either TPA for 2 weeks or IMeV 

electrons (8Gy in 8 fractions over 10 days) and followed for malignant progression. 

Conversion of papillomas to SCCs was seen in 80% of the mice treated with ionizing 

radiation; TPA treated group showed a malignant conversion only in 25% of the mice 

(Jaffe et al., 1987). 

These data show that mouse skin is a suitable model to study ionizing radiation 

carcinogenesis. Fractionated doses of particulate as well as non-particulate radiation 

produce a tumor spectrum that closely resembles that seen in man. In the mouse skin, 

ionizing radiation is a weak initiator and can enhance malignant progression of pre

existing benign tumors. Radiation induced skin and subcutaneous tumors in this model 

can be used to analyze the molecular biology of these secondary malignant neoplasms. 

Molecular Alterations in Ionizing Radiation Induced Tumors 

Our understanding of the molecular mechanisms of ionizing radiation 

carcinogeneis is limited as compared to chemical carcinogenesis. It has long been 

recognized that DNA is one of the critical targets of radiation damage. High LET 

radiation can interact with DNA directly and result in single and double strand breaks that 

contribute to deletions, translocations and rearrangement of chromosomal DNA. 

Radiolysis of water is thought to be another important intracellular reaction mediated by 

ionizing radiation. This results in the generation of reactive oxygen species (ROS) such 

as hydroxyl radical, hydronium ion and aqueated electrons (Hall 1978a). These molecules 

are short lived, highly reactive electrophilic intermediates that cause macromolecular 
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damage including DNA and protein alterations. These alterations may play a causal role 

in acute radiation responses as well as radiation induced cell transformation and may 

contribute to the genetic alterations seen in some radiation induced tumors. 

Gene alterations in radiation carcinogenesis 

Radiation induced rat skin mmors have been investigated for oncogene activation 

(Bums et al., 1991). In one study (Sawey et al., 1987), six of twelve tumors analyzed 

contained activated Ki-ras oncogenes. A majority of the carcinomas also showed 

evidence of c-myc amplification that correlated with the age and size of the tumors. 

Serial biopsies from these tumors showed that the copy number of c-myc increased in 

individual tumors as a function of tumor growth and time (Garte et al., 1990). In another 

study (Felber et al., 1992) the physical characteristics of the radiation source were found 

to influence the frequency of c-myc amplification observed in the tumors. While tumors 

induced with electrons showed amplification of c-myc, those induced by neon ions 

contained c-myc amplification only rarely. Furthermore, in these tumors induced with 

neon ions, c-myc amplification showed no correlation with tumor size, growth period or 

time, suggesting that mutational spectra in radiation induced rat skin tumors may vary 

significantly with LET. 

Activation of dominant transforming genes has been consistently observed in 

chemically induced mouse skin tumors (Balmain et al., 1984). In NIH 3T3 focus 

formation assays, this transforming activity has been found to be due to the activation of 

c-Ha-ras oncogene by point mutation(s) (Quintanilla et al., 1986). Subsequently, ras 

activation has been shown to be a critical, early event during chemical carcinogenesis in 



mouse skin (Yuspa 1998; Slagaet al., 1996; DiGiovanni 1992; Ananthaswamy and 

Pierceall 1990; Husain et al., 1990). There is evidence that dominant transforming 

activity also exists in mouse skin tumors initiated with ionizing radiation. Two out of 

three BCCs and all seven SCCs were positive in a NIH 3T3-focus formation assay. 

However, no evidence for the transfer of an activated Ha-ras, Ki-ras or N-ras was found 

in the transfectants analyzed (Jaffe and Bowden 1989). Southern blot analyses indicated 

that the transforming gene(s) in these tumors did not appear to be of any known 

oncogenes usually detected by the NIH 3T3-focus assay. Patterns of restriction enzyme 

inactivation in four different tumors indicated that at least three different transforming 

activities were present. 

Studies involving in-vitro malignant transformation of mammalian cells (hamster 

embryo cells and mouse C3H/10TI/2 cells) have also shown that oncogenic sequences 

are activated by a single direct exposure to x-rays (Borek et al., 1987; Krolewski and 

Little 1989). Once again, no activated ras was detected amongst these transforming 

activities. Further, radiation induced transformants derived from a C3H/I0T1/2 cell line 

that expressed mouse c-myc oncogene did not possess an activating ras sequence 

(Sorrentino et al., 1987). A similar absence of activated ras has also been reported in 

mammary tumors derived from a mouse alveolar cell line (Dandekar et al., 1986). 

Alterations in tumor suppressor genes, such as p53 and retinoblastoma gene 

product, have also been documented in ionizing radiation induced tumors. Ootsuyama 

and coworkers have described the inactivation of p53 gene in radiation induced murine 

tumors. In a group of 65 skin and bone tumors induced by repeated doses of p-radiation. 
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20 were found to contain p53 mutations. These included 11 minute deletions, 3 insertions 

and 6 base pair substitutions. In all cases, these alterations resulted in a truncated protein 

(Ootsuyama et al., 1994). This pattern of p53 mutations is consistent with what might be 

expected from the effects of ionizing radiation on DNA and is in contrast to the TT to CC 

double base changes and T to C substitutions in the p53 gene found in UV-induced 

mouse skin tumors (Kanjilal et al., 1993). Stmctural rearrangements/alterations rather 

that point mutations are the predicted DNA lesions with ionizing radiation. Therefore, 

these p53 mutations may be a result of direct DNA damage due to radiation exposure. 

Similar observations have been made in ionizing radiation-induced human lung cancers 

in miners (Vahakangas et al., 1992). The pattern and location of inactivating mutations in 

the p53 gene in these tumors was found to be distinct from that usually seen in smokers. 

The authors speculate that this may represent a radon specific mutational spectrum. A 

high frequency of structural alterations in the p53 gene have also been reported in human 

sarcomas secondary to therapeutic doses of ionizing radiation (Brachman et al., 1991). 

Many of these sarcomas also contained an inactivated retinoblastoma protein. 

These data indicate that radiation induced neoplasms carry a unique pattern of 

oncogene activation that is different from that seen in chemically induced murine skin 

tumors. While chemical initiating agents are known to be efficient point mutagens, it has 

been suggested that the target for ionizing radiation-induced transformation is larger than 

a single gene and smaller than a chromosome (Goodhead, 1984). It has been speculated 

that a variety of genes that control genomic stability and/or fidelity of DNA replication 

may be damaged by radiation (Rauth 1987). This would increase the probability of error-
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prone DNA replication, increasing the potential for subsequent activation of a dominant 

oncogene. The increased incidence of inactivating mutations in the p53 gene, the 

"guardian of the genome", seen in radiation induced mouse skin and human tumors 

certainly supports this hypothesis. However, the nature of the dominant transforming 

activities, whether a direct or indirect effect of radiation damage, remains 

uncharacterized. It is perhaps these genes that set the secondary neoplasms apart in a poor 

prognosis, more aggressive phenotype than their spontaneously arising counterparts. 

Identification of these radiation-associated oncogenes is necessary to fully understand the 

mechanisms of ionizing radiation carcinogenesis. Using the mouse skin model offers an 

additional advantage of making comparative studies between chemical and radiation 

carcinogenesis feasible in the same system. 

Research has shown that in addition to changes in the DNA sequence, alterations 

in levels of expression and post-translational modifications of gene products can also 

effect their function. There is evidence that these perturbations can modulate important 

signal transduction pathways and contribute to neoplastic transformation. Studies with 

chemical carcinogens have shown that altered signaling and differential gene expression 

are functionally involved during tumor promotion and progression of mouse skin tumors 

(Curtin and Slaga, 1998). Acute exposure to ionizing radiation has been shown to 

stimulate signaling cascades that modulate transcription factor transactivation and alter 

gene expression (Weichselbaum et al., 1991; 1994). Ionizing radiation can also enhance 

malignant progression of benign neoplasms in the mouse skin model. However, the 

molecular mechanisms of this stage of carcinogenesis are poorly understood. 



Characterization of the signaling cascades in this process can help identify potential 

targets for developing therapeutic and prevention strategies for skin tumors. 

Radiation induced signal transduction and differential gene expression 

Acute exposure to ionizing radiation has been shown to have diverse effects on 

cells. In most of the primary cell cultures, small doses of x-rays cause a delay of cell 

division which is often the result of arrest of the cell cycle in the GI or G2 phase (Maity 

et al., 1994; Mumane 1995). The mechanism responsible for this arrest and its potential 

significance is not fully understood at present, but it is likely that cells may use the delay 

period to repair damaged DNA following ionizing radiation exposure. Induction of p53 

appears to be a critical event necessary for this transient growth arrest in most cell 

systems. It appears that wild type p53 as well as the gadd45 gene are involved in the cell 

cycle delay following ionizing radiation exposure (Kastan et al., 1992). 

In addition to cell cycle arrest, acute exposure of cells to ionizing radiation also 

stimulates signaling cascades that regulate cell growth and proliferation as well as cell 

death. Treatment of mammalian cells with radiation leads to activation of protein tyrosine 

kinases and tryosine phosphorylation of several proteins including Raf-1 (Suy et al., 

1997; Kasid et al., 1996; Uckun et al., 1993). Suy and coworkers have shown that in 

breast cancer cells, upstream activation of Ras contributes to radiation induced Raf-1 

activity and results in the activation of extracellular signal regulated kinase (Erk)-l and 2, 

members of the mitogen activated protein kinase (MAPK) family (Suy et al., 1997). The 

MAPK signaling cascades modulate the activities of nuclear transcription factors such as 

activator protein-1 (AP-1), nuclear factor kappa B (NFKB) and activated transcription 
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factor-2 (ATF-2) (Su and Karin 1996). Ionizing radiation has also been shown to induce 

protein kinase C (PKC) activity that may contribute to Raf-1 and Erk-1/2 activation in a 

Ras independent manner (Hallahan et al., 1991). Stimulation of these signaling cascades 

leads to the induction of several growth related, immediate-early response genes such as 

c-jun, Egr-1 (Hallahan et al., 1991), c-fos (Hollander and Fomace 1989) and gadd45 

(Fomace et al., 1992) as well as increased expression of growth factor receptors such as 

EGF (Peter et al., 1993). Radiation mediated generation of ROS has been shown to be 

necessary for both Ras and PKC dependent activation of Erk-1/2 (Stevenson et al., 1994), 

suggesting that ROS may be a conmion convergence point of multiple signaling cascades 

induced by ionizing radiation. Activation of Ras/Raf-I and PKC following radiation 

exposure have been associated with increased cell survival and proliferation in various 

cell systems (Kasid et al., 1987; Pirollo et al., 1989; McKenna et al 1990; Bemhard et al., 

1996; Soldatenkov et al., 1997; Chmuraet al., 1997). Interestingly, signaling cascades 

involving these proteins are also stimulated with chemical agents like TPA and okadaic 

acid, that are well known tumor promoters. 

Radiation induced hydrolysis of sphingomyelin in the cell membranes and 

generation of ceramide has been correlated with the induction of apoptosis in cells 

(Haimovitz-Friedman 1998). Using lymphoblasts from patients with Niemann-Pick 

syndrome, who have an inherited deficiency of acid sphingomyleinase, Santana and 

coworkers showed that these cells were resistant to ionizing radiation induced apoptosis. 

Restoration of acid sphingomyelinase activity by retroviral transfer of human cDNA for 

the gene also restored radiation sensitivity. Acid sphingomyelin knockout mice also 
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expressed defects in radiation induced ceramide generation and apoptosis in-vivo 

(Santana et al., 1996). Increased ceramide levels result in the activation of other members 

of MAPK family, the stress activated protein kinase/Jun N-terminal kinase (S APK/JNK) 

(Verheij et al., 1996). The expression of radiation induced apoptosis requires a functional 

S APK/JNK cascade and the level and duration of JNK activation has been shown to be 

an important determinant of radiation induced apoptosis (Haimovitz-Friedman 1998; 

Carter etal., 1998). 

One published study has described the deregulation of transcription factor 

transactivation during in-vitro malignant progression with ionizing radiation (Domann et 

al., 1994a). A benign papilloma producing mouse keratinocyte cell line 308 (Strickland et 

al., 1988) was irradiated with lOGy of y-rays. A surviving clone, lOGyS, was selected 

that was tumorigenic in athymic nude mice. Steady-state levels of two AP-l regulated 

protease genes, stromelysin and urokinase-type plasminogen activator (uPA) were found 

to be elevated in lOGyS cells as compared to the 308 line. These were correlated with 

increased AP-l DNA binding and transactivation in lOGyS cells, suggesting that 

acquisition of constitutive AP-l activity can result in sustained deregulation of gene 

expression. The effect of deregulated expression of basement membrane degrading 

enzymes, such as stromelysin and uPA, may be functionally involved in malignant 

progression. Evidence supporting this hypothesis was obtained by blocking AP-l activity 

in 10Gy5 cells (Domann et al., 1994b). Expression of a dominant negative c-jun mutant, 

TAM-67, attenuated elevated AP-l activity as well as the tumorigenic phenotype in these 

radiation associated malignant variants. These results suggest that AP-l mediated 
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transcriptional activation may be necessary for the maintainance of the radiation 

progressed malignant phenotype. Molecular mechanisms that may contribute to 

deregulated transcription factor activities in the radiation progressed malignant phenotype 

remain undefined at present. 

Statement of the Problem 

It is clear that ionizing radiation is an important human carcinogen that exerts its 

tumorigenic effect in all exposed tissues. These radiation induced secondary neoplasms 

tend to be more aggressive and carry a poor prognosis. Our knowledge of the molecular 

mechanisms of ionizing radiation carcinogenesis is not as advanced as compared to 

chemical carcinogenesis. There is evidence for tumor suppressor gene inactivation in 

radiation induced tumors. These neoplasms also contain other transforming activity(ies), 

the nature of which is poorly understood at present. Ionizing radiation also affects 

signaling cascades that may be ftincrionally involved in the later stages of tumor 

development. The contributions of these perturbations to the process of radiation 

carcinogenesis needs to be defined. Studies using animal models can result in a better 

understanding of this process and provide insight into potential novel targets for 

prevention or therapy of secondary malignant neoplasms. 

Statement of Purpose 

The overall goal of the studies presented in this dissertation was to understand the 

molecular mechanisms of ionizing radiation carcinogenesis. Four specific aims were 

designed in order to accomplish this goal using the mouse skin model. The first two 
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specific aims addressed the mechanisms of radiation induced neoplastic transformation in 

complete carcinogenesis protocols. In specific aims three and four, molecular 

mechanisms of radiation induced malignant progression were studied. 

A previous graduate student in Dr. Bowden's laboratory. Dr. Kaya L. Andrews, 

had used fractionated doses of P-radiation in a complete carcinogenesis protocol to 

induce skin and subcutaneous neoplasms in CD-I mice and established cell lines from 5 

randomly selected mmors. The first specific aim was to characterize these cell lines for 

the tumor type from which they were derived. We evaluated the light microscopy features 

of the parental tumors and studied the expression of tissue specific biochemical markers 

in the tumor material as well as the cell lines. 

The second specific aim was to identify molecular alterations in radiation induced 

tumors using these cell lines as a model. Two experimental approaches were used to 

address this specific aim. Genomic structure and/or expression patterns of twelve tumor 

associated genes were analyzed as a part of the initial screen for gene alterations. 

Subsequently, a functional assay was used to identify and clone potentially novel 

dominant transforming genes. cDNA expression libraries from three cell lines were 

transfected into non-transformed cells. Nude mouse tumorigenicity assay was used to 

select for the malignantly transformed phenotype. cDNA clones responsible for 

transformation were rescued from the tumors by PGR amplification and identified by 

sequence analysis. 

The third specific aim was to compare the frequency of radiation mediated 

malignant progression with that seen with chemical carcinogens. We developed a tissue 
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culture model to study this phenomenon in-vitro. A papilloma producing mouse 

keratinocyte cell line was progressed with repeated doses of ionizing radiation and a 

chemical carcinogen MNNG. The variants were assayed for malignant conversion in a 

nude mouse tumorigenicity assay. We also established cell lines from the resulting 

tumors. 

The fourth specific aim was to characterize the molecular alterations in the tumor 

cell lines established in specific aim 3. A number of experiments were designed to study 

the mitogenic signaling cascades in ±e progressed phenotype. The potential role of MAP 

Kinases and transcription factors in tumor progression and their modulation by reactive 

oxygen intermediates was evaluated. 



38 

n. MATERIALS AND METHODS 

Ceil Lines and Culture Conditions 

The cell lines described in chapter 5 were established by Dr. Kaya Andrews, a 

former graduate student in Dr. Bowden's laboratory (Gupta et al., 1998). These five cell 

lines were derived from murine skin and subcutaneous tumors induced with repeated 

doses of p-irradiation applied to the backs of CD-I mice. Dr. Andrews used a Strontium-

90 (^'^Sr) disk applicator (15.6 mm diameter containing 50 mCi Radiochemical 

Center, Amersham, U.K.; maximum P-ray energy 2.24 MeV; surface dose rate 15 

cGy/sec). The cell lines 1-2, 9-1 and 11-1 were derived from tumors showing features of 

a poorly differentiated sarcoma. Cell line 2-3 was derived from a Malignant Fibrous 

Histiocytoma and cell line 5-2 was derived from a Squamous Cell Carcinoma. 

Dr. Stuart H. Yuspa of the National Institutes of Health (Strickland et al., 1988) 

kindly provided the 308 cells. These cells are keratinocytes derived from 7,12 

dimethybenz(a)anthracene (DMBA) intiated skin from BALB/c mice. The 308 cells are 

resistant to calcium induced terminal differentiation and have an mutant c-Ha-ras allele 

and a normal c-Ha-ras allele. They make papillomas when grafted onto athymic nude 

mice but are non-mmorigenic upon subcuatneous injection. The I0Gy5 cells are a 

radiation associated malignant variant of 308 cells previously generated in Dr. Bowden's 

laboratory. These cells have constitutively elevated AP-1 activity and are tumorigenic in 

athymic nude mice (Domann et al., 1994). The cell lines 6M90 and 6R90 were derived 

from 308 cells as described in the following sections. 
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AJl cell lines were maintained in Minimal Essential Medium (MEM) containing 

Earle's salts and non-essential amino acids (Gibco BRL) supplemented with 7.5% fetal 

bovine serum, 2.5% bovine calf serum and penicillin (100 units/ml) /streptomycin (100 

|ag/ml). The cultures were maintained in a humidified incubator at 37°C and 7.5% COo. 

The cells used for all experiments were from passage five through fifteen. The 308 cells 

described in the experiments are the sixth generation mock passaged ceils. 

Generation of 6M90 and 6R90 Malignant Cell Lines from 308 Cells 

The experimental design for the in-vitro malignant transformation experiment is 

shown in Figure I. At least lO' 308 cells in late log phase culture were treated with LD90 

doses of N-methyl-N'-nitro-N-nitrosoguanidine (MNNG; 2.5 ^M; Sigma), or gamma rays 

(750 cGy) from a Cobalt-60 source (Theratron-80). MNNG is a mono-functional 

alkylating agent and a chemical carcinogen whereas gamma rays or ionizing radiation is a 

physical carcinogen. Immediately following treatment, the cultures were trypsinized and 

replated at clonal density (5x10^ cells/100 nun dish). The survivors were pooled, grown 

to >10^ cells as before and re-treated. A total of six such generations were created. 

Parallel flasks of 308 cells were mock treated and passaged under similar conditions. The 

sixth generation mock passaged 308 cells as well as MNNG or radiation progressed 

variants were injected subcutaneously into athymic nude mice and followed for namor 

growth. 

Randomly selected tumors from MNNG and radiation groups were used to 

establish the 6M90 and 6R90 cell lines respectively. Freshly harvested tumor was briefly 

soaked in iodine, rinsed twice in phosphate buffered saline (PBS) and minced into I mm 
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308 cells in culture 
(80-90% confluency) 

Treat with LDgg dose of y-rays Treat with LD90 dose of MNNG 
(750cGy) (2.5 mM) 

I t 
Trypsinize and replate Trypsinize and replate 

Re-treat as before for a total of six generations 

t • 
Inject the sixth generation radiation or MNNG progressed cells 

& mock treated 308 cells s.c. into nude mice at 10^ or 10^ cells per site 

I 
Establish cell lines in culture from randomly selected tumors 

Figure 1. Experimental design for in-vitro transformation of 308 ceils. 
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cubes. Four to eight such cubes were placed in 60-mm tissue culture dishes and allowed 

to attach for 15 minutes at room temperature. One ml of MEM containing serum and 

antibiotics, as described before, was carefully added to cover the tumor explants. The 

dishes were incubated at 37°C in 7.5% humidified CO2. One ml medium was added to 

the cultures every other day for 5 days and then changed twice weekly until cells were 

seen migrating away from the cubes. The tumor chunks were then removed and the cells 

allowed to proliferate. The cultures were trypsinized and passaged two to four times 

before stocks were frozen under liquid nitrogen in 50% serum/10%DMSO. 

Growth Curves and Clonogenic Survival Assays 

For growth curves, ~5xl0^ viable cells were plated in 100 mm dishes for a given 

cell line and allowed to grow. The specific number of cells plated for a given cell line 

were corrected to compensate for differences in its cloning efficiency. At least three 

dishes from a cell line were trypsinized at various time points and the cells counted on a 

Coulter Counter. Average cell counts were plotted against time on a semi-log plot to 

generate a growth curve. 

In clonogenic survival assays, 500 cells were plated in each of the 60-mm dishes 

and allowed to grow for 24 h. The cultures were then treated with the indicated anti

oxidants or other compounds as required. The treatment conditions were identical to 

those used during experiments with these agents. The treated cells were then allowed to 

grow undisturbed for 7-10 days to allow colony formation before they were stained with 

methylene blue. Individual colonies on these dishes were counted visually. At least three 



dishes were treated cind counted for any treatment dose. All growth curves and survival 

assays were repeated thrice. 

Nude Mouse Tumorigenicitv Assay 

Four to six week old female athymic nude mice (CD-I, nu/nu, Charles River 

Labs) were obtained. These mice were housed in micro-isolator units at the Animal Care 

Facility of the University Medical Center as per the LACUC guidelines. Cells from late 

log phase cultures were suspended in saline and injected subcutaneously at four sites per 

mouse. Cell numbers per site are indicated in individual "Results". These mice were 

observed for tumor growth. Weekly measurements of tumor size were done and mmor 

area calculated as described (Barthelman et al., 1998) when indicated. All mice were 

sacrificed by carbon dioxide asphyxiation at the end of the experiments. A portion of the 

tumor from the mice was fixed in 10% buffered formalin and embedded in paraffin. The 

remainder was either snap frozen under liquid nitrogen or stored as frozen tissue 

embedded in OCT compound in cryomolds. 

For in-vivo tumor growth attenuation studies, 5x10® cells from 6M90 or 6R90 cell 

lines were injected subcutaneously at a single site into athymic nude mice (BALB/c 

nu/nu; Harlan Sprague Dawley). When the tumors reached a mean size between 50-100 

mm", the animals received thrice weekly intraperitoneal injections of pyrrolidine 

dithiocarbamate (PDTC, 100 mg/kg) or saline and were observed for the rate of tumor 

growth. 
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Two-Dimensional Gel Electrophoresis of Cvtoskeletal Proteins 

An insoluble protein fraction enriched in 10 nm intermediate filament proteins 

was extracted from 10 confluent 100 mm tissue culture plates according to published 

protocols (O'Farrell, 1975; Gard et al., 1979). Briefly, the plates were washed with PBS 

and the cells lysed in a low salt buffer. The lysate was then digested with DNAse I and 

pelleted at lOOOg. The protein pellet was re-extracted for enrichment of 10 nm filaments, 

which include cytokeratins and desmin. The proteins were resolved by non-equilibrium 

pH gradient electrophoresis (NEPHGE, O'Farrell et al., 1977) and isoelectric focusing 

and discontinuous SDS gel electrophoresis (lEF, Hubbard and Lazarides, 1979) as 

described. Bovine serum albumin (BS A) and actin were added to ±e samples as internal 

controls of known molecular weight and Pj. The gels were fixed in acetic acid/methanol 

and stained with Coomassie blue or silver stains. These protocols resolve protein by 

charge in one dimension and by molecular weight in the other and produce characteristic 

migration patterns on PAGE gels. Parallel sets of lEF gels were also transbloted onto 

Immobilon-P (Millipore) and analyzed by western blotting. 

Immunotiistochemical Staining of Tumor Tissue 

Cryostat sections of OCT embedded tumor tissue were first fixed in cold acetone 

and then incubated in 0.5% hydrogen peroxide to quench endogenous peroxidase activity. 

The specimens were blocked with 2% BS A in PBS for 30 minutes at room temperature 

and then incubated with the primary antibody against desmin, myoD or myogenin at 

1:100 dilution for another 30 minutes in a humidified chamber. After two rinses with 

PBS, the slides were incubated with a biotinylated anti-rabbit antibody followed by 
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Streptavidin HRP for 20 minutes each. The slides were then developed with 

diaminobenzene and counterstained with hematoxylin. Cryosections from mouse skeletal 

muscle and human prostate were used as controls. 

Reagents and Antibodies 

Antibodies against myoD, myogenin, p65 NFKB, ATF-2 were purchased from 

Santa Cruz Biotechnology. In-vitro MAP kinase assay kits, MEK-l/2 inhibitor PD 98059 

and antibody against Thr-71 phosphorylated ATF-2 were from New England Biolabs. N-

Acetyl-L-Cysteine (NAC), pyrrolidine dithiocarbamate (PDTC), hydrogen peroxide, 

lucigenin, luminol and rabbit polyclonal antibodies against desmin were obtained from 

Sigma. Trolox and MNNG were purchased from Aldrich. p38 MAP kinase inhibitor SB 

203580 and ras famesyl transferase inhibitor (FTase inhibitor I, Cat# 344510) were from 

from Calbiochem. Antibodies against Catalase were kindly provided by Dr. Margaret 

Briehl, Department of Pathology, University of Arizona, Tucson, AZ. 

Plasmids and Probes 

cDNA probes for c-mos and c-abl were obtained from American Type Culture 

Collections (ATTC, Rockville, MD). mdm2 and p53 probes were a gift from Dr. Jesse D 

Martinez, Department of Radiation Oncology, University of Arizona, Tucson, AZ. cDNA 

probes for c-jun, junB, junD, c-fos, fosB, fra-1, fra-2, GAPDH were obtained from 

ATTC. CMV-p-galactosidase reporter and PGL-2 basic luciferase reporter plasmids were 

from Promega. Collagenase-TRE, NFKB and CRE luciferase reporter plasmids were a 

gift from Dr. Zigang Dong, The Hormel Institute, Austin, MN. The TRE luciferase 
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construct has a single AP-1 binding site from the human collagenase promoter. NFKB 

luciferase construct has two NFKB binding sites from the HIV genome. The CRE site 

from the lAP gene promoter is the only cis-element present in the CRE luciferase vector. 

Catalase expression plasmid and Cu/Zn SOD, Mn SOD, diioredoxin, glutathione S-

transferase (Mu isoform) probes were obtained from Dr. Margaret Briehl, Department of 

Pathology, University of Arizona, Tucson, AZ. 

cDNA Expression Library Synthesis 

The cDNA for the expression libraries were synthesized using the cDNA 

synthesis kits from Gibco BRL. mRNA was isolated from total cellular RNA 

preparations using the Qiagen mRNA isolation columns. 4 jag of freshly isolated mRNA 

were reverse transcribed in the first strand synthesis reaction in a 20 |jJ reaction 

containing 50mM Tris pH 8.3, 75mM KCl, 3mM MgCL, lOmM DTT, 500 jiM each of 

dATP, dCTP, dTTP and dGTP (dCTP being ^"P labeled), 50 fig/ml of an oligo dT primer 

with an internal NotI site and 40,000 units/ml of Superscript II reverse transcriptase. The 

reaction was incubated at 42°C for 1 h. Products from the first strand synthesis were 

diluted to a 150 |xl reaction volume for second strand synthesis reaction containing 25mM 

Tris pH 7.5, lOOmM KCl, 5mM MgCh, lOmM (NH4)2S04,0.15mM p-NAD^, 250 ^tM 

each nucleotides, 1.2mM DTT, 65 units/ml ligase, 250 units/ml DNA polymerase I and 

13 units/ml RNAse H. The reaction was carried out at 16°C for 2 h following which 10 

units of T4 DNA polymerase were added and the reaction incubated for a further 5 

minutes. The tubes were then placed on ice and 10 |il of 0.5M EDTA added to stop the 
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reaction. cDNA fragments were cleaned by adding phenoI:cliloroform:isoamyI alcohol. 

140 fxl of the aqueous layer was transferred to a fresh tube and precipitated by adding 70 

of 7.5M ammonium acetate followed by 0.5 ml of cold absolute ethanol. The mixture 

was centrifiiged and the cDNA pellet rinsed with 70% ethanol, dried at 37°C for 10 

minutes and adapted with BstXI adaptors. Following the ligation of the adaptors, the 

cDNAs were restricted with NotI to generate a directional library with BstXI 5' ends and 

NotI 3' ends. The digestion products were size fractionated into single drop fractions on a 

Sephacel 4B size fractionation column. Amounts of cDNA in individual fractions were 

calculated based on Cherenkov counts. All fractions collected after a 550 |il cumulative 

eluate volume were discarded to exclude small fragments. Fractions with the highest 

cDNA content were pooled and precipitated to achieve a >lng/(4J cDNA concentration. 

These cDNA fractions, either in pools or individually were then subsequently ligated into 

the BstXI-NotI sites of the pCDNAS mammalian expression vector (Invitrogen Corp.). 

Ligation mixtures were transformed into TOPI OF'™ bacterial preparations and grown on 

LB-agar plates in the presence of ampicillin. The resulting colonies from a library were 

pooled and amplified by a single round of liquid phase amplification in LB broth. 

Plasmid DNA was extracted from these cultures using Qiagen plasmid maxi-prep kits. 

Stable Transfection of cDNA Libraries 

NIH 3T3 or C3H10T1/2 cells were plated at 5x10^ cells/100 nmi tissue culture 

dishes and allowed to grow overnight. The following day 15 (ig library plasmid was 

precipitated with calcium phosphate according to the published protocols (Ausubel et al.. 
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1987). DNA precipitates were added to cells in 5-ml volumes and the dishes incubated at 

37°C in a 5% CO2 atmosphere. Four hours after adding the precipitates, the medium was 

removed and replaced with 10 ml of fresh media. The cells were then allowed to grow for 

36-48 h till the dishes were subconfluent. The cultures were then trypsinized and plated at 

1:30 dilution. Sixteen hours later, 600 )ig/ml active G418 was added to the cultures. The 

medium was changed every 2-3 days and the surviving cells were grown till 70-80% 

confluency. The cells were harvested, pooled and injected at 3x10® cells/0.2 ml/ site on 

the flanks of athymic nude mice. Mice were monitored twice weekly for tumor 

formation. 

PCR Rescue of cDNAs from Tumor DNA 

For the rescue of the integrated cDNA from NIH 3T3 tumors, we used a PCR 

based approach. 1 |ag genomic DNA from these tumors was amplified in a PCR reaction 

using primers flanking the multiple cloning site of the pcDNA3 vector. The primer design 

and their positions in the vector are shown in Figure 2. The primer sequences were: 

upstream primer- 5'-CACTGCTTACTGGCTTATCG-3'; downstream primer- 5'-

CTAGTTGCCAGCCATCTGTTG-3'. 50 |jJ PCR conditions contained 100 ng of each 

primer, 80 |JM each nucleotides, 1.5 mM Mg"^ and 2.5 units Taq DNA polymerase in IX 

PCR buffer. After an initial denaturation for 5 minutes at 95°C, 30 cycles of PCR were 

carried out for 1 min at 95°C, 1 min at 55, 60 or 65°C and 1 min at 72°C. A final 

extension of 10 min at 72°C was used at the end of the PCR cycles. The PCR products 

were electrophoresed on 1% agarose gels in TAE buffer. Individual products were 
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Figure 2. A cartoon showing the PCR primers for cDNA rescue from tumor DNA. 

21 mer upstream and downstream primers were designed flanking the multiple cloning 
site. Primers against the T7 and Sp6 promoters were used for sequencing the PCR 
products. 



49 

excised and eluted from the gel with Qiagen gel extraction kits. These products were then 

sent out for sequencing at the Molecular Biology Core Service at the University of 

Arizona. Primers for the T7 or Sp6 promoter were used as sequencing primers. The 

positions of these sequences are indicated in Figure 2. Results from the sequencing 

reactions were compared with published sequences available in the GenBank using the 

GCG software. 

RT-PCR for D53 

Four microgram total RNA was reverse transcribed in a 20^1 reaction using I|iM 

dT[6, SOU RNAse inhibitor, SOOfoM dNTPs, ImM DTT and 300U Superscript RT 

(GIBCO, USA). 3ul from the reverse transcriptase reaction were amplified by PGR for 

p53. The entire coding sequence was amplified. The upstream primer was placed in the 

5'-untranslated region including the ATG translational start (nt 141-160; Gene Bank 

Accession Number KOI700; Zakut-Huori et al., 1983). The downstream primer was 

placed 40 bases downstream of the stop codon (nt 1371-1390). The primer sequences 

were: 5'-GCTTCTCCGAAGACTGGATG-3' (upstream primer) and 5'-

CCTTGCTGTCTTATGACTTC-3' (downstream primer). The wild type allele was 

predicted to give a 1249 bp amplimer with these primers. The PGR conditions were: 

denaturation at 95°C for 5 min followed by 30 cycles of 95''C for I min, 60''C for 1 min 

and ITC for Imin. A final extension of Smin at 72°C was used after the last cycle. The 

PGR products were separated on a 1% agarose gel, excised and then extracted from 

agarose using a gel extraction kit (Qiagen, USA). These products were then sequenced in 

both directions using internal sequencing primers on an automated sequencer. 
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PCR-RFLP and Cycle Sequencing for Ha-ras Mutations 

PCR-RFLP analyses for the 61" codon mutation in c-Ha-ras gene were performed 

using protocols previously developed in our laboratory (Finch and Bowden 1996; Finch 

et al., 1996). The published mouse genomic sequence for c-Ha-ras was used for the 

primer design (Brown et al., 1988). The nucleotide positions indicated for the primers 

have been derived from this published sequence (position 1 indicates the ATG 

translational start). Second exon of the c-Ha-ras gene was amplified in a nested PGR 

protocol. The primers used were: Stage 1 Upstream 5'-

CTGTGAATTCTCTGGTCTGAGGAG-3' (nt 224-267); Stage 1 Downstream 5'-

TAGGTGGCTCACCTGTACTG-3' (nt 491-510); Stage 2 Upstream 5'-

CTAAGCCTGTTGTTTTGCAGGAC-3' (nt 302-322) and Stage 2 Downstream 5'-

GGAACTTGGTGTTGTTGATGGC-3' (nt 455-475). Genomic DNA from the cells was 

restricted with 5 U/jig PstI and 5 U/|ag Hindin. Boiling for 10 minutes and snap cooling 

on ice terminated the reaction. l|xg of the digested DNA was added to a 50 |il PGR 

reaction containing 0.3 (iM each stage 1 primers, 4nM each dNTP and 2.4 units ULTma 

DNA polymerase (Perkin-EImer) in IX buffer. All PGR reactions were done by the "hot 

start method" where the polymerase is added to the reaction mixture with the tubes held 

at 85°C in a pre-heated thermal cycler. After an initial denaturation for 2 min at 97°C, 20 

cycles of PGR were carried out for I min at 97°C, 1 min at 60°C and 1 min at 72°C. The 

product was diluted 1: ICX) in water. In the second stage, 10 |il of the first-stage reaction 

were added in a 50 (il final reaction volume containing 06 ^iM each stage 2 primers, 

2.5mM MgCl2, 8^M each dNTP, I ^iCi [^¥]dCTP at 3,000 Gi/mM and 5 units of Stoffel 
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Fragment, ArapIiTaq DNA polymerase (Perkin-Elmer). After a denaturation step of 2 

min at 97°C, 12 cycles of PCR were carried out with 1 min at 97°C and 6 min at 67°C. A 

final extension of 20 min at 67°C was used. 

For the RFLP analysis, 10 pil of the second stage product was pipetted into the 

appropriate restriction buffer with or without 10 units of the diagnostic enzyme in a total 

volume of 30 and was incubated for 3-16 h under oil. Eight microliters of a non-

denaturing loading buffer were added to the digestion reactions. The samples were heated 

to 65°C for 5 min and 10 |jJ loaded onto a 0.4 nun thick IxTBE 10% polyacrylamide gels 

using a sequencing size vertical apparatus. Electrophoresis was carried out for 4 h at 500 

V. The gels were dried for 30 min at 80°C and exposed to film. 

For the analysis of 12''' codon mutations, direct sequencing of the amplified 

genomic DNA was done. First and second exons were amplified using a partially nested 

protocol. The PCR primers were: Stage 1 Upstream: 5'-

GCTAAGTGTGCTTCTCATTGGC-3' (nt-66 to-46); Stage 1 Downstream: 5'-

GGACACAGTCATGCCTGCAG-3' (nt 591-610). For the second stage, the upstream 

primer was the same. The Stage 2 Downstream primer was; 5'-

GGCACACGTGAGGAAGGTTCCGTG-3' (nt 530-553). The rest of the PCR conditions 

for the first and second stage for these reactions were identical to those used for PCR-

RFLP assays, except that no ^~P-labeled dCTP was used in the second stage. The PCR 

products from the second stage were gel purified and sequenced in a PCR based cycle 

sequencing reaction with the Amplicycle™ sequencing kit (Perkin-Elmer). a-^^S dATP 

incorporation was used to facilitate the visualization of the bands on sequencing gels. The 



upstream primer from the PRC reactions was used as a sequencing primer. Seven-deaza-

dGTP was used in the termination mixes to relieve sequence compression in the 

reactions. After an initial denaturation of 2 min at 95°C, 25 cycles of PGR were carried 

out for 1 min at 95°C, 1 min at 62°G and 1 min at 72°C. A final extension of 72°C was 

used at the end of cycles. AmpliTaq DNA polymerase was used as the sequencing 

enzyme. The sequencing products were resolved on 6% sequencing gels. The gels were 

dried and exposed to film. For wild type sequence, CarB and PDV DNA was used. Both 

these cell lines have been shown to have a wild type (GGA) sequence for the 12'*' codon. 

Southern Analyses 

Genomic DNA was isolated from cells/tumor material as indicated. Nucleic acids 

were extracted with phenol lysis buffer (phenol equilibriated with 0.5M sodium acetate 

pH 5.2,0.3M sodium acetate pH 7.5,0.5% SDS, 2mM EDTA) and chloroform/isoamyl 

alcohol mixture. RNA was precipitated from the DNA with 4M lithium chloride. DNA 

was precipitated from the supernatant with ethanol and dissolved in lOmM Tris. 20-50 |ag 

DNA was digested overnight to completion using restriction enzymes as indicated in the 

"Results" and the "Figure Legends". The completeness of the digestion was verified by 

separating a small aliquot of the reaction on a 1% agarose test gel. Presence of a DNA 

smear indicated that the digestion was complete. The rest of the reaction was then 

precipitated by adding 10% volume as 3M sodium acetate (pH 5.2) and 2.5 volumes of 

ice cold ethanol. The reaction was incubated at -20°C for 2 h and then centrifuged. The 

pellet was washed with 70% ethanol, air dried and then re-dissolved in lOmM Tris pH 
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8.5. 15 ng of ±e precipitated DNA from each sample was resolved on a 0.8% agarose gel 

in 1 xTBE overnight at 20 volts. The DNA fragments were denatured in the gel and then 

transferred on to GeneScreen membranes (Millipore, USA). The blots were hybridized at 

42°C overnight with a ^"P-labeled cDNA probe for the indicated gene. Excess, non-

specifically hybridized probe was removed by repeated washes with 2xSCC/l%SDS 

followed by 0.2xSCC/l%SDS. The blots were then exposed to film to visualize the 

hybridizing fragments. 

Northern Analyses 

Total cellular RNA was isolated from late log phase cultures using the guanidium 

isothiocyanate method as previously described (Chomczynski and Sacchi 1987). Fifteen 

microgram RNA were electrophoresed on a 1% agarose gels containing 40mM 

MOPS/0.66M formaldehyde and transferred to GeneScreen. The membranes were 

hybridized with ^"P-labeled cDNA probes following the protocol used for Southern blots. 

For analyses of the individual hybridizing bands, the blots were exposed to a 

phosphorimaging plate and quantitated on Image Quant (Molecular Dynamics). 

Hybridization intensities with a GAPDH probe were used as a loading control for all 

RNA samples in the analyses. 

Isolation of Nuclear Protein 

Nuclear proteins were isolated from 50-70% confluent cultures under conditions 

described in "Results" and "Figure Legends" using a previously described procedure 

(Dignam et al., 1983). The cells were rinsed twice with ice cold PBS and once in Buffer 
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A (lOmM EffiPES pH 1.9, 1.5mM MgCh, lOmM KCl, O.SmM DTT). The cells were then 

scraped into a microfiige tube and lysed in modified buffer A containing 0.1 % NP-40 by 

gentle rocking at 4°C for 30 minutes. The nuclei were pelleted and extracted by 

incubating in Buffer C (20mM HEPES pH 7.9,25% glycerol, 0.42M NaCl, 1.5mM 

MgCh, 0.2mM EDTA, O.SmM PMSF and O.SmM DTT) for 15 minutes at 4°C. Nuclear 

debris was removed by centrifiigation for IS minutes and the supernatant was diluted 1:6 

in Buffer D (20mM HEPES pH 7.9, 20% glycerol, O.IM KCl, 0.2mM EDTA, O.SmM 

PMSF and O.SmM DTT). The extracts were stored frozen at -80°C in small aliquots until 

used. 

Western Analyses 

For all western analyses, 20 |ig protein were resolved by 1.2% SDS-PAGE unless 

otherwise indicated. The proteins were transferred from the polyacrylamide gels onto 

Immobilon-P by electroblotting for 2 h at 225 mA or overnight at SO volts. The 

membranes were blocked with 5% milk in TEST (0.05% Tween-20, 20mM Tris HCl pH 

7.4,0.9% NaCl) for 30 minutes. These membranes were then incubated with the primary 

antibody in 5% milk/TBST at indicated dilutions. Excess primary antibody was removed 

with three 20 minute washes with TBST prior to 1 h incubation with a goat anti-rabbit or 

a goat anti-mouse secondary antibody (1:40,000 dilution) conjugated with horseradish 

peroxidase as indicated. The blots were developed with ECL western blotting detection 

reagents (Amersham) and exposed to X-ray film. A densitometric analysis of the films 

was done to quantitate individual band intensities. 
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Transient Transfections 

For the transient transfections with reporter constructs, the cells were seed in 6-

well dishes at 1.25x10^ cells per well. After 24 h, these cells were transfected in triplicate 

using DOTAP liposomal transfection reagent (Boehringer Mannheim). A total of 5 or 10 

{ig plasmid in 30 {xl HEPES/NaCl buffer (20niM HEPES, 150mM NaCl pH 7.4) along 

with 9 |xl DOTAP in 30 |xl HEPES/NaCl buffer was used per well. Diluted DNA and 

DOTAP were mixed together in polystyrene tubes and incubated at room temperature for 

15 minutes and then added to 2 ml of semm-free medium. The cells were rinsed once 

with serum free medium before the transfection medium was added. After 12 hours of 

transfection , 1 ml of serum containing medium was added and the cells incubated for a 

further 12 h. The cultures were then recovered from transfection in full strength medium 

for 12 h before various treatments as indicated in the "Results" section. 

Luciferase Assay 

Cells from transient transfections were lysed in 100 |il luciferase lysis buffer (1% 

Triton X-IOO, 25mM glycylglycine, 15mM MgS04,4mM EGTA and ImM DTT). The 

lysates were vortexed and then centrifuged to remove cell debris. Protein assays were 

performed on the lysates using a DC Protein Assay Kit (Bio Rad Laboratories). Thirty 

micrograms protein from the cell lysates was added to 180 |il of a luciferase assay 

solution (25mM glycylglycine, 15mM K3PO4, 15 mM MgS04, 4mM EGTA, 2niM ATP 

and ImM DTT). 100 {jJ of luciferin solution (25mM glycylglycine, ISmM MgS04, 4mM 

EGTA, 0.2niM luciferin, 2mM DTT) was injected into the samples with a ALL 
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Monolight 20IOC luminometer. Light emission from the reaction was integrated over a 

10-sec interval after a 2-sec delay and recorded as RLU's. Cell lysates from untransfected 

cultures were used as background controls in the assay. 

Measurement of Intracellular Reactive Oxygen Species Levels 

Luminol or lucigenin enhanced chemiluminescence assays were used to measure 

intracellular ROS levels (Rathakrishnan and Tiku, 1993; Yan and Spallholz, 1993; Irani 

et al., 1997). Cells were plated at confluent density (1 x lO^/cm") on cover slips or 12 nun 

tissue culture inserts (Falcon) and allowed to grow for 24 hours. Lucigenin assay was 

done by placing the cells in 0.25 mM lucigenin in Hepes buffered PBS (HPBS) and the 

luminescence recorded immediately for 1 minute with a Monolight 2010 luminometer 

(Irani et al., 1997). The luminol assay was done by incubating cells in Img/ml luminol in 

HPBS and measuring luminescence using a Beckman Liquid Scintillation Counter set in 

a single photon emission mode (Rathakrishnan and Tiku 1993). Background 

luminescence from cells alone was subtracted in both assays. For the NAC attenuation 

studies, the cultures were treated with indicated concentrations of the agent for 16 hours 

prior to the assay. 

DNA Synthesis Assay 

2x10"^ cells/cm" were plated in 24-well dishes and allowed to grow for 24 hours. 

The cultures were then synchronized by serum starvation for the next 24 hours following 

which the cells were re-stimulated with serum containing media. At this point the wells 

were treated in triplicate with antioxidants N-Acetyl-L-Cysteine (NAC, Sigma), Trolox 
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(Aldrich) or other agents in indicated experiments for 16 hours. For Mek-I inhibitor 

(PD98059, New England Biolabs) and p38 kinase inhibitor (SB203580, Calbiochem) the 

cultures were pretreated for 1 hour with the agents before shifting to serum containing 

media. ^H-Thymidine was added to the cultures at 1 (iCi/ml during the last 4 hours of 

incubation. The cultures were then harvested and processed for ^H-thymidine uptake 

according to published protocols (Game et al., 1992). Average ^H-thymidine uptake 

values were calculated as percent of untreated control samples for a cell line. Values from 

at least three independent experiments were averaged and 95% confidence intervals 

calculated. Toxicity of various agents used in the studies was determined by doing 

clonogenic survival assays on the cell lines under identical treatment conditions. 

In-vitro MAP Kinase Assays 

Subconfluent cultures were lysed in 20mM Tris pH 7.5, 150mM NaCl, ImM 

EDTA, 1% Triton X-lOO, 2.5mM sodium pyrophosphate, ImM |3-glycerophosphate, 

ImM sodium vanadate, 1 ng/ml, leupeptin, and ImM PMSF. 100 ^xg protein were 

incubated with phospho-specific Erk-1/2, JNK or p38 MAP kinase antibody with gentle 

rocking overnight at 4°C. Protein-A sepharose beads were then added and the mixture 

rotated at 4°C for another 3 h, washed twice in lysis buffer and twice in kinase buffer 

(25mM Tris pH 7.5, 5mM P-glycerophosphate, 2mM DTT, O.lmM sodium vanadate, 

lOmM MgCh). Beads were suspended in 50 fil kinase buffer with 100 |iM ATP and 0.5 

|ig substrate (Erk-1/2: Elk-1, New England Biolabs; JNK: c-Jun, Santa Cruz 

Biotechnology; p38 MAPK: ATF-2 Santa Cruz Biotechnology) and incubated at 30°C for 
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30 minutes. The samples were then boiled in SDS sample buffer (60mM Tris pH 6.8, 2% 

SDS, 5% p-mercaptoethanol, 10% glycerol, 0.001% bromophenol blue) and resolved on 

12.5% SDS-polyacrylamide gels. Phosphorylated proteins were detected by westem blot 

analyses using phospho-specific antibodies for the different substrates. 

HPLC Analysis for Glutathione 

5x10^ cells from late log phase cultures were suspended in 500 |il PBS (phosphate 

buffered saline). Cells were lysed by adding 100 |jJ of 70% perchloric acid and 50 jil of 

lOmM BPDS (. 50 |jJ from a ImM stock solution of y-glutamyl glutamate was added to 

the samples as an internal standard. The samples were frozen for 1.5 h and then spun at 

I4,000g for 5 minutes. The supematants were derivatized by adding 50 |jJ of lOOmM 

iodoacetic acid in 0.2mM m-cresol purple solution along with 480 |il of buffer (2M 

KOH, 2.4M KHCO3) and allowed to incubate in the dark for 10 minutes. 1 ml of the 

indicator (1 % FDNB in ethanol) was then added and the samples stored at 4°C overnight. 

The reactions were filtered using a 0.2|j.m filter and analyzed by HPLC with a 3-

aminopropyl column and a UV detector set at 365nm. Serial dilutions for GSH, GSSG 

and cysteine were prepared and used to generate standard curves within an experiment. 

This protocol has been previously described the specific detection of free thiols and 

disulfides in samples (Fariss and Reed 1987). 

Assays for Lipid Peroxidation 

Lipid peroxidation assays were performed using a previously published protocol 

(Stratton and Leibler 1997). The details of the assay are sununarized below. 
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Chemicals. Butylated hydroxytoluene (BHT) was from Sigma (St. Louis, MO). 

Sodium borohydride (NaBHU) and platinum oxide were from Aldrich (Milwaukee, WI). 

^ij(TrimethyIsilyl)trifluoroacetamide +1% trimethylchlorosilane (BSTFA + 1% TMCS) 

was from Pierce (Rockford, IL). 9-Hydroxymethyl linoleate (9-OH MeLin) and the 

deuterated internal standard 9-hydrox5miethyI linoleate-rfj (9-OH MeLin-t/j) were 

generous gifts from Dan Liebler, Ph.D. (University of Arizona). All other reagents and 

solvents were of the highest grade of purity available, and used as received. 

Lipid Extraction, NaBH4 Reduction, and Transesterification. Analysis of 

oxidized lipid was based on the method of Stratton & Liebler. Tumor cells in log phase 

growth were harvested and suspended in PBS (IxlO^ cells/ml). Samples (1 ml) were 

extracted with equal volumes of ethyl acetate and dried. Ethyl acetate contained BHT (22 

jig, 100 nmol) to prevent adventitious oxidation during treatment. Samples were 

redissolved in 1.5 ml methanol and treated with 5 mg NaBH4 for 30 min at room 

temperature. 3 ml HiO and 10 drops HCL (2.0 M) were added to the reaction mixture, 

and lipid was extracted with an equal volume of hexane/isopropanol (3:2 v/v). The 

solvent was evaporated with a gentle stream of Ni, and samples were redissolved in 1 ml 

KOH/methanol (100 mg/ml) for 10 min at room temperamre, followed by addition of 2 

ml potassium phosphate buffer (pH 7.00, 2.0 M). Samples were extracted with an equal 

volume of hexane/isopropanol (3:2 v/v), and transferred to 1.5 ml screw-cap autosampler 

vials. 

Lipid Derivatization and Catalytic Hydrogenation. Prior to derivatization, 25 

nmol 9-OH MeLin-i/i was added to each vial. Trimethylsilyl (TMS) ethers were 
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prepared by addition of ICQ |JL BSTFA + 1% TMCS to samples, which were sealed with 

a Teflon-lined cap and heated for 45 min at 65°C. After heating, samples were 

evaporated with a gentle stream of N2 and redissolved in 0.5 ml ethyl acetate. Platinum 

oxide (3 mg) was added to each vial and samples were purged with hydrogen gas for 2 

min to reduce samples to methyl stearate-O-TMS ethers. Solvent was evaporated with a 

gentle stream of Nt and samples were immediately redissolved in 0.5 ml toluene for GC-

MS analysis. The platinum catalyst settled to the bottom of the vial and did not interfere 

with sample injection. Calibration curves were prepared with standard 9-OH MeLin (1-

100 pmol), which was carried through the derivatization/hydrogenation procedure 

described above. 

GC-MS Analysis of Products. GC-MS was performed with a Fisons MD800 mass 

spectrometer coupled to a Carlo Erba 5000 series GC (Fisons Instruments, Beverly, MA). 

Samples were injected on-column with a Fisons A200S autosampler, separated on a 30 m 

X 0.25 mm i.d. DB-5ms capillary column (J&W Scientific, Folsom, CA) with helium as 

the carrier gas, and ionized with a 70-eV electron beam. The GC oven temperature was 

100°C for 2 min, programmed to 280°C at 15°C min"', and held for 2 min. The transfer 

line and source were maintained at 250°C and 200°C, respectively. Samples were 

monitored in the selected ion mode at m/z ratios for characteristic fragment ions of 9-0-

TMS methyl stearate and the corresponding trideuterolabeled internal standard. 
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Assay for Catalase Activity 

Catalase activity was determined by using a kinetic spectrophotometric assay that 

measures a decrease in the absorbance of hydrogen peroxide (Lu et al., 1993). Briefly, 

cells were grown to approximately 70% confluency on 100 mm" tissue culture plates, 

then trypsinized, pelleted, rinsed with PBS, respun and the PBS was removed. 

Approximately 100-150 (xl of catalase lysis buffer was added to the cell pellet. The lysis 

buffer contained 0.25 M sucrose, 10 mM Tris HCl, 1 mM EDTA, 0.5 mM DL-

dithiothreitol, 0.1 mM Phenylmethylsulfonyl fluoride, pH 7.5, and Triton X-100 at a final 

concentration of 1%. The pellet was for resuspended in the lysis buffer and incubated for 

30 minutes at 4 degrees. After the incubation, the suspension was centrifuged for 15 

minutes at 3,000 g. The supernatant was collected and used for the assay. Protein 

concentration was determined by BCA assay. 

The cell lysates were then assayed for the ability to reduce the absorbance of 

hydrogen peroxide at 240 nm over a period of two minutes. Seventy micrograms of the 

lysate was added to the assay buffer (35 mM phosphate buffer, pH 7.2 and 0.02 % Triton 

X) in a final volume of 970 {il. The reaction was started by adding 30 |jJ of 1% hydrogen 

peroxide, and observing a decrease in absorbance at 240 nm. 
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in. EXPERIMENTAL INDUCTION OF RHABDOMYOSARCOMA 

IN MICE WITH FRACTIONATED DOSES OF P-IRRADIATION 

Introduction 

It is now well recognized that ionizing radiation is a potent human carcinogen. 

With the exception of hematological cancers, the occurance of solid tumors has a long 

latency of about 3 decades. Amongst the identified risk factors, exposure during 

childhood significantly increases the risk of secondary malignancies (Robison and 

Mertens, 1993). Radiation therapy is an integral part of treatment protocols for a number 

of pediatric malignancies today. Recent advances in diagnosis and therapy have resulted 

in a significant improvement in survival rates amongst these patients and now there is a 

growing concern regarding the occurance of secondary malignant neoplasms within and 

outside the radiation field in these cases. There is an urgent need to gain a better 

understanding of these second cancers in order to design effective treatment and 

prevention strategies. 

The mouse skin model has been used to study ionizing radiation in complete 

carcinogenesis protocols. Data from experiments done by Ootsuyama and coworkers 

show that fractionated doses of radiation produce sarcomas and carcinomas with equal 

frequency (Ootsuyama and Tanooka, 1988) and a tumor spectrum similar to that seen in 

humans. While these results demonstrate the usefulness of the mouse skin model to study 

this phenomenon, there is only a limited amount of tumor material available from these 

experiments to conduct any molecular analysis. Our laboratory, therefore, repeated these 
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experiments with the intention to establish cell lines from skin and subcutaneous tumors. 

Dr. Kaya L. Andrews, a former graduate student in Dr. Bowden's laboratory, used 

fractionated doses of |3-irradiation in a tumor induction experiment in CD-I mice. Five 

tumors from this experiment were randomly selected and put in culture to establish cell 

lines. These tumor derived cell lines were used as the source material to study ionizing 

radiation as a complete carcinogen. 

Initially, we reanalyzed the tumor data from this experiment and performed 

tumorigenicity assays done to confirm that the cell lines were representative of their 

parent tumors. Subsequently, the tissue histology of primary tumors from which the cell 

lines were derived was studied in detail. Our analysis revealed that some of the cell lines 

were derived from poorly differentiated sarcomas. These tumors showed histological 

features consistent with the differential diagnosis of a rhabdomyosarcoma. We conducted 

smdies for expression of muscle specific biochemical markers on both the primary tumor 

material as well as the cell lines to confirm this diagnosis. 

Having established a firm histological diagnosis, molecular alterations in the five 

cell lines were studied. Two experimental strategies were used to achieve this aim. Using 

Southern and northern analyses, we first screened these cell lines for alterations in 

cellular oncogenes that have been found to be altered in radiation associated tumors 

(Heiber et al., 1990; Garte and Bums, 1991). This analysis included c-Ha-ras, c-Mos, c-

Abl, mdm-2, p53 and members of the Activator Protein-1 (AP-1) transcription factor 

complex-Jun and Fos families of transcription factors. Ha-ras mutations are a critical, 

early event in mouse skin carcinogenesis (for a review, see Yuspa 1998; Slaga et al 1996; 
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DiGiovanni 1992). Increased AP-1 transactivation and elevated c-jun expression have 

been previously seen in ionizing radiation progressed malignant variants of a keratinocyte 

cell line (Domman et al 1994). mdm-2 amplification and alterations in the p53 gene has 

been described in radiation induced human sarcomas (Brachman et al., 1991). Both c-

Mos and c-Abl are known to be activated by alterations in their genomic organization 

(Minden and Powson, 1992). Ionizing radiation induces single and double strand breaks 

in the DNA that result in deletions and rearrangements within gene sequences 

(Ootsuyama et al., 1994; Rauth 1987). 

In the second approach, a functional assay was employed to identify potentially 

novel radiation associated dominant transforming genes. The traditional methods for 

identification of dominant transforming activity from malignant cells have involved 

transfection of recipient, non-transformed cells with genomic tumor DNA. The 

transfectants were then screened for phenotypic transformation. Once a dominant 

transforming activity had been detected, the challenge was to identify genes responsible 

for the dominant transforming activity (Cooper et al., 1980). Typically, marker sequences 

were used to identify these genes. Species-specific repetitive DNA sequences (Eva and 

Aaronson, 1985) or exogenous tag sequences (Goldfarb et al., 1982; Brady et al., 1985) 

were used as markers for the identification of the transforming DNA. Multiple rounds of 

transfection were required to dilute away excess marker sequences and to ensure linkage 

of the marker to the transforming gene. To rescue the transforming activity, genomic 

libraries from the transformed clones were screened for marker sequences. Sequencing of 
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the positive clones revealed potential transforming genes linked to these markers (Blair et 

al. 1982; Goldfarb et al., 1982; Brown et al., 1984). 

With the development of eukaryotic expression vectors, cDNA libraries can now 

be utilized for transfection into recipient cells. These libraries can be screened in a single 

round of transfection and also circumvent the need to link the DNA with a genetic tag. 

This approach has been successfully employed to isolate oncogenes (Miki et al., 1991) as 

well as tumor suppressor genes (Kitayama et al., 1989). Andrews and co-workers 

modified this approach to include a functional screening of the cDNA library and a PCR 

based rescue of the transforming sequences. They identified the 16kDa subunit of mouse 

vacuolar H^-ATPase as a potential oncogene from a chemically induced tumor using this 

functional screen (Andrews et al., 1994). We employed a modified protocol of this 

approach to screen cDNA libraries from three radiation induced tumor cell lines. 

Results 

Data from the radiation carcinogenesis experiment 

In this section, we will briefly summarize the radiation carcinogenesis experiment 

previously done by Dr. Kaya L Andrews and present a reanalysis of the data. Fifty 6-

week-old female CD-1 mice (Charles River Labs, USA) were obtained and housed at the 

Animal Care Facility, University Medical Center. The backs of these mice were shaved 

and irradiated three times weekly with a 15.6-mm disk applicator containing 50mCi 

Strontium-90 (Radiochemical Center, Amersham, UK; maximum P-ray energy 2.24MeV; 

surface dose rate 15cGy/sec). During irradiation, the mice were immobilized in a body 
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mould with a hole for the application of the source near their tails. Initially, the dose 

per application was 5.5 Gy, but was reduced to 3.0 Gy per exposure after 15 weeks of 

treatment on Day 103. All dose calculations were made at the surface of the applicator. 

The output of the radiation source was estimated more than once during treatment and 

was found to be consistent at ail times. The mice were irradiated until 35.4 weeks (Day 

246) and then kept under observation until a palpable tumor appeared or they died. The 

last of the mice were sacrificed on Day 712. 

Prior to each treatment, the radiation area was inspected for acute radiation 

reactions, which were noted as erythema and dry or moist desquamation. First radiation 

reactions were observed during the third week of treatment. These skin reactions started 

as increasing erythema of the treated skin that progressed to dry and then moist 

desquamation. By Day 52 of the treatment, almost all mice had developed severe moist 

desquamation of the treated skin that later sloughed off and resulted in a non-healing 

ulcer in many cases. A total of 18 mice died during follow up before any tumors could be 

seen. Twenty-seven mmors were seen and harvested during the follow up period. Based 

on the light microscopy features, 15 of 27 tumors were diagnosed as SCC, while for 12 

tumors a diagnosis of sarcoma was made. Of the 12 sarcomas, 9 were poorly 

differentiated sarcomas. The other three sarcomas were an osteosarcoma, a fibrosarcoma 

and a malignant fibrous histiocytoma (MFH). Cell lines from 5 randomly selected tumors 

were established. Of these, three were from poorly differentiated sarcomas while the 

other two were from a MFH and a SCC respectively. The MFH tumor and its cell line 

were labeled 2-3 and the SCC tumor and cell line 5-2. The other three sarcoma tumors 
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and their cell lines were identified as 1-2,9-1 and 11-1 (Andrews 1993). These cell lines 

and their parent tumor materials were used for further analyses in our studies. 

The tumor data from this experiment was reanalyzed to calculate cumulative 

tumor incidence by Kaplan-Meier analysis, which is shown in Figure 3. No tumors were 

seen while the mice were still on treatment. The first tumor appeared 3 weeks after the 

last treatment on Day 268 after a total dose of 428 Gy in 106 fractions. A 50% 

cumulative tumor incidence was reached on Day 483.The last surviving mice were 

sacrificed on Day 712. The overall cumulative tumor incidence was 84% in this 

experiment. All the tumors were seen arising from the edge of the radiation field. In 

many cases, where there was a persistent severe radiation reaction (a persistent moist 

desquamation), the tumors appeared to be arising from ±e underlying fascia and muscle. 

These tumors appeared to be growing more aggressively than others. 

Before we attempted to characterize the 5 cell lines and their parent tumors for the 

tumor type, we evaluated the tumorigenic potential of the cell lines. Five million cells 

from subconfluent cultures were injected into athymic nude mice. Four subcutaneous 

sites were injected on each mouse; four mice were injected with a given cell line. These 

mice were then observed for tumor development on a weekly basis. Progressively 

growing tumors from all five cell lines were observed within 4-6 weeks post- injection. 

Some of the animals were sacrificed to obtain tumor material for histopathological 

analyses. Sections from formalin fixed, paraffin embedded tumor tissue were stained with 

hematoxylin and eosin. Light microscopy features on these tumors were compared to 

those seen on sections from parental tumors from with the cell lines were derived. We 
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Figure 3. Graph showing tumor incidence with time. 

The cumulative tumor incidence was calculated using the Kaplan-Meier method. Hatch 
marks represent mice that died prematurely without developing tumors. The dose was 
reduced from 5.5 Gy to 3 Gy per application on Day 103. Irradiation was terminated on 
Day 246. The first tumor was observed on Day 268; last tumor was harvested on Day 
712. 
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found that histological features of both sets of tumors were very similar (data not shown). 

These findings strongly suggested that the cell lines were a good representation of their 

primary tumors and could be used instead of the tumor material to study molecular 

alterations in ionizing radiation carcinogenesis. 

Primary tumors for 3 cell lines are rhabdomyosarcomas 

Of the five cell lines, we already knew that two were derived from a squamous 

cell carcinoma and malignant fibrous histiocytoma respectively. The other three were 

derived from a poorly differentiated sarcoma. We reviewed the light microscopy feamres 

of all the parental tumor specimens with the help of Dr. Ray Nagle in the Department of 

Pathology, University Medical Center. Our findings are summarized in Table I. Tumors 

2-3 and 5-2 were confirmed to be MFH and SCC respectively. All the tumors were seen 

to infiltrate normal skeletal muscle and in some cases, underlying bone. It was difficult to 

distinguish whether some of the sarcomas were infiltrating or actually arising from these 

structures themselves. The three poorly differentiated sarcomas also showed varying 

amounts of spindle and primitive round cells dispersed in a myxoid background. This 

histology is frequently seen in rhabdoid tumors (Kyriakos 1990; Newton et al., 1995). 

These findings prompted us to study the expression of muscle specific biochemical 

markers in the tumors to establish the diagnosis of rhabdomyosarcoma (RMS). 

Biochemical markers are the mainstays to determine the histogenesis and patterns 

of differentiation of soft tissue sarcomas. Expression of intermediate filaments, a part of 

the cell cytoskeleton and also called the lOnm filaments by virme of their characteristic 

size, has been found to be fairly restricted to a subset of cells and tumors and this feature 
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TABLE I 

Parent tumor histology and immimohistochemistry 

Tumor 

(Cell Line) 

Light Microscopic Features and Immunohistochemistry 

Rhabdoid tumor 

(1-2) 

Infiltration of normal skeletal muscle by interdigitating 

fascicles of spindle shaped cells with elongated nuclei. No 

giant cells seen. Extracellular matrix was scant. 

MFH 

(2-3) 

Pleomorphic neoplasm with large hyperchromatic nuclei and 

multiple prominent nucleoli. Giant cells and foam cells seen. 

Inflammatory cells scattered throughout the tumor. 

see 

(5-2) 

Trebaculae of epithelial cells showing squamous 

differentiation characterized by peripheral basaloid-like cells 

with mature to central keratin pearls in an overall fine 

trebacular pattern. 

Rhabdoid tumor 

(9-1) 

Tumor seen invading the muscle and bone and comprises of 

fairly uniform spindle cells that are closely packed. Prominent 

mitoses seen. 

Rhabdoid tumor 

( l l - l )  

An alveolar pattern seen with tumor cells forming concentric 

whorls. Tumor cells characterized by pleomorphic rounded 

nuclei and prominent nucleoli. Considerable lymphocytic 

infiltrate present. 
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is exploited in the sub-classification of sarcomas. Of the intermediate filaments, desmin, 

myogenin and MyoD expression have been shown to be specific for muscle tissue 

(Hibshoosh and Lattes, 1997). Desmin is a 55kDa component of the cytoskeleton of 

skeletal, cardiac and smooth muscle cells. Its expression is detected in 80-100% of RMS 

(Parham et al., 1991; Rangdaeng and Traong, 1991). In the normal skeletal muscle, 

desmin localizes to the Z-bands that appear as characteristic cross striations (Osinska and 

Lemanski. 1989; Takahashi et al., 1988). MyoD and myogenin are nuclear 

phosphoproteins that belong to the family of muscle specific transcription factors and are 

detected in RMS and other tumors of myogenic origin (Dias et al., 1992; Hibshoosh and 

Lattes, 1997). 

We used polyclonal antibodies against desmin, MyoD and myogenin to perform 

immunohistochemical studies on cryosections from the parental tumors. Sections from 

mouse skeletal muscle and human prostate were used as controls in studies for desmin 

expression. We did not see any positive staining for MyoD and myogenin on the tumors 

and therefore used the results from desmin staining for the diagnosis. On the sections 

from the prostate, the smooth muscle stained strongly positive with the desmin antibody. 

The prostate epithelial and fibroblast stromal cells were negative for staining. The mouse 

skeletal muscle showed an intense uniform cytoplasmic staining with the antibody. In 

some sections, banding patterns suggestive of Z-bands could be seen (data not shown). 

These observations demonstrated that our antibody specifically recognized desmin in 

tissue samples. In the parental tumors 1-2,9-1 and 11-1, the three poorly differentiated 

sarcomas, stained positive for desmin. In these tumors, desmin was detected both in the 
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entrapped normal skeletal muscle as well as in the cytoplasm of neoplastic cells. Tumors 

5-2 (SCC) and 2-3 (MFH) were negative for desmin. In these specimens, while the 

muscle fibers stained strongly positive, the tumor cells did not stain at all or stained very 

weakly. Figure 4 shows representative photomicrographs from rhabdoid tumor 1-2 and 

SCC tumor 5-2 for tumor histology and desmin expression. In summary, 

immunohistochemistry studies showed that tumors 1-2, 9-1 and I I-l were positive for 

desmin expression and were, therefore, rhabdomyosarcomas. Tumors 2-3 and 5-2 did not 

express any muscle specific markers and were MFH and SCC respectively. Since we had 

already established that the cell lines were fairly representative of their parent tumors, 

these observations suggested that we had three radiation induced rhabdomyosarcoma cell 

lines. 

Both rhabdomyosarcoma as well as squamous cell carcinoma cell lines express 

tissue specific markers 

To further substantiate our contention that the cell lines were representative of 

their parent tumors, we proceeded to demonstrate that the RMS tumor cell lines also 

expressed desmin. In addition, since the diagnosis of SCC on cell line 5-2 was based 

solely on the microscopic features of the parent tumor, we wanted to investigate whether 

this cell line expressed cytokeratins. This is one class of intermediate filaments that 

represent a group of 20 different polypeptides. Their expression is the hallmark of tumors 

of epithelial origin (Hibshoosh and Lattes, 1997). At the time of these experiments, no 

antibodies were available against mouse cytokeratins, preventing us to performing 

immunocytochemistry on the cells. We, therefore, employed two-dimensional gel 



Figure 4. Photomicrographs showing parent tumor liistoiogy and 
immunohistochemical staining for desmin in representative tumors. 
Panels A and C show tumor histology on formalin fixed, parafBn embedded sections 
stained with H&E from the rhabdoid tumor 1-2 (A) and SCC 5-2 (C). Panels B and D 
show cryosections from tumors 1-2 and 5-2 respectively stained for the expression of 
desmin. The entrapped skeletal muscle fibers ( arrowheads) in these tumors served as 
intemal positive controls for expression of desmin (25X magnification). 
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electrophoresis to study the composition of intermediate filaments in the cell lines. The 

technique involves the electrophoresis of proteins across a pH gradient in the first 

dimension by isoelectric focusing (lEF). This separates the proteins based on their 

charge. Subsequently the extracts are separated on a SDS PAGE gel in a direction 

perpendicular to the first, which resolves these proteins by their molecular weight. Since 

each protein in the intermediate filament extracts carries a unique charge and a molecular 

weight, this resolution in two dimensions produces characteristic migration patterns that 

are unique and diagnostic for a given protein. On the lEF gels, desmin migrates at a Pi of 

-5.7 with an apparent molecular weight of SOkDa. Usually two isoforms, alpha and beta 

desmin can be seen on Coomassie stained gels just above and towards the acidic end of 

the migration position for actin (Gard et al., 1979). Two-dimensional gel electrophoresis 

has been a very useful tool to identify and characterize proteins when other diagnostic 

tools are unavailable (O'Farrell 1975; O'Farrell et al., 1977; Gard et al., 1979; Hubbard 

and Lazarides, 1979). A modification of this technique, non-equilibrium pH gradient 

electrophoresis (NEPHGE) has also been described where the proteins are resolved in the 

first dimension using isoelectric focussing under non-equilibrium conditions and is 

particularly useful for studying cytokeratin expression (O'Farrell et al., 1977). 

We carried out both EEF as well as NEPHGE analyses on intermediate filament 

protein extracts from cell lines. Bovine semm albumin (BS A) and actin were added to 

protein extracts prior to electrophoresis to allow identification of the proteins of interest 

by their relative position of migration on the second dimension. Results from the two-

dimensional gel electrophoreses are shown in Figures 5A and 5B. We also resolved 
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Figure 5A. Micrographs of two-dimensional gel electrophoresis and western 
analysis. 
Insoluble protein extracts were analyzed by NEPHGE and 1£F (see "Methods") and the 
gels stained with Coomassie (column 1) or were transbloted and probed with an anti-
desmia antibody (column 2). The first dimension is from left (basic end) to right (acidic 
end). The second dimension is top to bottom. Micrograph IE shows a Coomassie stained 
NEPHGE gel for cell line 5-2. All others are lEF gels tom cell lines 1-2 (A, B), 2-3 (C, 
D) and 5-2 (F). Desmin is identified as "d". Actin, bovine serum albumin, keratin and 
vimentin are indicated by "a", "b", "k" and "v" respectively. 
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Figure SB. Micrographs of two-dimensional gel electrophoresis and western 
analysis. 
Insoluble protein extracts were analyzed by NEPHGE and lEF (see "Methods") and 
the gels stained with Coomassie (column I) or were transbloted and probed with an 
anti-desmin antibody (column 2). The first dimension is from left (basic end) to right 
(acidic end). The second dimension is top to bottom. Ail images are from lEF gels 
from cell lines 9-1 (G, H) and 11-1(1, J). Desmin is identified as "d". Actin, bovine 
serum albumin, keratin and vimentin are indicated by "a", "b", "k" and "v" 
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protein extracts from mouse skeletal muscle as positive controls (data not shown). Cell 

lines 1-2, 9-1 and 11-1 showed protein spots corresponding to desmin on Coomassie 

stained gels (panels lA, IG and II). In contrast, cell line 2-3 did not show any protein 

spots that would correspond to desmin as visualized on Coomassie staining (panel IC). 

We also stained a parallel set of gels with silver stain, which is more sensitive that 

Coomassie for detecting smaller amounts of protein. We did not visualize any desmin on 

gels from the cell line 2-3, thereby substantiating the diagnosis of MFH for this cell line 

by exclusion. These observations confirmed that cell lines 1-2, 9-1 and 11-1 were indeed 

derived from RMS and also expressed the muscle specific biochemical marker in culture. 

The intermediate filament extract from the cell line 5-2 showed the presence of 

cytokeratins upon Coomassie staining (Figure 5A, panel IE). We identified the proteins 

to be cytokeratins based on previously published gel images from protein extracts 

containing cytokeratins (O'Farrell et al., 1977). No desmin was detected on these gels. 

This confirmed that the cell line 5-2 was epithelial in nature. 

To further substantiate the findings of Coomassie gels, parallel sets of lEF gels 

were transbloted and analyzed by western analysis using the anti-desmin antibody 

(Figures 5A and 5B, colunm 2). These blots reconfirmed the presence of desmin in cell 

lines. In agreement with our previous observations, no desmin was detected on western 

blots from cell lines 2-3 (panel 2D) as well as SCC cell line 5-2 (panel 2F). The anti-

desmin antibody was found to cross-react with actin and cytokeratin on the western 

analysis. Based on the results from immunohistochemistry on the primary tumors and 

two-dimensional gel electrophoresis results, we established that cell lines 1-2, 9-1 and 11-
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I were derived from a rhabdomyosarcoma, 2-3 from a malignant fibrous histiocytoma 

and the cell line 5-2 was derived firom a squamous cell carcinoma. These results are 

summarized in Table II. 

The fact that three of the cell lines were from radiation induced RMS tumors was 

of immense interest to us. Whereas radiation induced RMS is a well recognized 

secondary malignant neoplasm in humans, this histology has never been described in 

animal smdies for ionizing radiation carcinogenesis. Rhabdomyosarcoma arising from the 

orbital or temporal muscles within the irradiated field has frequently been reported in 

children treated with therapeutic irradiation for retinoblastoma, a malignant tumor of the 

retina (Meadows et al., 1977, 1985; Hawkins et al., 1987; Schwartz et al., 1988; 

Hasegawa et al., 1998). The cumulative mortality at 40 years in children with 

retinoblastoma is much higher (30%) in the irradiated children versus 6% for the non-

irradiated groups as a result of these poor prognosis secondary malignant tumors 

(Kalapurakal and Thomas, 1997). We felt that the RMS cell lines provided us with a 

unique opportunity to study the molecular alterations in these important secondary 

malignant neoplasms. We, therefore, proceed to use the cell lines as the source material 

for this analysis. 

Molecular alterations in the cell lines 

Using Southern and northern analyses, we evaluated the cell lines for alterations 

in cellular oncogenes that have been found to be altered in radiation associated tumors. 

We analyzed the c-Ha -ras gene by PCR amplification of the genomic fragment 

including the first and second exons and sequencing of the PCR product. Particular 
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TABLEn 

Final histological diagnosis 

Cell Line Desmin expression Final diagnosis 

1-2 + Rhabdomyosarcoma 

2-3 - Malignant Fibrous Histiocytoma 

5-2 Keratins +; no desmin Squamous Cell Carcinoma 

9-1 + Rhabdomyosarcoma 

I l - I  + Rhabdomyosarcoma 
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emphasis was placed on sequence analyses around the ll"* and 61®' codon, activating 

mutations are most frequent (see Yuspa, 1998). Ha-ras sequence was found to be wild 

type by this analysis. We performed Southern analyses on genomic DNA isolated from 

the cell lines for c-mos, c-abl and mdm-2. Using genomic DNA from mouse dermal 

fibroblasts as controls in these assays, we determined that none of these genes were 

altered in the cell lines (data not shown). We did not find any evidence for gene 

amplification or gene deletion/rearrangement at these loci. We also characterized the 

expression of messenger RNA for Jun family members: c-jun, junB and junD, as well as 

Fos family members: c-fos, fosB, fra-1 and fra-2 by northern analysis. The expression 

levels of these AP-1 family members were found to be comparable to the levels seen in 

fibroblasts in culture. Based on these data, we concluded that none of these oncogenes 

were altered in our cell lines. 

Inactivation of tumor suppressor genes has also been previously reported in 

radiation induced human sarcomas (Brachman et al., 1991) and in radiation induced 

mouse skin namors (Ootsuyama et al., 1994). We examined our cell lines at the p53 locus. 

Gross genomic organization of the p53 gene locus was evaluated by Southern analysis. 

EcoRI or Hindin digests of genomic DNA from the cell lines as well as mouse dermal 

fibroblasts were probed with a ^~P labeled cDNA probe for mouse p53. EcoRI digest 

results in a 15-kb fragment form the gene and a 3.2-kb fragment from the pseudogene. 

Hindin digest produces an 8-kb fragment from the gene and 2.5 kb piece from the 

pseudogene (Beinz et al., 1984). Results from a representative blot are shown in Figure 6. 

Cell lines 1-2 and 2-3 showed altered hybridization patterns on the HindTTI digest (panel 
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Figure 6. Cell lines 1-2 and 2-3 have structural alterations in p53 gene. 

Genomic DNA from cell lines was restricted with EcoRI (panel A) or HindHI (panel B), 
electrophoresed on an agarose gel and transferred onto a nylon membrane. These 
membranes were probed with a ^"P labeled p53 cDNA fragment. DNA from fibroblasts 
(FB) was used as a normal control. Hybridizing fragments from the p53 gene (closed 
arrowheads) as well as pseudogene (open arrowheads) were identified based on published 
data and hybridization pattern seen with fibroblast DNA. RMS cell line 1-2 and MFH cell 
line 2-3 showed additional hybridizing fragments (arrows). SCC cell line 5-2 and RMS 
cell lines 9-1 and 11-1 had a normal hybridization pattern. 
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B). EcoRI digest showed smaller hybridizing fragments in the cell line 1-2. These data 

suggested that one of the p53 alleles in these cell lines was altered. The other three cell 

lines showed hybridization patterns similar to those seen in fibroblast DNA, indicating 

that the genomic organization of their p53 alleles was normal. Based on the relative 

intensities of the hybridizing fragments we also did not find any evidence for a loss of 

p53 allele in the cell lines. We then conducted northern analysis to evaluate the steady 

state message levels for p53 in the cell lines. We found that the RMS cell line 1-2 

expressed a truncated form of p53 in addition to the wild type size message (Figure 7). 

MFH cell line 2-3 also expressed a truncated message; however, no wild type size 

transcript was detected. These findings were in agreement with the results obtained from 

the Southern analysis for p53 gene where we had demonstrated that cell lines 1-2 and 2-3 

contained structural alterations at this gene locus. The RMS cell lines 9-1 and II -1 were 

found to express very low levels of p53 messenger RNA and we were unsure if these 

cells also expressed truncated forms of p53 at levels that were undetectable by this 

technique. 

To further investigate the p53 expression patterns in these cell lines we decided to 

use the very sensitive RT-PCR technique. The same total RNA aliquots that were used 

for northern analyses were reverse transcribed using an oligo dT primer. For the PCR, we 

designed primers to encompass the entire coding sequence of the p53 cDNA. The 

upstream primer included the ATG translational start so that we preferentially amplified 

only those messages that contained a potential reading frame. The wild type allele was 

predicted to give a 1249 bp amplimer with these primers. As is seen on the representative 
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Figure 7. The mesenchymal cell lines show altered expression of p53 mRNA. 

Northern analysis was performed using ISfig per lane of total RNA isolated from each of 
the five tumor cell lines as well murine dermal fibroblasts in culture. The blot was probed 
with a ^~P-labeled cDNA insert of p53 or GAPDH. 
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gels in Figure 8, only wild type size message was amplified in RMS cell lines 9-1 and 11-

l, and see cell line 5-2. We did not detect any other RT-PCR products in these cells. A 

600-bp truncated product was amplified from MFH cell line 2-3, showing that this cell 

line was homozygous for mutant p53 message. Interestingly, only the wild type size 

product was amplified from cell line 1-2. This finding suggested that the truncated 

message seen on the northern blot perhaps contained sequence alterations in the regions 

where the PGR primers annealed. We gel purified the RT-PCR products and sequenced 

them in both directions for all the cell lines. The sequences were aligned with the 

published cDNA sequence for mouse p53 (Zakut-Houri et al., 1983). Results from the 

sequence analysis are summarized in Table HI. p53 sequence for cell lines 5-2, 9-1 and 

Il-l was found to be normal. The truncated product from MFH cell line 2-3 had the 

majority of the transactivation and DNA binding domains deleted and replaced with a 35-

bp insertion of non-coding sequence. The apparent wild type size product from RMS cell 

line 1-2 in fact showed a 72-bp deletion in the DNA binding domain that disrupted the 

reading frame. Taken together with the results from southern and northern analyses, these 

data showed that cell lines 1-2 and 2-3 appeared to have a p53 null phenotype and did not 

express a functional p53. The RMS cell lines 9-1 and 11-1 expressed very low levels of 

wild type p53 message. p53 status of SCC cell line 5-2 also appeared to be normal. 

In order to further substantiate these findings, we used the induction of p53 

dependent gene transcription as a functional assay for p53 phenotype in the cell lines. 

mdm-2 gene is a transcriptional target of p53 and is rapidly induced in a p53 dependent 

manner following acute exposure to genotoxic agents (Barak et al., 1993; Perry et al.. 
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Figure 8. RT-PCR analysis of p53 message in tumor cell lines. 

Four micrograms of total cellular RNA from each cell line was reverse transcribed with 
Superscript n™ reverse transcriptase and PGR amplified using primers encompassing the 
coding sequence of p53 as described in "Materials and Methods". The PGR conditions 
were: denaturation at 95''C for 5 min followed by 30 cycles of 95°G for 1 min, 60°G for I 
min and 72°G for I min. A final extension of 5min at 72°C was used after the last cycle. 
Products were run out on a 1% agarose gel, stained with ethidium bromide and visualized 
using a UV light box.. The wild-type RT-PGR product was predicted to be 1249 bp size. 
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TABLEm 

Sequence analysis of RT-PCR product for p53 

Cell Line P53 sequence 

1-2 (RMS) 72 bp deletion (nt 1068-1139) in the 3' end 

2-3 (MFH) 742 bp deletion (nt 241-961); 35 bp insertion of non-coding sequence 

5-2 (SCO Wild type 

9-1 (RMS) Wild type 

11-1 (RMS) Wild type 
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1993). Based on our Southern analyses, we had already obtained evidence that the mdm-

2 gene was intact these cell lines. We hypothesized that if the p53 status of cell lines 5-2, 

9-1 and 11-1 was wild type, then we should be able to induce mdm-2 expression in these 

cells following acute exposure to a single dose of ionizing radiation. We treated 

subconfluent cultures from all the cell lines with 5Gy of y-rays from a "^^Co source and 

extracted total cellular RNA every 30 minutes for the first 2 hours and then every hour till 

6 hours post-exposure. These samples were then analyzed for mdm-2 expression on a 

northern blot. Results from some of the early time points are shown on a representative 

blot in Figure 9. Whereas three of the five cell lines expressed wild type p53 sequence, 

only the SCC cell line 5-2 showed a statistically significant induction in mdm-2 steady 

state message (4.3 ±1.48 fold; p<0.05) at 2 hours post radiation exposure. We also noted 

that it was the only cell line that showed significant levels of p53 expression by northem 

analysis (see Figure 9). None of the other cell lines showed any induction for up to 6 

hours post treatment (data not shown). 

The results presented in this section provide evidence that four of the five 

radiation induced tumor cell lines have a p53 null phenotype. Two of these four, RMS 

cell line 1-2 and MFH cell line 2-3 do not express a wild type p53 message, which 

accounts for their inability to induce mdm-2 expression following exposure to gamma 

rays. None of the five cell lines show structural alterations in oncogenes previously found 

to be mutated in radiation induced cancers. These findings suggest that they may carry 

other, perhaps novel, dominant transforming activity(ies) that plays a functional role in 
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Figure 9. SCC ceil line 5-2 shows induction of mdm-2 expression following exposure 
to y-rays. 

Subconfluent cultures of all tumor cell lines were treated with a single dose of 5Gy y-rays 
from a ^Co source. Total cellular RNA was extracted at indicated times post-exposure. 
Northern bolt analysis was performed using I5|j,g RNA per lane. The blot was probed 
with a ^~P-labeled cDNA insert for mdm-2 or GAPDH. 
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their tumorigenic phenotype. We, therefore, decided to pursue an alternative approach to 

identify these genes. 

Synthesis and transfection of cDNA expression libraries 

cDNA expression library is an array of DNA copies from a messenger RNA 

population that are cloned and propagated in a mammalian expression vector. Screening 

of these libraries involves its transfection and expression in a recipient cell line. Stable 

transfectants are then screened for a predetermined end-point such as acquisition of a 

transformed phenotype. 

For our experiments, we chose pcDNA3 (Invitrogen Corp., CA) as the 

mammalian expression vector for cloning the cDNAs. This vector has a human 

cytomegalovirus major inunediate early promoter/enhancer that drives the expression of 

the cloned inserts, and a neomycin resistance marker for the selection of stable 

transformants in the presence of G418. Three cDNA libraries were synthesized, one each 

from the RMS cell lines 9-1 and 11-1 and the third from the SCC cell line 5-2. Freshly 

isolated poly A^ mRNA from these cells was converted into cDNA with the GIBCO BRL 

Superscript plasmid system for cDNA synthesis and plasmid cloning (Life Technologies, 

MD). The details of the cDNA synthesis protocol are presented in "Materials and 

Methods". Following the final column purification of the cDNAs, eluate fractions 

containing cDNAs larger than Ikb were directionally cloned into the pcDNA3 vector that 

had been cut with Bstxl and Notl. The ligation reactions were transformed into E. coli 

(TOPIOF' strain, Invitrogen Corp. CA) and plated on LB-agar plates containing 

ampicillin to select for bacterial colonies carrying the plasmid. Based on the number of 
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colonies seen after 24 h of incubation, we estimated each of the libraries to contain 

250,000 to 350,000 clones. These clones were pooled and propagated in a single round of 

liquid amplification to obtain sufficient amounts of plasmid DNA for transfection of 

recipient cells. Prior to transfection, we restricted the libraries with Bstxl and NotI and 

resolved the reaction on a 1 % agarose gel to estimate the size of the inserts. The average 

size of the inserts was l.8-kb with a range between 750bp and >6kb (gel images not 

shown). 

We chose NIH3T3 and C3H10T1/2 cells as the two recipient cell lines for the 

cDNA libraries. Our desired end point following stable transfection was the emergence of 

a tumorigenic phenotype in a nude mouse tumorigenicity assay. We hypothesized that if 

our cDNA libraries contained full-length clones of transforming genes, then their stable 

integration and expression in the non-tumorigenic recipient cells should transform them 

into a tumorigenic phenotype. NIH3T3 have been the most commonly used cell type in 

transformation assays and isolation of oncogenes. C3H10TI/2 cells have been widely 

used to study ionizing radiation induced cellular transformation in-vitro. There is 

evidence that single doses of ionizing radiation can transform these cells (Hieber et al., 

1989, 1987; Krolewski B and Little JB, 1989; Schillaci et al., 1989), suggesting that these 

mouse cells may be sensitive to radiation effects. We felt that these cells have a 

conducive genetic background and, therefore, may be easily transformed by a radiation-

associated dominant transforming activity. In addition, transformation of NIH3T3 cells is 

heavily biased towards Ha-ras and ras-related genes. No such bias has been shown for 

C3H10T1/2 cells. We chose the calcium phosphate precipitation method (Ausubel et al.. 
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1987) to transfect these cells with the libraries. Under these conditions we estimated the 

transfection efficiencies to be between 70-85% when we transfected the cells with a 

CMV P-galactosidase expression vector. We transfected both the recipient cells with the 

three cDNA libraries as well as the pcDNA3 parental vector without any insert in 

separate transfections and selected the cultures with G418. Stable transfectants from 

individual libraries were pooled and injected at 3x10® cells per site subcutaneously into 

athymic nude mice. We injected a total of 16 sites for each recipient cell line from a 

library. Over the next 16 weeks, we saw 12 tumors at sites injected with NIH3T3 cells 

transfected with the cDNA libraries. No tumors were seen from cells transfected with the 

parental vector. Unfortunately, we did not see any tumors from C3H10TI/2 cells 

transfected with the libraries during this follow-up period. Five of the NIH3T3 tumors 

were from 5-2 cDNA library and were identified as tumor 5-2 A through E, 4 from the 

RMS 9-1 (9-1A through D) and 3 tumors were from the 11-l library (11-1A through D). 

The first tumor was seen with the 5-2 library at 4 weeks post injection; the last tumor was 

seen at 14 weeks from the 9-1 library. All the tumors were harvested and snap frozen 

with liquid nitrogen. Genomic DNA was extracted from these tumors and subjected to 

PGR for cDNA rescue. 

PGR based rescue of cDNAs from tumors and their identification 

To rescue the cDNAs from the tumor DNA, we used PGR primers that flanked 

the multiple cloning site of the expression vector where these candidates had been cloned. 

Since we were amplifying unknown target sequences, we had no idea of optimum 

annealing temperatures for the PGR reactions. We, therefore, performed PGR 
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amplification on tumor DNA at three different annealing temperatures to include a broad 

range of cycling conditions. A portion of the reactions was resolved on an agarose gel to 

visualize the products. Representative gel images are shown in Figures lOA and lOB. We 

saw amplification of PCR products from all tumor DNAs. Even though we had 

previously detected >5kb inserts in the cDNA libraries prior to their transfection, most of 

the PCR products amplified from the tumor DNAs were smaller than 2kb. Single 

prominent bands were seen in reactions with 5-2A, 5-2C and 11-1A DNAs. Discrete PCR 

products were also amplified from 9-ID and 11-lC tumors. Bands from all these 5 

reactions were gel purified and sent out for sequencing at the Molecular Biology Core, 

University of Arizona. Primers against the T7 or Sp6 promoters were used in these 

reactions. The resulting sequences were analyzed on the GCG software. We first screened 

the sequences for open reading frames and then aligned all such frames against 

previously identified GenBank sequences to establish the identity of the rescued cDNAs. 

Amongst all the cDNAs analyzed, only the 5-2A PCR product was found to have a full-

length cDNA and an intact open reading frame. Sequence analysis revealed that it 

contained the complete coding sequence for the mouse glyceraldehyde-3-phosphate 

dehydrogenase (GAPDH) gene. No other open reading frame was present in this 

sequence. We had previously used GAPDH expression as a loading control for our 

northern blots. We re-analyzed the levels of GAPDH expression in the 5-2 cells as 

compared to dermal fibroblasts as well as other tumor cell lines. These analyses showed 

that GAPDH mRNA expression in the SCC cell line 5-2 was comparable to other tumor 

cell lines (see Figure 7 and Figure 9 for representative northern blots). 
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Figure lOA. PCR rescue of cDNA inserts from NIH 3T3 tumors. 

One microgram tumor DNA was PCR amplified with vector specific primers in 50 
reactions as described in "Materials and Methods. Three annealing temperatures were 
used for each tumor DNA: 55°C, 60°C and 65°C (designated as lanes 1,2 and 3 
respectively). Ten |il aliquots fi-om the reactions were ran on a 1% agarose gel containing 
ethidium bromide and the products visualized on a UV light box. 5-2A, 9-1A and 11-1A 
denotes the respective tumors firom the cDNA libraries from which the DNA was 
obtained. Lane M is lambda DNA digested with Hind in for size markers. 
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Figure lOB. PCR rescue of cDNA from NIH 3T3 tumors. 

One microgram tumor DNA was PCR amplified with vector specific primers in 50 |il 
reactions as described in "Materials and Methods. Three annealing temperatures were 
used for each tumor DNA; 55°C, 60®C and 65°C (designated as lanes 1,2 and 3 
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respectively). Ten |xl aliquots from the reactions were run on a 1% agarose gel containing 
ethidium bromide and the products visualized on a UV light box. 5-2B-E, 9-lB-D and 
II-IB-C denote the respective tumors from the cDNA libraries from which the DNA was 
obtained. a,b,c and d denote the individual PCR products in the indicated tumors that 
were gel purified and sequenced. 
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All other PCR products were either partial cDNAs of previously identified 

sequences or did not have an open reading frame to encode a functional protein. Band A 

from 9-ID tumor DNA (Figure lOB) was identified as a partial cDNA for cyclophilin 

gene that was missing 87 bp coding sequence from the 5' end. Band B was a partial 

cDNA for NFKB p50 subunit and was missing more than half of the 5'end of the gene. 

Since these cDNAs encoded truncated proteins, it was unlikely that any of these 

sequences were responsible for the malignant phenotype of the 9-ID tumor. No reading 

frames were identified in Band C from this tumor as well as the PCR products from 11-

1A and 5-2C. We were unable to obtain any sequence information for the PCR products 

from 11-IC. 

To summarize, we isolated GAPDH as a candidate transforming gene from the 

see 5-2 cDNA expression library. Even though our data suggest that the expression 

libraries from RMS cell lines 9-1 and 11-1 contained transforming activity(ies), we were 

unable to rescue any candidate sequences from the NIH3T3 tumors. 

Discussion 

Repeated doses of P-radiation have been used in the past to induce skin and 

subcutaneous tumors in the mouse model (Ootsuyama and Tanooka, 1988, 1991, 1993; 

Tanooka and Ootsuyama, 1993). The results presented in this chapter differ in two 

important areas from these studies- acute radiation reactions and the tumor spectrum. 

Severe acute radiation reactions were observed in our experiment done by Dr. 

Andrews compared to what has been reported. At doses of up to 5Gy per exposure, only a 

marked hyperplasia of the skin was observed in previous studies (Ootsuyama and 
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Tanooka, 1988) and single doses as high as 30Gy were required to produce severe 

erosion of the skin (Ootsuyama and Tanooka, 1991). In contrast, we saw severe erythema 

and skin erosion (moist desquamation) very early, by Day 52, in a majority of the mice. 

These acute radiation reactions were severe enough to necessitate a reduction in dose per 

exposure. Repeated calibration and dosimetry of the Strontium-90 applicator did not 

reveal any difference between the calculated and the delivered treatment dose. One 

potential explanation for the differences in acute reactions could be what is called the 

"dose rate effect" in radiation biology. For low LET radiation, like x-rays and electrons, 

it has been previously observed that higher dose rates can result in excessive tissue 

injury. Even though the dose fractionation schedule that we followed was very similar to 

that used by Ootsuyama et al., there was a significant difference in the dose rates at which 

individual fractions were delivered. In our experiment thrice weekly fractions were 

delivered at a dose rate of 900cGy/min (15cGy/sec) which was more than 4 times the 

dose rate of 228rads/min in the experiments conducted by these investigators. Homsey 

and coworkers have measured the rates for 4-day death of mice, which results from acute 

radiation damage to the gut, following total body exposure. They observed a significant 

increase in lethality at dose rates of 6000 rad/min compared to 500 rad/min (Homsey and 

Alper, 1966). In a subsequent study, they confirmed this increased lethality to be due to 

excessive cell death in jejunal crypts cells at higher dose rates (Homsey, 1970). Similar 

dose rate effects have also been seen with cells in culture as well as in tumors in-vivo 

(Hall 1978c). It is likely that the higher dose rate in our experiment resulted in greater 

cell death and acute tissue injury and was seen as severe moist desquamation and later. 
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skin necrosis. Another potential explanation may be a difference in intrinsic 

radiosensitivity of the mouse strains used in these experiments. While Ootsuyama and 

Tanooka used ICR/CRJ mice in their studies, we had used CD-I mice in ours. No 

comparative studies have been done to assess radiation sensitivities of the various strains 

of mice. However, it has been observed that CD-I mice are amongst the more sensitive 

strains for tumor induction with chemical carcinogenesis protocols (DiGiovanni 1992). It 

is possible that this mouse strain is also more sensitive to ionizing radiation effects. An 

additional contributing factor could be the site of irradiation. In our experiments, the mice 

were irradiated at a site low on their backs, close to the tail, where the subcutaneous 

tissue is thinner. In their studies with ICR mice, Ootsuyama and Tanooka placed the 

applicator over the center of the backs, where die thickness of the skin and subcutaneous 

tissue is probably different. This would result in very different depth dose distributions 

and therefore produce acute reactions of varying severity. 

The second important difference is in the tumor spectrum seen in our smdy. We 

have documented the induction of rhabdomyosarcomas with repeated doses of P-

radiation In our study. These tumors of myogenic origin have not been reported in 

previously published literature with animal models for ionizing radiation carcinogenesis. 

Since our mice had very severe radiation reactions and developed erosion of the skin, the 

subcutaneous fascia and the underlying muscle within the radiation field must have 

received the very high dose intended for the skin surface during the later half of the 

treatment. Exposure of facsia and muscle to high doses of ionizing radiation may be 

essential to induce tumors arising from these tissues. A threshold like response for tumor 
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induction with ionizing radiation has been reported (Tanooka and Ootsuyama 1993) and 

supports this notion. In clinical oncology practice, retinoblastoma patients treated with 

standard radiation therapy techniques also receive high doses to the temporal and 

intraorbital muscles due to their necessary inclusion in the treatment volume (Abramson 

et al 1981; Chin et al 1988). These muscles often lie within regions of varying dose 

distribution in order to niinimize high dose target volume (Chin et al 1988), which is 

somewhat analogous to the varying dose the muscle and fascia received in our mice. 

These periorbital muscles are often the anatomical structures from which 

rhabdomyosarcomas arise following therapeutic irradiation in these survivors (Hasegawa 

et al 1998; Meadows et al 1985). 

Another reason why rhabdomyosarcomas were seen in our experiment could be 

the genetic background of the mice. It has been recently reported that mice heterozygous 

for the drosophila segment polarity gene, patched, exhibit a high incidence of sporadic 

rhabdomyosarcomas (Hahn et al 1998). In this study, while only I out of 53 mice on the 

C57BI/6 background had RMS, 9% (10/117) of the mice on CD-I background developed 

RMS involving the skeletal muscle of the rear thigh, lumbar region and abdominal wall. 

The patched knockout heterozygotes also showed increased sensitivity to ionizing 

radiation induced developmental defects. These observations suggest that the CD-I strain 

of mice may have a more favorable genetic background for induction of RMS. It would 

be interesting to study the expression patterns of the patched gene in our radiation 

induced RMS cell lines. 
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We established the diagnosis of RMS by the demonstration of muscle specific 

marker, desmin, in the primary tumors as well as tumor derived cell lines. This was 

achieved through immunohistochemical studies on tissue sections from parent tumors and 

two-dimensional gel electrophoresis of intermediate filament extracts from cell lines. The 

anti-desmin antibody that we used in our experiments was specifically generated for 

tissue studies and not for western analysis. The cross-reactivity of this ployclonal 

antibody against keratins and actin on western blots could possibly be due to the exposure 

of similar epitopes on other cytoskeletal proteins in their denatured state that the antibody 

may recognize. We performed our immunohistochemistry analyses on frozen tissue. 

Under these conditions, most of the proteins retain their native conformation and, 

therefore, can be expected to present a different set of epitopes for the antibody to 

recognize. A strongly positive reaction with the trapped skeletal muscle fibers in the 

tumor samples along with a negative staining of MFH and SCC tumor cells makes us feel 

confident of our results and the diagnosis of RMS for the tumors 1-2, 9-1 and I l-l. The 

expression of desmin in the respective cell lines has been confirmed with two 

dimensional gels, a classical technique for protein identification. We were also able to 

show that these cell lines are tumorigenic upon reinjection in nude mice and that the 

resulting tumors have the same histology as the parental neoplasms. Taken together, these 

results form the basis of our claim to the first animal model for radiation induced RMS. 

Very little is known about the molecular alterations in radiation induced 

sarcomas. Abnormalities involving tumor suppressor genes Rb and p53 have been 

described in human radiation induced sarcoma cell lines (Brachman et al 1991). In 
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another study of radiation induced tumors in mice, p53 mutations were detected in 20 of 

65 tumors studied. In this study 12 of 46 sarcomas (26%) analyzed had mutations in p53 

(Ootsuyama et al 1994). Our analysis suggests that all the three ElMS cell lines as well as 

MFH cell line have a p53 null phenotype. Sequence analysis of the RT-PCR products 

from cell lines 1-2 and 2-3 have confirmed that these two cell lines do not express a 

normal p53 message and have a p53 null phenotype. The deletions and insertions seen in 

their p53 sequence are similar to those reported earlier in radiation induced murine 

tumors and are perhaps a direct result of radiation damage. On the other hand, the coding 

sequence of the p53 message in the other two RMS cell lines 9-1 and 11-1 was found to 

be normal. The absence of mdm-2 induction following exposure to ionizing radiation in 

these cell lines remains unexplained at present. We speculate that these cell lines may 

have mutations in other proteins, like the ATM gene product, that are necessary for the 

induction of p53 dependent gene transcription following radiation induced DNA damage 

(Ko and Prives, 1996). DNA damage is also known to activate other kinases (DNA-PK) 

as well as stress activated phosphatases that alter the phosphorylation state of p53 to 

make it transcriptionaly competent (Woo et al., 1998; Waterman et al., 1998). Newly 

described proteins like ARF are now being shown to play an important role in stabilizing 

p53 protein (Prives, 1998). Alterations in these and perhaps other yet unidentified 

upstream regulators of p53 function can result in a p53 null phenotype in the face of a 

wild type p53 sequence. Further characterization of the RMS cell lines 9-1 and 11-1 will 

be necessary to evaluate if any of these proteins are involved. In addition, there is now 

emerging evidence for involvement of other cellular genes in sporadic RMS. Some of 
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these tumors show a structural rearrangement involving PAX3 gene (Shapiro et al., 

1993). Recent observations suggest that alterations in IGF-II (Wang et al., 1998) or 

patched gene (Hahn et al., 1998) signaling may also be involved in the pathogenesis of 

this tumor. The status of these genes in radiation induced RMS is unknown. Our radiation 

induced RMS cell lines will be valuable to assess the role of these genes in the evolution 

of this important secondary malignant neoplasm. 

We did not find any alterations in conmionly isolated oncogenes in our cell lines. 

Our cDNA library approach yielded mixed results. While we used NIH3T3 as well as 

C3H10T1/2 cells as recipients, we saw a tumorigenic phenotype only with the 3T3 cells. 

At present we have insufficient data to explain why we did not see any tumors with the 

other cell line. Perhaps 10^ cells is a low cell number to see tumor growth with 

transformed IOTl/2 cells, or that other assays for transformation, such as anchorage 

independent growth, are better end-points of phenotypic transformation for these cells. 

Amongst the cDNAs rescued by PGR from the 3T3 tumors, a majority were less than 2 

kb in size, despite our libraries having much larger inserts. In addition, sequence analyses 

on all but one PGR product showed that these amplimers were partial cDNAs and, 

therefore, could not possibly encode a full length protein. At present we do not know if 

this is due to a technical limitation such as suboptimal conditions for the PGR rescue of 

the cDNAs resulting in an extremely poor efficiency of amplification for fragments larger 

than 3 kb. It has also been reported that the presence of smaller sized templates in the 

reaction can introduces a bias towards their preferential amplification over larger 

fragments (Jeffereys et al., 1988). As we did not see any tumors from NIH3T3 cells 
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transfected with the parent vector, we feel that these tumors from the libraries were a 

result of phenotypic transformation by a functional cDNA clone and not just due to 

random insertional mutagenesis. We contend that identiHcation of these larger full length 

cDNA clones may have been masked by the smaller partial fragments. One approach to 

address this issue would be to perform a nested PCR on these reactions with T7 and Sp6 

primers to see if larger fragments can be amplified. Use of o±er polymerases like Pfii 

polymerase, that have been used to amplify large fragments may also help. Another 

alternative method could be to use the NIH3T3 mmor DNA to perform additional rounds 

of transfection into non-mmorigenic 3T3 cells, which should dilute away these partial 

cDNA inserts and allow for the amplification and identification of true transforming 

genes especially within the RMS libraries. 

We identified the PCR product from the SCC library tumor (5-2A) to be a fiill 

length cDNA for GAPDH. Glyceraldehyde 3-phosphate dehydrogenase, or GAPDH, 

oxidizes glyceraldehyde 3-phosphate to 1,3-bisphosphoglycerate during glycolysis. 

Structurally, this NAD dependent enzyme consists of 4 identical polypeptides forming a 

tetramer. There is evidence for transcriptional as well as post-translational regulation of 

this important enzyme involved in glucose metabolism. Four -SH groups present on the 

cysteine residues on each monomer (Mayes 1994), make this enzyme sensitive to redox. 

There is evidence that oxidant mediated acute cell injury and death involves inhibition of 

GAPDH activity (Hyslop et al., 1988). In addition, GAPDH activity can also be 

modulated by phosphorylation. It is a substrate for the phospholipid-dependent protein 

kinase C, the classical PKC's diat are activated by diacylglycerol generated in the cell 
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membrane. Phosphatidylserine has been shown to be a main cofactor for PKC action on 

GAPDH. PKC also phophorylates monomeric actin in the presence of phosphatidylserine 

and promotes its polymerization. These phosphorylation events play an important role in 

coupling glycolysis, energy generation and cellular motility (Reiss et al., 1996). 

During the multistep process of carcinogenesis, an accelerated rate of glucose 

transport and catabolism is a common characteristic of cellular transformation. There is 

evidence for increased GAPDH expression in ras or mos transformed NIH3T3 cells. In 

this study, the levels of GAPDH mRNA correlated with the transformed state in a series 

of ras-transformed and revertant cell lines. Oncogene expression rather than growth 

fraction of the cells was found to correlate with increased GAPDH message and protein 

(Persons et al., 1989). Similar observations have been made in tumorigenic C3H10T1/2 

cells compared to normal controls (Bhatia et al., 1994). Additional support for a 

functional role of GAPDH in the transformed phenotype has come from animal studies 

and analyses of human tumor tissues. Elevated GAPDH mRNA levels have been seen in 

TP A induced papillomas in SENCAR mouse skin (Bohm et al., 1990) as well as in 

metastatic cell lines in the rat prostatic adenocarcinoma model (Epner et al., 1993). 

Weiskirchen and coworkers screened a cDNA library from a v-myc transformed quail 

embyro fibroblasts and found GAPDH as one of the clones overexpressed in transformed 

cells (Weiskirchen et al., 1993). Overexpression of this metabolic enzyme has also been 

reported in human lung cancers (Tokunaga et al., 1987), breast cancer cell lines (Desprez 

et al., 1992), cervical cancer tissues (Kim et al., 1998) and biopsy specimens from human 

hepatocellular carcinomas (Gong et al., 1996). All these observations provide strong 
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evidence that increased GAPDH expression forms the molecular basis of elevated 

glycolysis in cancer cells and contributes to their increased metabolism. These alterations 

in cellular metabolism and energy production may be functionally involved neoplastic 

transformation. It has been hypothesized that excessive production of ATP by such 

processes may play a causal role in the development of cancer (Ray and Ray, 1997). 

Transfection and expression of a cDNA library involves constitutive 

overexpression of exogenous genes in recipient cells. It is possible that high levels of 

GAPDH expression were achieved in NIH3T3 cells transfected with SCC 5-2 cDNA 

library. Although the fact that we isolated GAPDH from a malignantly progressed 

phenotype supports its role as a candidate transforming gene, at this point, we do not 

have any evidence for altered GAPDH expression in the radiation induced SCC cell line 

5-2. We have done multiple northem blots on total RNA preparations from the cells and 

have found no differences in expression levels of GAPDH as compared to fibroblasts in 

culture. However, normal fibroblasts or mesenchymal tumor cell lines may not be the 

most appropriate cells for comparison. Normal mouse epidermal cells in culture would 

perhaps be an ideal cell population for these studies. Other comparative studies to 

evaluate GAPDH expression in-vivo using normal mouse skin and the 5-2 parental tumor 

material may also be helpful. Since post-translational modifications of GAPDH also 

influence its activity, it may be necessary to study phosphorylation states of this enzyme 

in the SCC tumor material and the 5-2 cell line. Different forms of GAPDH have been 

detected by two-dimensional gel electrophoresis for Dunning R-3327 rat prostate cell 

lines with high versus low metastatic ability. In this study, additional differences in 
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subcellular localization of GAPDH were observed in human prostate cancer specimens 

between normal basal and stromal cells compared to tumor cells (Epner and Coffey, 

1996). In order to firmly establish GAPDH as a putative dominant transforming activity, 

it will also be important to study the effects of attenuation of its expression on the 

tumorigenic phenotype. Transfections using antisense cDNA expression vectors or a 

ribozyme for GAPDH can be some of the experimental approaches for these studies. 

Clearly, more experiments are needed to define the status of GAPDH expression in SCC 

tumor cell line 5-2 and the diverse role it may play in the malignant phenotype of this 

radiation induced neoplasm. 

Summary and Conclusions 

The results presented in this chapter describe, for the first time, the development 

of rhabdomyosarcoma in the mouse model with repeated exposure to ionizing radiation. 

We have successfully established cell lines from four radiation induced sarcomas and a 

squamous cell carcinoma. We present evidence to demonstrate that three of the sarcoma 

cell lines were derived from radiation induced RMS. Our analyses of the genetic profile 

of the cell lines have shown that the sarcoma lines carry a p53 null phenotype. Screening 

of cDNA expression libraries has led to the identification of GAPDH as a candidate 

transforming gene from the SCC tumor cell line. A further analysis of these libraries may 

help identify additional candidate genes associated with ionizing radiation 

carcinogenesis. The radiation induced RMS cell lines provide a unique opportunity to 

study the molecular biology of these important secondary malignant neoplasms. 
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IV. ELEVATED REACTIVE OXYGEN SPECIES PLAY A 

FUNCTIONAL ROLE IN THE IN-VITRO MALIGNANT 

PROGRESSION OF A MOUSE KERATINOCYTE CELL LINE 

Introduction 

Carcinogenesis has been demonstrated by experimental and epidemiologic studies 

to be a multistep process that involves three major operational stages, initiation, 

promotion and progression. The initiation and promotion steps involve a clonal expansion 

of cell subpopulations carrying activating mutations in critical genes. In the skin, these 

processes result in benign neoplasms (Slaga 1989). The progression stage of neoplastic 

transformation encompasses the changes by which the benign tumors develop from a 

contained, differentiated lesion into rapidly growing, invasive malignant cancers. Since a 

majority of these benign as well as malignant skin tumors can be visualized by a careful 

dermatologic evaluation, it is important to understand the molecular biology of tumor 

progression. Identification of critical events that mediate this process can lead to better 

prevention strategies against malignant transformation of skin neoplasms. 

In the mouse skin model, a low percentage of papillomas, the benign skin tumors, 

spontaneously progress to SCC. Application of a progressing agent to papilloma-bearing 

mice during the progression phase results in a greater incidence of carcinomas. Agents 

with tumor progressing activity include genotoxic carcinogens such as ethylnitrosourea 

(ENU) or N-methyl-N'-nitro-N-nitrosoguanidine (MNNG), and free radical generators 

such as benzoyl peroxide and hydrogen peroxide (O'Connell 1986a, 1986b). Our 
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laboratory has previously shown that repeated doses of ionizing radiation also enhance 

malignant progression of papillomas in this model (Jaffe et al., 1987). However, the 

relative frequencies with which different progression agents mediate this phenotypic 

transformation are unknown at present. In the case of agents like ionizing radiation, 

where exposure is unavoidable, such information will be particularly helpful in 

developing better risk estimates for cancer development. Another important question that 

remains unanswered is whether the molecular mechanisms involved in tumor progression 

mediated by these diverse agents are similar or fundamentally different. In the event that 

we are able to identify common effectors of malignant progression, we can design 

prevention and therapeutic strategies that would be effective against a diverse variety of 

skin tumors in a carcinogen independent manner. We developed an in-vitro model for 

malignant progression to address these questions. A benign papilloma producing mouse 

keratinocyte cell line, 308 cells, was malignantly progressed using repeated treatments 

with ionizing radiation and MNNG to assess transformation frequencies with a physical 

and a chemical carcinogen, respectively. In this chapter we present a number of 

experiments using this model that demonstrate the permrbation of common signaling 

cascades involving transcription factors and mitogen activated protein kinases (MAPK) 

during malignant progression mediated by these agents. We also present evidence that 

elevated reactive oxygen species (ROS) levels act as common effectors of deregulated 

signaling and functionally contribute to the malignant phenotype in this model. Before 

we describe our results, we will briefly review the current literature on transcription 

factors, MAPK and ROS with reference to tumor progression. 
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Transcription factors and tumor progression 

Malignant conversion of papillomas is characterized by the altered expression of a 

number of proteins, which may be responsible and/or permissive for this stage of 

carcinogenesis. The marker proteins involved include growth factors, structural proteins, 

cell adhesion molecules, proteases and other enzymes (Matrisian et al., 1986; Liotta and 

Cohn 1990; Chen et al., 1993; Borchers et al., 1994, 1997; Robbins et al., 1996; 

Rubinfeld et al., 1997). Transcription factors are an important group of nuclear proteins 

that bind cis-elements in the promoter region of such target genes and modulate their 

expression. Investigations into the molecular mechanisms of tumor progression have 

revealed that modulation of transcription factor transactivation mediates deregulated gene 

expression. In particular, the analyses have focused on the activator protein-1 (AP-1) and 

nuclear factor kappa B (NFKB) families of transcription factors. 

The AP-1 transcription factor family consists of seven member proteins that 

dimerize to form the AP-1 complex: the Jun proteins (c-Jun, JunB and JunD) and the Fos 

proteins (c-Fos, FosB, Fra-I and Fra-2). The transcriptionally active complex consists of 

either JunrJun homodimers or JunrFos heterodimers which bind to the TPA responsive 

cis-element (TRE) in a number of gene promoters (Vogt and Bos, 1990; Karin et al., 

1997). AP-1 target genes include the matrix degrading enzymes, the metalloproteinases, 

that have been shown to play a role in tumor progression (Thevenin et al., 1991; Holladay 

et al., 1992; Yokoo and Kitamura 1996; Irigoyen et al., 1997). The AP-1 family members 

dimerize via a leucine zipper motiff, have an upstream C-terminal basic region that 

allows for DNA binding, and have a N-terminal sequence that acts as a transactivation 
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domain (Angel and Karin, 1991). Conformational changes in the dimer due to post-

translational modifications alter its interaction with the basal transcriptional machinery 

and modulate gene transcription (Martin et al., 1996). AP-1 activity is regulated both at 

the transcriptional level of its individual members as well as by post-translational 

modifications of preformed complexes (Angel and Karin 1991). 

There is now convincing evidence for a causal relationship between neoplastic 

transformation and AP-1 transactivation in mouse skin (Dong et al., 1994; Domann et al., 

1994a and b; Li et al., 1996; Dong et al., 1997). Over-expression of this heterodimeric 

complex leads to increased neoplastic transformation (Watts et al., 1995). Constitutive 

elevation of AP-1 activity has been correlated with malignant conversion of papillomas to 

carcinomas (Yuspa, 1998). Our laboratory has previously shown that elevated AP-1 

transactivation plays a functional role in a radiation associated malignant variant of a 

mouse keratinocyte cell line (Domann et al., 1994b). Tumor promoters like TPA and 

okadaic acid efficiently induce AP-1 activity (Angel et al., 1987; Bemstein and Colbum, 

1989; Holladay et al., 1992; Rosenberger and Bowden 1996). Inhibition of AP-1 activity 

by a dominant negative c-Jun mutant (TAM-67) or by AP-1 transrepressing retinoids 

blocks cell transformation and attenuates the malignant phenotype (Dong et al., 1994; 

Domann et al., 1994b; Li et al., 1996; Dong et al., 1997). 

Recently, evidence for a functional role of increased NFKB transactivation during 

tumor progression has also been obtained. Heterodimers of the NFKB multigene family 

bind a decameric consensus cis-elements in promoters of genes such as cell adhesion 

molecules and act as transcriptional enhancers (Baeuerle and Baltimore, 1996; Collins et 
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al., 1995; Perez et al., 1995 Baeuerle 1991; Schmitz and Baeuerle, 1991). The 

mammalian NFKB proteins comprise; p65, also referred to as RelA; p50; p52; pl05 

(NFKB 1), precursor of p50; plOO (NFKB2), precursor of p52; c-Rel and RelB. The 

dimers are normally sequestered as transcriptionally inactive complexes in the cytoplasm 

by NFKB inhibitory proteins (IKB). Activation of NFKB involves phosphorylation and 

degradation of the inhibitory protein, which releases the dimers for nuclear translocation. 

It has been reported that agents that increase AP-1 activity also elevate NFKB 

transactivation during progression. Similarly, inhibitors of NFKB also attenuate AP-1 

transactivation (Dong et al., 1997; Li et al., 1997; Li et al., 1998). These data suggest that 

common upstream signaling cascades may be involved that mediate elevated AP-1 as 

well as NFKB transactivation during tumor progression. While some common effectors of 

NFKB and AP-1 activity are known, their role during malignant progression of skin 

tumors and the molecular mechanisms involved therein remain poorly understood. 

Mitogen activated protein kinases and transcription factor transactivation 

MAPKs are a group of serine/threonine specific, proline directed protein kinases 

that are known to modulate transcription factor activities. These MAPBCs are a part of 

kinase cascades that serve as information relays, connecting extracellular stimuli to 

specific transcription factors thereby allowing these signals to regulate specific gene 

expression (Su and Karin, 1996). The consistent appearance of three kinase cascades, 

first recognized in yeast, has engendered the concept of distinct MAP kinase modules. A 

classical MAP kinase module consists of three protein kinases that act sequentially within 
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one pathway: a MAPK that is activated by a MAPK kinase (MAPKK) which is, in turn, 

activated by a MAPKK kinase (MAPKKK) (Neiman 1993; Karin 1998). The MAPKKKs 

receive information from the cell surface receptors or other stimuli through interaction 

with small GTP binding proteins of the ras superfamily (Minden and Karin, 1997). 

MAPKs then carry this information to the nucleus by virtue of their ability to undergo 

nuclear translocation upon activation (Cobb and Goldsmith 1995). Once in ±e nucleus, 

the MAPKs phosphorylate a variety of transcription factors on specific sites that regulate 

their ability to activate transcription (Karin 1995). There are three subtypes of MAPKs: 

the extracellular signal regulated kinases (Erks), the stress activated protein kinases/cJun 

N-terminal kinases (SAPK/JNKs) and the p38 mitogen activated protein kinases (p38 

MAP kinases). The activity of Erks is most efficiently stimulated in response to growth 

factors and mitogens (Marshall 1995; Hunter 1995). Unlike the Erks, JNK and p38s are 

most potently activated by proinflammatory cytokines and enviommental stresses such as 

heat, UV and ionizing radiation and mediate inhibition of cell proliferation or cell death 

(Han et al.. 1994; Karin 1995; Xia et al., 1995; Wang et al., 1998 and references therein). 

Modulation of AP-1 activity by MAPKs has been well studied and described. 

Both transcriptional induction of AP-1 proteins as well post-translational modification of 

pre-existing AP-1 complexes by phosphorylation have been shown to occur in response 

to various stimuli (Su and Karin, 1995; Karin 1995; Rosenberger and Bowden, 1998). 

NFKB activation has also been reported to be modulated by MEKKl, a kinase upstream 

of JNKs (Lee et al., 1997) as well as p38s (Schwenger et al., 1998). While these studies 

show that transcription factors are downstream effectors of MAPK cascades, MAPK 
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activity in the skin tumor progression is poorly characterized and is somewhat 

controversial at present. Irani and coworkers have shown that Erk 1/2 and JNK activity 

remained unchanged when comparing a ras transfected, malignant NIH3T3 clone to cells 

transfected with the parent vector. The authors suggested that ras mediated mitogenic 

signaling did not involve MAPK activation (Irani et al., 1997). In contrast, a recent study 

has shown Erk 1/2 levels to be important in TP A an EGF induced AP-1 activation and 

malignant transformation of JB6 mouse epidermal cells (Huang et al., 1998). No studies 

have been conducted to evaluate the status of JNK and p38 activation in the progressed 

phenotype. Further analyses are needed to substantiate the role of MAPKs in malignant 

progression. 

Reactive oxygen species as secondary signaling molecules 

ROS are an important class of effector molecules within the cell that are induced 

with acute exposure to a variety of chemical and physical agents, including ionizing 

radiation. By definition, ROS are any oxygen species that are more reactive than ground-

state molecular oxygen. During cellular respiration, >95% of the O2 consumed is 

completely reduced by four electrons in the presence of protons to yield 2H2O. This 

reaction is catalyzed by the terminal cytochrome oxidase of the mitochondrial electron 

transport chain (for a recent review, see Saran et al., 1998). The univalent reduction of O2 

by less than four electrons during normal metabolism yields partially reduced ROS. Some 

of these have an odd number of electrons and thus qualify as free radicals: superoxide 

(•O2'), hydroxyl ( OH), hydroperoxyl (HO'i) and others. The ROS that contain an even 

number of electrons are not free radicals themselves, but can generate free radical species 
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by metal catalyzed reactions or can be produced by reactions involving other free radicals 

e.g. hydrogen peroxide (H2O2), hypohalous acids (HOX; hypochloric acid, 

hypothiocyanous acid) and N-chlorinated amines (RNHCl) (Moslen and Smith, 1992; 

Grisham 1992). Most ROS species including free radicals are strong oxidizing agents and 

are highly damaging. Superoxide anion and hydrogen peroxide are considered most likely 

to cause biological damage due to their low reactivity (greater stability), ability to diffuse 

within the cell, and generation of secondary, highly reactive free radicals from metal 

catalyzed reactions. The mitochondrial respiratory chain is the predominant source of 

ROS in metabolically active cells. In addition to this, activation of lipid hydroperoxide 

generation by cellular peroxidases, membrane bound NADPH oxidases, as well as 

enzymes involved in arachidonic acid metabolism are other enzymatic sources of cellular 

ROS generation. Autoxidation reactions involving divalent metal ions and other non-

enzymatic sources of lipid peroxidation also contribute to the overall oxidant load in the 

cell (reviewed in Perchellet et al., 1994). 

To counteract the oxidant effects on DNA and other macromolecules, all cells 

have a complex antioxidant defense system comprising enzymes and reducing agents. 

The superoxide anion radical, the first ROS species generated by one electron reduction 

of oxygen, is rapidly dismutated by superoxide dismutase to generate hydrogen peroxide, 

which in turn is detoxified to water by cataiase. In addition to diese two major antioxidant 

defense enzymes, a series of non-enzymatic antioxidants also contribute to the cellular 

defenses. These include low molecular weight, lipid or water soluble free radical 

scavengers and reductants such as NADPH, selenium, ascorbic acid, a-tocopherol, (3-
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carotene and sulfhydryl containing compounds such as cysteine and reduced glutathione 

(Saran et al., 1998, Perchellet et al., 1994). Oxidant stress develops when the balance 

between the rates of ROS generation and dissipation is so disrupted that excessive levels 

of free radicals may overwhelm the capacity of the antioxidant defenses and injure the 

cells. 

There is evidence that ROS can act as an activator of transcription factors and 

modulate their activity either directly or indirectly by activating other signziling cascades. 

NFKB transactivation has been shown to be redox-sensitive at two levels: (a) 

phosphorylation of the inhibitor I-KB is mediated by oxidation and (b) a Ref/thioredoxin-

dependent binding of the p50 subunit to the DNA is governed by the reduction of an 

essential cysteine group. NFKB activation can be triggered by oxidants in the absence of 

any physiological stimulus and is inhibited by a broad range of chemically unrelated 

antioxidants. (Flohe et al., 1997). AP-1 DNA binding activity has also been shown to be 

modulated by Ref/thioredoxin dependent reduction of cysteines in c-jun and c-fos (Abate 

et al., 1990). Active oxygen has been shown to induce c-fos expression (Amstad et al., 

1992). Support for indirect modulation of transcription factor transactivation comes from 

the observations that antioxidant treatment of cells attenuates MAPK activation. Activity 

of all three MAPKs, Erk 1/2, JNKs and p38s has been shown to be redox sensitive under 

various conditions (Traber and Packer 1995; Guyton et al., 1996; Liu et al., 1996; Wilmer 

et al., 1997; Wang et al). 

Several lines of evidence suggest that pertubations in ROS levels may play a 

functional role in the pathogenesis of cancer (Cerutti 1988; Oberley and Oberley, 1986). 
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Tumor cells have high and persistent oxidative stress (Szatrowski and Nathan, 1991; 

Palozza et al., 1994). Free radicals are involved in initiation (Ts o et al., 1977; Loeb et al., 

1988) as well as promotion/progression stages of tumorigenesis (Troll and Wiesner, 

1985; Cerutti, 1986). Small molecule inhibitors and scavengers of ROS inhibit these 

stages of tumor development including tumor promotion and progression (Kennedy et al., 

1984; Zimmerman and Cerutti 1984; Amstad et al., 1997). There is evidence that TP A, 

one of the most studied tumor promoters in mouse skin, acts through an oxygen mediated 

mechanism and ±at oxygen radicals are critical components of the tumor promotion 

process (Troll et al., 1983). 

Oxidative stress may be particularly important during malignant progression. Free 

radical generators like benzoyl peroxide, hydrogen peroxide and ionizing radiation are 

efficient tumor progression agents (Slagaet al., 1981; Jaffe et al., 1987). Overexpression 

of y-glutamyltranspeptidase cells has been shown to decrease intracellular glutathione 

levels and result in larger tumors (Winberg et al., 1995). Local application of glutathione 

on mouse skin leads to a significant reduction in carcinoma incidence in tumor 

progression experiments (Ketterrer 1988). These data point towards a functional role of a 

pro-oxidant state in tumor progression. However, the molecular mechanisms by with 

ROS contribute to malignant progression remain unknown. As we have summarized 

above, both transcription factors and their upstream regulators, the MAPKs, are 

modulated by the redox state of the cell. Perturbations transcription factor transactivation 

have already been observed during tumor progression. Contributions of altered ROS state 
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to these changes still remains to be evaluated. These analyses can provide further insight 

into the molecular mechanisms of malignant transformation. 

Results 

In vitro tumor progression model 

The benign papilloma producing mouse keratinocyte cell line 308 is thought to 

represent an early, promotable stage of mouse skin carcinogenesis. These cells make 

benign papillomas when grafted on to the backs of athymic nude mice, but are non-

tumorigenic upon subcutaneous injection. The 308 cells are heterozygous for Ha-ras gene 

and carry a mutated Ha-ras allele that has an A to T transversion mutation at the second 

position in the 61®' codon (Strickland et al., 1988). They have been shown to acquire a 

transformed phenotype following treatment with tumor promoters (Dong et al., 1997). 

Our laboratory has previously isolated a malignant variant of 308 cells after a single high 

dose exposure with 10 Gy of ionizing radiation (Domann et al., 1994). We used 

subconfluent cultures of early passage 308 cells to establish an in-vitro model of 

malignant progression using ionizing radiation and MNNG as model physical and 

chemical carcinogens, respectively. Prior to the treatments, we established a dose-

survival curve for both the agents and chose a LD90 dose for treatment. The treatment 

dose for MNNG was calculated to be 2.5 mM and for gamma rays to be 750 cGy. At least 

lO^cells were treated each time with the carcinogens. MNNG treatments were carried out 

for 1 h. Immediately following exposure, the cells were trypsinized and plated at 5x10^ 

cells per 100 mm dish in 20 dishes to select for survivors. Mock treated 308 cells were 
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plated at SxlC* cells. The survivors were pooled and expanded to >10^ cells before re-

treatment. To assess for malignant transformation, these cells were subcutaneously 

injected into athymic nude mice and followed for tumor development. We did not see any 

tumor growth from second generation of survivors during a 16-week: follow up. We, 

therefore, continued the treatments and selection for survivors until six generations. After 

the third treatment, we repeated the survival studies to ascertain if the sensitivity of the 

cells to the carcinogens had changed. No significant alterations in the UD90 doses for 

either MNNG or y-rays were seen. The sixth generation MNNG and radiation survivors 

as well as mock treated 308 cells were re-injected into athymic nude mice. To assess the 

transformation frequency with radiation or MNNG treatments we injected the survivors 

at 10*^ or 10^ cells per site. Eight sites were injected for each cell load and the mice were 

followed for tumor development until 22 weeks post-injection. The results from this 

experiment are summarized in Table IV. Neither the first nor the sixth generation 308 

cells were tumorigenic up to 18 weeks of follow up indicated that it was unlikely that any 

spontaneous phenotypic transformation had occurred due to the tissue culture conditions. 

Both MNNG as well as radiation progressed survivors were tumorigenic. There was 

significantly longer lag time for emergence of tumors from radiation progressed variants 

as compared to MNNG survivors. Tumors from MNNG treated cells also appeared to be 

more aggressively growing. The overall tumor incidence was found to be the same 

amongst both treatment groups independent of cell number. Based on these tumor data 

we estimated that the transformation fi-equency for both MNNG as well ionizing radiation 

was at least 1 in 10^. We harvested random tumors from both treatment groups and put 
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Table IV 

Nude Mouse Tumorigenicity Data 

Cell Line 10*Cells Per Site 10^ Cells Per Site 

Gi308 No tumor at 18 weeks No tumor at 18 weeks 

GeSOS No tumor at 18 weeks No tumor at 18 weeks 

6M90 First tumor at 10.5 weeks. 

5/8 tumors at 12 weeks (66%). 

First tumor at 18 weeks. 

5/8 tumors at 21 weeks (66%). 

6R90 First tumor at 7.5 weeks. 

8/8 tumors at 10 weeks (100%). 

First tumor at 10.5 weeks. 

8/8 mmors at 12 weeks (100%). 
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them in culture to establish cell lines. Light microscopic examination of tissue sections 

from these tumors showed features consistent with moderately differentiated squamous 

cell carcinoma (data not shown). One tumor from each of the MNNG and radiation 

tumors was successfully established in culture and identified as 6M90 and 6R90 cell line, 

respectively. The 6M90 cells appeared to grow as confluent cultures of small round cells 

while the 6R90 cultures contained larger, polygonal cells that are more frequently seen in 

squamous carcinoma cell lines. When reinjected into athymic nude mice at 5x10^ cells 

per site, these cell lines produced rapidly growing tumor within 3-4 weeks post-injection. 

We conducted all the experiments described in this chapter using cells from passage 

numbers between 5 and 15 to minimize the chances of phenotypic variation amongst the 

cultures. 

The initial characterization of the cell lines involved an analysis of their growth 

characteristics in culture. In proliferation assays, the 6M90 and 6R90 cultures had higher 

growth rates as compared to 308 cells (Figure 11 A), and by the end of 5 days had 35-50% 

more cells. To determine if these differences in growth characteristics were statistically 

significant, the cell numbers were converted into their log values and plotted against time 

on a linear scale. The slopes of the curves were calculated by linear regression analysis. 

The mean slope for 308 cell line growth curves was 0.0156±0.005, whereas the slope for 

6M90 and 6R90 cells was 0.02±0.009 and 0.021±0.008 respectively. A Student's t-test 

was performed to determine the level of significance for the differences observed in the 

sloped. Based on these analyses, the slopes of the curves for the malignant 6M90 and 

6R90 cell lines were found to be significantly higher as compared to the benign 308 cells 
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Figure llA.The 6M90 and 6R90 malignant cell lines have a higher growth rate as 
compared to 308 cells in culture. 

Five hundred thousand cells from 308 as well the malignant variant cell lines were plated 
£md grown for 3 days. Triplicate dishes were trypsinized every 12 hours and the cells 
counted on a Coulter Counter. A representative growth curve from one of three 
independent experiments is shown. The y-axis (cell number) is represented on a log scale. 
The error bars represent standard deviation from the mean cell number. 
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(p<0.05). The plating efficiencies were estimated to be between 75-80% for all the cell 

lines. The cloning efficiencies for 308 cells as well as their malignant variants were also 

found to be very similar and did not account for the increased proliferation seen in 6M90 

and 6R90 cultures (data not shown). DNA synthesis assays (Figure 1 IB) showed that the 

malignant cell lines had 30-70% elevation in ^H-thymidine uptake as compared to 308 

cells (pcO.OS). These data suggest that the 6M90 and 6R90 malignant variants have an 

increase in number of cycling cells, which accounts for their higher growth rate in 

culture. We then proceeded to study the signaling mechanisms involved in the increased 

proliferative capacity of the progressed phenotype. 

Both 6M90 and 6R90 Cells have elevated NFKB and CRE transactivation as well as 

increased Erk-1/2 and p38 MAPK activity 

To determine the transactivation potential via different cis-elements, the cell lines 

were transiently transfected with luciferase reporter constmcts driven by AP-1, NFKB 

and cyclic AMP response element (CRE) dependent promoters. We measured luciferase 

activities in cultures recovered either in the absence or the presence of serum to 

determine if the transactivation potential through these cis-elements were dependent on 

growth factors. Figure 12 shows the results from the luciferase assays. In the absence of 

serum (panel A) the 6M90 showed elevated AP-l (3.3-9.4 fold), NFKB (5.0-10.5 fold) 

and CRE (2.3-3.7 fold) transactivation as compared to 308 cells. The radiation progressed 

6R90 did not show any increase in AP-1 activity over 308 cells. However, statistically 

significant elevations in NFKB (1.7-2.8 fold) and CRE (1.8 to 2.9 fold) transactivation 

were seen (p<0.05) in these cells. In the presence of serum (panel B), the progressed cell 
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Figure IIB. Increased DNA synthesis accounts for the higher growth rates of 308 
malignant variants. 

Four hundred thousand cells/well were plated in 24-weII dishes. After s)mchronization 
with serum starvation the cells were shifted in serum containing media and grown for 16 
hours in the presence of increasing doses of different agents as indicated. One |iCi/ml 
thymidine was added to the wells for the last 4 hours of incubation. The cells were 
washed with PBS and processed for thymidine incorporation. Bars represent means 
from three independent experiments. Error bars show 95% confidence intervals of the 
means. 
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Figure 12. Malignant variants have constitutively elevated transcription factor 
activities compared to benign 308 ceils. 

Cells were transiently transfected with luciferase constructs containing either a TRE, 
NFKB or a CRE cis-element. The cultures were grown either in the absence (A) or in the 
presence (B) of serum for 24 hours after transfection and then lyzed. Thirty |ig of total 
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protein was analyzed for luciferase activity. The results are means of three independent 
experiments done in triplicate. Average fold luciferase activity in the cell lines as 
compared to 308 cells are shown. The error bars represent 95% confidence intervals for 
the data. 
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lines maintained significantly elevated transcription factor activities compared to 308 

cells, suggesting that elevated transactivation potential from NFKB and CRE cis-

elements was constitutive in 6M90 and 6R90 malignant cells. In addition, the 6M90 cell 

line also had a constitutive elevation of AP-l activity. The elevation of NFKB and CRE 

transactivation in 6R90 cells was slightly higher (~3 fold) in the presence of serum, 

suggesting a deregulated response to growth factors. In order to determine the specificity 

of this elevation in transactivation potential, transfections with parent luciferase vector 

lacking these cis-elements were done. No significant differences in luciferase activities 

were found amongst the cell lines (data not shown). We used a CMV driven p-

galactosidase expression vector to normalize for transfection efficiencies. Initially, we 

cotransfected this expression plasmid with the luciferase constructs and attempted to 

normalize the luciferase data based on the P-gal activity measured in each transfection. 

However, we found that the P-galactosidase activity, as measured by an enzymatic assay, 

was zilways 2-4 fold higher in the malignant variants as compared to 308 cells. We 

suspected that this could be due to differences in CMV promoter activity in the malignant 

variants as compared to 308 cells, rather than a difference in transfection efficiencies. 

We, therefore, employed an alternative approach and stained the cultures for P-gal in 

independent transfections. In these experiments between 7-9% cells stained positive for 

P-gal expression. These resulted suggested that the transfection efficiencies between the 

cell lines were indeed similar and that the difference in P-gal activity was perhaps due to 

CMV promotor related differences. Our contention is supported by a recent observation 

that activation of MAPK up-regulates expression of CMV driven transgene expression in 
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cells (Braening et al., 1988). Rates of overall protein synthesis, as measured by '^S-

labeled methionine uptake, were also found to be similar amongst the 308 and the 

malignant variants (data not shown). These results show that both 6M90 and 6R90 cells 

have constitutively elevated NFKB and CRE transactivation. In addition, the MNNG 

progressed cells also showed elevated AP-l activity. 

To determine the potential mechanisms for constitutively elevated transactivation 

via NFKB and CRE cis elements, nuclear extracts from all cell lines were analyzed for 

NFKB p65 and phosphorylated ATF-2 levels. Significant elevations in nuclear levels of 

p65 NFKB (Figure 13A) were seen in both 6M90 as well as 6R90 cells (2.5 to 3.8 fold 

over 308 levels). ATF-2 phosphorylation at Thr-63 and Thr-7I within its N-terminal 

activation domain has been shown to stimulate its transcriptional activity (Livingstone et 

al., 1995). The 308 nuclear extracts showed barely detectable levels of transcriptionally 

activated ATF-2, while substantially increased levels of Thr-7l phosphorylated ATF-2 

were detectable in 6M90 as well as 6R90 cells. The overall levels of ATF-2 in all cell 

lines appeared to be similar (Figure I3B), suggesting a quantitative increase in the 

phosphorylated form in the malignant variants. While these findings suggested a potential 

mechanism of elevated NFKB and CRE transactivation potential, the fold elevations in 

protein and transactivation did not appear to correlate. This suggests additional post-

translational differences in NFKB and CRE complexes in these cells. 

Having documented a constitutive elevation of transcription factor activities in the 

malignant phenotype, we became interested in studying the upstream regulators of their 

activation. MAPK are an important class of protein kinases that directly modulate 
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Figure 13A. 6M90 as well as 6R90 cell lines have elevated levels of p65 NFKB in the 
nucleus. 

Crude nuclear extracts were prepared from subconfluent cultures grown for 24 h in the 
absence of serum. Twenty micrograms of nuclear protein were resolved on a 10% 
polyacrylamide gel and transferred onto Immobilon-P. A 1:1000 dilution of a rabbit 
polyclonal antibody against p65 subunit of NFKB was used to probe these blots. 
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Figure 13B. Increased CRE transactivation in the malignant variants correlates 
with elevated phosphorylated ATF-2 levels in the nucleus. 

Crude nuclear extracts were prepared from subconfluent cultures grown for 24 h in the 
absence of serum. Twenty micrograms of nuclear protein were resolved on a 10% 
polyacrylamide gel and transferred onto Irrmiobilon-P. A 1:100 dilution of a rabbit 
polyclonal antibody that recognizes ATF-2 phosphorylated at Threonine -71 residue 
(Panel A) was used to conduct western analyses of the blots. No significant differences in 
overall levels of ATF-2 were observed with a pan-ATF-2 antibody (Panel B). 
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transcription factors by phosphorylating their serine/residues. We employed in-vitro 

kinase assays to study the activation status of the three MAPKs, Erk;-l/2, JNK and p38. 

These studies were done in collaboration with Dr. Sabine F. Rosenberger, a post-doctoral 

fellow in Dr. Bowden's laboratory. Total cell extracts firom subconfluent cultures grown 

without serum were immunoprecipitated with antibodies specific for the phosphorylated 

(and hence active) form of the individual MAPKs. An in-vitro substrate was added to the 

IP and a kinase reaction was performed. We used Elk-1 for Erk-l/2 assays, c-Jun for JNK 

and ATF-2 for the p38 MAPK assays. The phosphorylated forms of these substrates were 

detected by western analyses (Figure 14). In these assays, the 308 cells showed low levels 

of Erk-l/2 activity. In contrast, Erk-l/2 activity was found to be significantly elevated in 

6M90 cells (2.5-4.0 fold). p38 MAP kinase activity was barely detectable in 308 cells 

under these conditions whereas both 6M90 as well as 6R90 lysates showed elevated p38 

activity. JNK activity did not appear to be significantly different amongst the three cell 

lines. Taken together, these data show that in this model, increased transcription factor 

and MAPK activities correlate with the malignantly progressed phenotype. 

At this point in our studies, we were inclined to study signaling events that could 

potentially mediate elevated MAPK activities as well transcription factor transactivation. 

A review of the literature suggested that ROS were such a class of mediators known to 

modulate the activity of both these classes of proteins. During this time, Irani and 

coworkers published evidence that mitogenic signaling via activated ras involved 

generation of ROS (Irani et al., 1997). Since 308 cells have an activated ras, we 

proceeded to stud> the ROS status in our model. 
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Figure 14. MAPKinase activities are elevated in botii 6M90 and 6R90 ceil lines. 

Exponentially growing cultures were serum starved for 24 h. One hundred micrograms of 
totd cell extract were immunoprecipitated with phospho-specific antibodies for Erk-1/2, 
JNK or p38 MAPK. In-vitro kinase assays were performed and phosphorylated substrates 
detected by western blot analysis with phosho-specific antibodies. 
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Malignant variants have increased intracellular ROS levels that contribute to their 

proliferative capacity 

Levels of intracellular reactive oxygen species were measured using lucigenin and 

luminol enhanced chemiluminescence assays (Figure 15, panels A and B respectively). 

Both lucigenin and luminol are substrates that luminesce upon ROS action. Lucigenin 

enhanced chemiluminescence has specificity for superoxide radicals whereas luminol 

detects hydrogen peroxide and singlet oxygen generation (Gyllenhammar H, 1987; 

Rathakrishnan and Tiku, 1993; Rathakrishnan et al., 1992; Yan and Spallholz, 1993; Irani 

et al., 1997). With both assays, the 6M90 as well as 6R90 progressed cells showed a near 

2-fold elevation in steady state ROS levels (range 1.6-2.4 fold between experiments; 

p=0.05). In general, there was a trend towards a higher chemiluminescence with 

lucigenin in 6R90 cells (Figure 15A) whereas the 6M90 cells showed elevated signals 

with luminol (Figure 15B), suggesting that there might be differences in ROS species 

between these cell lines. 

Many studies have shown a correlation between alterations in intracellular redox 

status and the rates of proliferation of cells. Exposure to active oxygen has been shown to 

be mitogenic (Muehlematter et al., 1988). Burdon and coworkers have demonstrated that 

the maintenance of low level flux of reactive oxygen metabolites is important to the 

maintenance of normal cell proliferation. In their studies, these authors showed that many 

antioxidants, including N-Acetyl-t-Cysteine (NAC), have powerful anti-proliferative 

effects in normal cells (Burdon et al., 1994). NAC has also been shown to inhibit pro-

oxidant induced increases in cellular proliferation and transformation (Parfett and Pilon 
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Figure 15. Malignant variants have increased intracellular ROS levels. 

Confluent cultures were analyzed for intracellular reactive oxygen species (ROS) levels 
using lucigenin and luminol enhanced chemiluminescence assays. One hundred thousand 
cells were grown to confluency for 24 hours and placed in 0.25 mM lucigenin. 
Luminescence was recorded immediately for 1 minute in a Monoiight 2010 luminometer 
(Panel A). For the luminol assay (Panel B), cells were incubated in 1 mg/ml Luminol in 
HPBS and the luminescence measured on a Beckman Liquid Scintillation Counter set in 
a single photon enmiision mode. Results from a representative experiment are shown. 
The error bars represent standard deviation of triplicates in the same experiment. 



134 

1995). Based on this published evidence, we hypothesized that elevated steady state ROS 

levels could mediate the observed increases in cell proliferation in the malignant variants. 

To test this hypothesis, we analyzed the effects of antioxidant treatments on DNA 

synthesis in the 308 cells as well as the malignant variants. We used two chemically 

unrelated antioxidants, NAC and Trolox, in these experiments. NAC is a thiol containing 

compound that has been widely used as an antioxidant. It has been shown to interact 

directly with free radical species such as OH, H2O2 and HOCl (Moldeus et al., 1986; 

Aruoma et al., 1989). NAC may also exert its antioxidant effect indirectly by facilitating 

glutathione biosynthesis (Cotgreave 1997). Trolox is a water-soluble analogue of Vitamin 

E. It has been shown to attenuate lipid peroxidation in cell membranes by acting as a 

proton donor. It therefore indirectly acts as an antioxidant by reducing some of the ROS 

effects on cells (Traber 1997; Traber and Packer 1995). 

For the DNA synthesis studies, subconfluent cultures were partially synchronized 

by serum starvation for 24 hours and then recruited back into the cell cycle by adding 

serum to the medium. Antioxidant treatments were initiated at this time and DNA 

synthesis was measured by pulse labeling the cells with tritiated thymidine as described 

in "Materials and Methods". We found that NAC treatment attenuated DNA synthesis in 

all cell lines in a dose dependent manner (Figure 16, panel A). 308 cells were found to be 

significantly more sensitive to inhibition at equimolar doses of NAC than the progressed 

cell lines. Treatment with as low as 5mM NAC resulted in a 38% (range 25-45%) 

inhibition in DNA synthesis in 308 cells whereas the progressed cell lines remained 

largely unaffected. With 20niM NAC a 20-30% attenuation in DNA synthesis was seen 
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Figure 16. Increased ROS levels contribute to the proliferative capacity of 6M90 
and 6R90 cells. 

Forty thousand cells/well were plated in 24-weII dishes. After synchronization with 
serum starvation the cells were shifted in serum containing media and grown for 16 hours 
in die presence of increasing doses of different agents as indicated. One |aCi/ml 
thymidine was added to the wells for the last 4 hours of incubation. The cells were 
washed with PBS and processed for thymidine incorporation. Panel A shows the 
effects of NAC treatment. Treatment with a chemically unrelated antioxidant, Trolox, 
was found to synergize for inhibition of DNA synthesis (Panel B). Bars show means from 
three independent experiments. Error bars show 95% confidence intervals of the means. 
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in the malignant 6M90 and 6R90 cells whereas a >50% attenuation was seen in 308 cells. 

Treatment with 30mM NAC appeared to be necessary to attenuate DNA synthesis in 

malignant cell lines. Trolox was much less effective in attenuating cell proliferation as 

compared to NAC (Figure 16, panel B). 308 cells were more sensitive to inhibition with 

2mM Trolox as compared to 6R90 cells. Furthermore, an ineffective (ImM) dose of 

Trolox potentiated the inhibitory effects of lOmM NAC, suggesting that these chemically 

independent agents predominantly exerted an anti-oxidant effect in our assays. All the 

treatment doses were evaluated for toxicity by clonogenic survival assays. No significant 

differences in cloning efficiencies were observed between treated cell versus controls 

(data not shown). We further confirmed the specificity of NAC effects by measuring 

ROS levels in the presence of 5 and 20mM NAC. A dose dependent attenuation in 

lucigenin enhanced chemiluminescence was seen (Figure 17). More significantly, higher 

residual luminescence was observed in both 6M90 and 6R90 cell lines compared to 308 

cells at both the doses tested. 

Taken together, these data demonstrate that the malignant variants have a much 

higher ROS level as compared to the benign 308 cells. Treatment with equimolar doses 

of antioxidant NAC attenuates DNA synthesis more effectively in 308 cells. At doses of 

up to 20 mM NAC, significantly higher residual levels of ROS persist in both 6M90 as 

well as 6R90 variants as compared to 308 cells that maintain elevated DNA synthesis 

levels in the malignant phenotype. A higher, 30mM, dose of NAC is necessary to 

attenuate DNA synthesis in these mzdignant variants to a level similar to low dose 

treatment of 308 cells. 
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Figure 17. Treatment with antioxidant NAC attenuates lucigenin enhanced 
chemiluminescence in a dose dependent manner in all ceil lines. 

One hundred thousand cells were grown to confluency on tissue culture inserts for 24 
hours. These cultures were then treated with increasing doses of NAC for 16 hours and 
subsequently placed in 0.25 mM lucigenin. Luminescence was recorded immediately for 
I minute in a Monolight 2010 luminometer Results from one of two experiments are 
shown. The error bars represent standard deviation of triplicates in the same experiment. 
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Since we had only one cell line from each of the MNNG and radiation progressed 

tumors, we wanted to be sure that this was not an isolated phenotype that grew out in our 

experiments. To address this concern, we assessed the effects of NAC treatment on 

I0Gy5 cells. These cells are a radiation associated malignant variant of 308 cells and are 

an independent isolate from a previous experiment for malignant progression in our 

laboratory. The lOGyS clone was initially isolated for its elevated AP-1 activity and was 

subsequently shown to be tumorigenic (Domann et al., 1994a). We found that the lOGyS 

cells showed increased proliferative capacity as well resistance to inhibition of DNA 

synthesis with NAC (Figure 18), similar to what was seen in the 6M90 and 6R90 

variants. These data functionally implicate elevated ROS levels in the malignant 

progression of 308 cells. 

To further substantiate the functional role of ROS in this model system, we 

treated the cells with hydrogen peroxide, a pro-oxidant. We postulated that, if indeed a 

pro-oxidant state was autogenic, then the 308 cells should show increased cell 

proliferation in response to hydrogen peroxide. We found that low dose level treatment 

with hydrogen peroxide significantly increased DNA synthesis in 308 cells. At a 25|iM 

dose the ^H-thymidine uptake increased to 125% of untreated controls in these cells 

(p<0.05; Figure 19, panel A). Similar treatments of the malignant variants did not 

increase their proliferation; in fact, a significant attenuation of DNA synthesis was 

observed. Clonogenic survival assays showed that treatment with hydrogen peroxide led 

to a dose dependent decrease in survival in both 6M90 and 6R90 cell lines (Figure 19, 

panel B). In a single experiment, simultaneous treatment with lOmM NAC abrogated 
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Figure 18. Malignant lOGyS ceils, an independent isolate of 308 cells, also show 
increased DNA synthesis and resistance to inhibition with antioxidant NAC. 

Forty thousand cells/well were plated in 24-well dishes. After synchronization with 
serum starvation the cells were shifted in serum containing media and grown for 16 hours 
without any treatment (A) or in the presence of increasing doses of NAC (B). One (iCi/ml 

thymidine was added to the wells for the last 4 hours of incubation. The cells were 
washed with PBS and processed for thymidine incorporation. Bars represent means 
from three independent experiments. Error bars show 95% confidence intervals of the 
means. 
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Figure 19. Treatment with low dose hydrogen peroxide increases DNA synthesis in 
308 ceils but not the malignant variants. 

Cells were plated for a DNA synthesis assay as before and treated with increasing doses 
of hydrogen peroxide for 16 hours (A). Tritiated thymidine was added to the wells during 
the last 4 hours of incubation and the samples were processed for its uptake as previously. 
Panel B shows clonogenic survival with hydrogen peroxide over the dose range used in 
DNA synthesis assays. Bars represent mean values from three independent exeriment. 
Error bars represent 95% confidence intervals. 
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the hydrogen peroxide effects in all cell lines (data not shown). These data show that the 

parental 308 cell line can mount a mitogenic response to a pro-oxidant state. The 

emergence of a pro-oxidant state correlates with the malignantly transformed phenotype 

and elevated ROS levels functionally contribute to the increased proliferative capacity of 

the malignant phenotype. 

To test if the tumorigenic phenotype of the malignant variants was dependent on 

their pro-oxidant state, we studied the effects of another anti-oxidant, pyrrolidine 

dithiocarbamate (PDTC), in-vivo by treating athymic nude mice bearing 6M90 or 6R90 

tumor xenografts. The choice of this antioxidant was based on the fact that in-vitro 

treatment with 100|.iM PDTC resulted in >50% attenuation of DNA synthesis in these 

cell lines as was seen with 30mM NAC treatment (Figure 20A) and that the efficacy and 

safety of the PDTC dose regimen has already been established in the athymic nude mice 

(Chinery et al., 1998). After the establishment of palpable tumors (mean tumor area 50-

100 mm"), animals received either PDTC or saline intraperitoneally three times/week. As 

shown in Figure 20B, PDTC treatment significantly slowed mmor growth in both 6M90 

(panel A) as well as 6R90 (panel B) xenografts over 5 weeks of treatment in comparison 

with saline treated controls. However complete cessation of growth or tumor regression 

was not seen with this treatment. Gross analysis of the cut sections of the tumors at the 

end of the experiment showed evidence of residual solid, potentially viable, tumor mass 

in PDTC treated animals. While these results demonstrate that elevated ROS levels in 

these malignant variants are important for tumor growth in-vivo as well as in-vitro, a lack 
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Figure 20A. 
in all ceils. 

Antioxidant PDTC is extremely effective in attenuating DNA synthesis 

Increasing doses of another antioxidant, PDTC, were used in the DNA synthesis assays to 
study its affects on ceil proliferation as before. The data represents means from three 
independent experiments. Error bars show the 95% confidence intervals of the means. 
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Figure 20B. Antioxidant PDTC attenuates in-vivo tumor growth from 6M90 and 
6R90 ceil lines. 

Five million cells from late log phase cultures were injected subcutaneously into athymic 
nude mice. When the tumors from 6M90 (A) and 6R90 (B) cells reached a mean size of 
50-100 mm", the mice were given thrice weekly injections of either PDTC (100 mg/kg) 
or saline and followed for tumoi growth. Error bars represent standard deviation of the 
means. The data represents means from 8 mice in each treatment group. 
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of complete abrogation of the tumorigenic phenotype points towards additional ROS 

independent mechanisms being involved in the maintenance of the phenotype. 

Pro-oxidant state of 6M90 and 6R90 cell lines mediates elevated Erk-1/2 and p38 

MAP Kinase activities and, in part, elevated transcription factor activities 

Having shown that the elevated ROS levels functionally contribute to the 

proliferative capacity of the progressed variants, we proceeded to investigate the potential 

signaling cascades involved in this process. It has been previously shown that ROS can 

act as signaling molecules and can modulate transcription factor and MAPKinase 

activities (Palmer and Paulson, 1997). In order to determine whether elevated ROS levels 

signaled via these effector targets in our model, we performed attenuation studies with 

NAC. Figure 21 shows the effects of NAC treatment on AP-1 (Figure 21 A), NFKB 

(Figure 2IB) and CRE (Figure 21C) luciferase reporter activities. 20mM NAC treatments 

resulted in a 50% inhibition of NFKB and AP-1 transactivation in 308 cells, which 

correlates with the extent of inhibition of DNA synthesis with NAC in these cells. 

However a majority (nearly 75%) of the AP-1 as well as NFKB transactivation in 6M90 

and 6R90 cells was still detectable at this dose. This could be a reflection of higher 

residual ROS levels at this dose of NAC treatment. We had previously observed a 

significantly higher residual chemiluminescence with 20mM NAC dose with the 

lucigenin assays (see Figure 17). Alternately, it is possible that AP-I and NFKB activities 

in the progressed phenotype are, in part, independent of the pro-oxidant state of these 

cells and their constimtive elevation involves other mechanisms. The modulation of CRE 

dependent transactivation with NAC was interesting in that the transactivation in 6R90 
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Figure 21. NAC treatment attenuates transcription factor activities in all cells. 

Log phase cultures were transfected with luciferase reporter constructs containing either a 
TRE (A), NFKB (B) or a CRE (C) cis-element as described previously. During recovery 
from transfection, they were treated with indicated doses of NAC. Luciferase activity was 
analyzed in the cell lysates and was expressed as a percent of untreated controls in a 
given cell line. Data shown represent means from three independent experiments. 
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cells appeared to be attenuated to a greater extent than the 308 cells (Figure 21Q, 

suggesting that ROS levels may signiflcantly modulate CRE dependent transactivation in 

6R90 cells. These studies suggested that both ROS dependent as well as ROS 

independent mechanisms influenced signaling via these transcription factors. This 

prompted us to study the effects of NAC treatment on MAPKinase activities 

Figure 22 shows the effects of increasing doses of NAC on Erk-1/2 activity. As 

was seen in serum starved cells (Figure 14), Erk-1/2 activity in 6M90 cells was found to 

be elevated (1.8-2.5 fold) in cycling cells, indicating a constitutively elevated Erk-1/2 

signaling cascade in these cells. Further, a dose dependent attenuation of Erk-1/2 activity 

was seen with NAC in this MNNG progressed malignant variant. Treatment with a 5mM 

dose appeared to bring the activity level down to that seen in untreated 308 cells. No 

significant attenuation of Erk-1/2 activity was seen in the 308 or 6R90 cells. Similarly, 

JNK activity was found to be resistant to NAC treatment. However, as is seen in Figure 

23, all cell lines had a significantly high JNK activity. We could have missed a small 

attenuation against this background of a high JNK activity. Of the three MAPKs, JNK 

activity has been consistently found to be redox sensitive (Su and Karin, 1996). p38 MAP 

Kinase activity showed a dose dependent attenuation in all three cell lines (Figure 24). 

6R90 cells showed a significant elevation of p38 activity (2.3-3.5 fold) as compared to 

308 ceils indicating that p38 activity was constitutive in this malignant variant. Taken 

together, the MAPKinase studies show that constitutive elevation of Erk-1/2 and p38 

MAP Kinase correlate with the malignant progression of 308 cells. Smdies with 

antioxidant NAC indicate that elevation of steady state ROS levels in these cells may be 
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Figure 22. NAC treatment attenuates elevated Erk-1/2 activity in 6M90 ceils in a 
dose dependent manner. 

Exponentially growing cultures were treated with increasing doses of NAC. After 16 
hours of treatment, cells were lysed and 100 |ag of whole cell lysate was 
immunoprecipitated with phospho-specific antibodies for Erk-1/2. In-vitro kinase assays 
were perifbrmed using Elk-1 as a substrate. Phosphorylated substrate was detected by 
western blot analysis using phospho-specific antibodies against Elk-1. Representative 
blots are shown. The experiment was repeated thrice. 
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Figure 23. Antioxidant NAC has no effect on JNK activity in the cell lines. 

Cell lysates from NAC treated cells were immunoprecipitated with a phospho-specific 
antibody against JNK. In-vitro kinase assays were done using a GST-c-Jun fusion protein 
as a substrate. c-Jun phosphorylation was detected by western analysis with an antibody 
against Ser-73 phosphorylated form of the protein. 
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Figure 24. A dose dependent attenuation of p38 MAPK activity is seen in all cell 
lines with NAC treatment. 

Exponentially growing cultures were treated with increasing doses of NAC. After 16 
hours of treatment, cells were lysed and 100 |ag of whole cell lysate was 
immunoprecipitated with phospho-specific antibodies for or p38 MAP kinase. In-vitro 
kinase assays were performed using ATF-2 as a substrate and phosphorylated form of 
ATF-2 was detected by western blot analysis using Thr-71 ATF-2 phospho-specific 
antibodies. A representative blot is shown. 
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responsible for the constitutive activation of these MAPKs in the 6M90 and 6R90 

malignant variants. 

Both Erk-1/2 as well as p38 MAP Kinase signaling pathways are important in 

maintaining cell proliferation 

To investigate the role for ROS mediated elevated Erk-1/2 and p38 MAP Kinase 

in proliferative capacity of the malignant phenotype, we used pharmacological inhibitors 

to attenuate signaling via these kinases. We inhibited Erk-1/2 activity with PD 98059, 

which is a specific inhibitor of Erk-1/2 activating kinases MEK-1/2 (Pang et al., 1995). 

We have previously shown that 50|JM PD 98059 completely abrogates Erk-1/2 activity in 

308 cells (Rosenberger et al., 1998b). We also found this to be true for both 6M90 as well 

as 6R90 cells (data not shown). Inhibition of Erk-1/2 activity in all cell lines resulted in a 

significant (35-45%) attenuation of DNA synthesis (Figure 25) suggesting that in this 

model system, Erk-1/2 cascade transduces a mitogenic signal. SB 203580, a pyridinyl-

imidazole compound that inhibits p38 MAP Kinase (Lee et al., 1994; Cuenda et al., 1995) 

was used to study the effects of p38 MAPK inhibition on cell proliferation. 20nM SB 

203580 inhibited 85-90% MAPKAPK-2 phosphorylation (Figure 26A) and did not 

decrease Erk-1/2 or JNK phosphorylation (Figure 26B) in these cells substantiating its 

specificity as a p38 MAPK inhibitor. In the presence of SB203580, we saw a slight 

increase in phosphorylated Erk-1/2 and JNK. We have observed similar increases in Erk-

1/2 and JNK activity in okadaic acid treated 308 cells (Rosenberger et al., 1998a). These 

elevations could have been due to a compensatory increase in signaling through these 
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Figure 25. Treatment with MEK-1 or p38 MAP kinase inhibitor reduces DNA 
synthesis in all cell lines. 

DNA synthesis was measured as before in the presence of 50 |iM MEK-1 inhibitor 
(PD98059) or 20 |iM p38 MAP kinase inhibitor (SB203580). The cells were treated with 
either the inhibitor or DMSO for 1 hour prior to serum stimulation. ̂ H-thymidine 
incorporation was measured after 16 hours of treatment and expressed as percent of 
DMSO controls. Average ^H-thymidine uptake from three independent experiments is 
shown. The error bars represent 95% confidence intervals of the means. 
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Figure 26A. Treatment with 20 |iM p38 MAFK inhibitor SB203580 significantly 
attenuates in-vivo phosphoryaltion of MAPKAP Kinase-2 in 6M90 and 6R90 cells. 

Subconfluent cultures were treated with the p38 MAPK inhibitor(indicated as "+" lanes) 
or DMSO lanes) for 16 hours under identical conditions as the DNA synthesis 
assays. The cells were starved for phosphate for 1 h and then labeled with ~P 
orthophosphate. Whole cell lysates were prepared in RIPA buffer immunoprecipitated 
with anti-MAPKAP Kinase-2 antibody. The proteins were resolved on a 10% 
polyacrylamide gel and exposed to a phosphorimager plate. Individual band intensities 
were measured on the gel images usinglmage Quant software (Molecular Dynamics). A 
representative gel image from one of three experiments is shown. 
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Figure 26B. p38 MAPK inhibitor treatment of 6M90 and 6R90 cells does not 
decrease Erk-1/2 or JNK activity. 

Subconfluent cultures from the malignant variants were treated with 20 |iM SB 203580 
(+)or DMSO (-)as before. Fifty {ig whole cell lysates were resolved on 12.5% SDS 
PAGE gels and analyzed by western blots for phosphorylated Erk-1/2 (A) or 
phosphorylated JNK (B). Representative blots from one of two experiments are shown. 
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MAPKs. Such a possibility would certainly be true if elevated ROS levels were indeed 

the common effector molecules activating the MAPK signaling in this model. The 6R90 

cells were found to be extremely sensitive to p83 MAPK inhibition that resulted in a 

>50% attenuation of DNA synthesis in these cells. The MNNG progressed 6M90 cells as 

well as 308 cells were also inhibited but to a lesser extent. These inhibitor studies 

demonstrate that both Erk-I/2 and SB203580 sensitive p83 MAPK signaling are essential 

to maintain the optimal proliferation in this model. The radiation progressed 6R90 

malignant variants appear to be critically dependent on the constitutive p38 activity for 

their proliferation. Taken together with the results of the NAC effects on MAPK activity, 

these data, for the first time, functionally implicate constitutive elevations of Erk-1/2 and 

p38 activities during malignant progression and identify these MAPKs as potential 

targets for ROS induced mitogenic signaling. 

Ras signaling and cell proUferation in the tumor progression model 

Since Ras is thought to be a common upstream activator of MAPKs (Karin 1995) 

and has been shown to increase superoxide and peroxide generation in transformed cells 

(frani et al., 1997), it is possible that altered Ras signaling is the source of the pro-oxidant 

state in the malignant variants. We have done preliminary experiments to assess the status 

of ras gene dose and its contribution to the proliferative capacity of the cells in this 

model. The 308 cells expressed a mutant ras allele that has an A to T transversion 

mutation in the second position (CAA to CTA). of the 61^' codon. We first determined if 

the ratio of the wild type to mutant alleles had changed between the 308 cells and the 

malignant variants. We performed PCR/RFLP analysis for the mutations in the 61^' codon 
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of c-Ha-ras. The details of the protocol have been previously published from our 

laboratory (Finch et al., 1996) and are summarized in the "Materials and Methods" 

section. All three activating mutations in the 61" codon, CAA to CTA, CAA to CGA and 

CAA to CAT_create new restriction sites recognized by Xbal, TaqI and Nlalll 

respectively. This allows their detection in a heterozygous pool of amplimers and forms 

the basis of our PCR/RFLP detection. We amplified the second exon of Ha-ras by a 

nested PCR protocol. The second round of PGR was done with ^~P-dCTP incorporation in 

the product. The PCR products were then digested with the indicated enzymes and the 

reactions resolved on non-denaturing sequencing gels. The Xbal digest (Figure 27) 

detected the CAA to CTA mutation in all cell lines. The undigested product could still be 

detected showing that the cells were heterozygous for this ras mutation and had retained 

the wild type allele. As a control, we could digest to completion under identical 

conditions, the PCR amplification product from a plasmid carrying an insert with this 

mutation (data not shown). We calculated the ratios of band intensities for the wild type 

to mutant allele and did not find any differences between 308 cells and the malignant 

6M90 or 6R90 cells. These data show that the wild type to mutant ratio for CAA to CXA 

mutation has not changed during progression in this model. Other mutations in the 61" 

codon were found to be absent as no RFLPs were detected with TaqI or NlalTT digests 

(Figure 28). These data show that ratio of the wild type to mutant allele for 61" codon 

mutation has remained unchanged during progression in this model and indicates that, 

perhaps ras signaling may be unaltered in the progressed phenotype. 
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Figure 27. The ratio of wild type to mutant ras gene dose is the same in 308 cells as 
well as the malignant variants. 

Genomic DNA from all cell lines was digested with HindHI and Pstl. 500 ng of the 
digested DNA was used in a nested PCR protocol to amplify the second exon of Ha-ras 
as detailed in "Materials and Methods". The PCR products at the end of the second round 
were digested with Xbal and resolved on non-denaturing sequencing gels. The gels were 
exposed to a phosphorimager plate. Image analysis and quantitation of individual band 
intensities were done with Image Quant (Molecular Dynamics). Presence of an A to T 
mutation in the second position of the 61^' codon of Ha-ras results in a single Xbal 
restriction site in the PCR product and produces a characteristic RFLP. The 176 bp band 
represents the wild type (CAA), undigested product. Ninety-one bp and 85 bp are RFLP 
products generated as a result of the mutation (CTA). A representative gel is shown. 
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Figure 28. No new 61  ̂codon mutations are detected in the 6M90 or 6R90 cell lines. 

Genomic DNA was restricted and amplified for the second exon of Ha-ras as before. 
PGR products were digested with either TaqI (panel A) to detect CGA mutation or Nlalll 
(panel B) to detect the CAT mutation in the 61®' codon of Ha-ras. For controls, plasmid 
DNA with Ha-ras cDNA inserts carrying a CTA (T2), CGA (G2) or CAT (T3) mutation 
were amplified. Wild type sequence produces a 176 bp undigested band. G2 mutation 
produces 90 and 86 bp fragments. T3 muation results in an additional NlalU site that 
cleaves the 50 bp fragment into 33 and 17 bp products. 
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We also conducted some experiments with two inhibitors of ras activation; 

perillyl alcohol (POH) and a famesyl transferase inhibitor, and studied their effects on 

ceil proliferation. p21 ras is post-translationaily modified by the addition of a famesyl 

group at its carboxy terminus. This modification has been shown to be essential for 

signaling, transformation and membrane association properties of ras (reviewed in 

Aggarwal et al., 1994). POH is a monterpene that has been shown to inhibit ras 

famesylation perhaps by inhibiting famesyl transferase (Crowell et al., 1994; Gleb et al., 

1995). However, since POH has also has other effects including inhibition of ubiquinone 

and cholesterol synthesis (reviewed in Barthelman et al., 1998), we also employed a cell 

permeable famesyl transferase inhibitor (FTase inhibitor I, Calbiochem-Novabiochem, 

San Diego, Cat# 344510) in one experiment. This specific synthetic inhibitor has an 

IC5o= 2ImM in-vitro for ras famesyl transferase. After 12 h treatments, we observed an 

attenuation of cell proliferation in all cell lines with both POH (Figure 29, panel A) as 

well as with the famesyl transferase inhibitor (Figure 29, panel B). However, in all the 

experiments, a significant degree, up to 60% of untreated levels, of tritiated thymidine 

uptake was seen at the highest dose of the inhibitors used (p<0.05). We also carried out 

some cell survival assays with POH and saw that doses beyond ImM were significantly 

toxic to the cells (data not shown). In order for us to draw any firm conclusions we would 

have to independently demonstrate a dose dependent attenuation of ras activity with POH 

and famesyl transferase inhibitor. However, assuming that we did achieve a significant 

attenuation of ras activation, these data indicate that both ras dependent as well as ras 

independent mechanisms regulate cell proliferation in this model. 
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Figure 29. Preliminary evidence suggests that Ras dependent signaling partially 
contributes to the proliferative capacity of the cells in this model system. 

DNA s3mthesis assays were performed on 308 cells as well as 6M90 and 6R90 cell lines 
as before in the presence increasing doses of of perillyl alcohol (A) or a cell permeable 
ras famesyl transferase inhibitor (FTase inhibitor I, Calbiochem, Cat# 344510) (B). Data 
from one of two perillyl alcohol experiments and a single famesyl transferase experiment 
are shown. Error bars represent standard deviation amongst triplicates within the same 
experiment. 
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Discussion 

Constitutiveiy elevated NFKB and CRE transactivation correlate with the 

malignant phenotype 

Deregulated gene expression due to perturbations in signal transduction pathways 

can lead to abnormal cellular responses including malignant conversion. Our finding that 

AP-1 activity is constitutiveiy elevated in 6M90 cells agrees with the evidence for a 

causal relationship between elevated AP-1 transactivation and malignant progression of 

murine skin tumors and human keratinocytes (Domann et al., 1994; Li et al., 1998 and 

references therein). We did not see a similar increase in 6R90 cells, suggesting the 

involvement of AP-1 independent mechanisms in the progression of this variant. 

Recently, elevated NFKB transactivation has also been implicated in this process (Dong 

et al., 1997; Li et al., 1998). While increased DNA binding to an NFKB cis-element has 

been corelated to the elevated transactivation, the namre of these NFKB complexes 

remains unknown. Our analysis of the 6M90 and 6R90 malignant variants extends these 

observations on NFKB to include elevated nuclear levels of p65 subunit. p65, also 

referred to as RelA, is an indispensable component of the NFKB multigene family 

(Schmitz and Baeuerle, 1991; Perez et al., 1995). The transcriptionally active NFKB 

complexes include the p50/p65 and p52/p65 heterodimers that bind decameric enhancer 

elements in promoters of genes such as cell adhesion molecules (Collins et al., 1995). p65 

subunit is required for adequate transactivation and induction of NFBCB promoter 

dependent genes (Schmitz and Baeuerle, 1991; Beg et al., 1995). p65 knockout mice are 

embryonic lethal (Beg et al., 1995). The "cross-talk" between AP-1 and NFKB 
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transcription factors has been shown to be mediated by p65 NFKB subunit interaction 

with AP-1 proteins (Stein et al., 1993). These findings indicate the essential role of p65 

subunit in NFKB activity and provide support for its elevated nuclear levels as a potential 

mechanism for increased NFKB transactivation observed in the 6M90 and 6R90 

malignant variants. This increased nuclear localization could be a result of either a 

transcriptional induction of p65 or decreased levels of its cytoplasmic inhibitor IKBa 

(Baldwin, 1996). Additional post-translational modifications of p65, such as 

phosphorylation, have been shown to increase its DNA binding and transactivation 

potential (Naumann and Scheidereit, 1994). The contributions of these mechanisms to 

elevated NFKB transactivation in this model system is an area of further study. 

We have made a novel observation of elevated CRE activation in the malignant 

phenotype. The c-AMP response element (CRE) is found in the promoters of genes such 

as those responsive to protein kinase A activation (Karin and Smeal, 1992) and differs 

from the classical TRE by a single additional base. This octameric site preferentially 

binds c-Jun/ATF-2 heterodimers (Price et al., 1995) and appears to be constitutiveiy 

occupied in non stimulated cells (Herr et al., 1994). Phosphorylation of serine/threonine 

residues in the transactivation domains of c-Jun and ATF-2 are required for 

transcriptional activation of this prebound complex. The stress activated protein kinases 

(SAPKs), which include the JNKs and p38 MAPKs, are considered the major kinases that 

target Ser-63 and Ser-73 in c-Jun and Thr-69 and Thr-71 in ATF-2 respectively (Gupta 

et al., 1995; Livingstone et al., 1995). In our study we found a constitutive elevation of 

CRE transactivation which correlated with increased levels of activated ATF-2 
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(phosphorylated on Thr-7l residue) in the nuclear extracts. Physiological consequences 

of elevated CRE transactivation are unknown at present. The CRE cis-element has been 

shown to play an important role in the transcriptional activation of c-Jun (Herr et al., 

1994) and proteases such as uPA (De Cesare et al., 1995); genes that may play a 

functional role during tumor progression. 

Elevated Erk-1/2 and p38 MAP kinase activities in the malignant variants are 

important contributors to their proliferative capacities 

MAP kinases are important upstream regulators of trzmscription factor activities. 

In this study we demonstrate that the malignant variants have elevated Erk-1/2 and p38 

MAP Kinase activities. DNA synthesis studies in the presence of specific inhibitors of 

p38 MAP Kinase or MEK-1/2, the upstream activator of Erk-1/2, show that both Erk-1/2 

and p38 kinase signaling are important in maintaining optimal cell proliferation in 6M90 

as well as 6R90 cells. The elevated p38 MAPK activity in radiation progressed 6R90 

cells appears to be critical for their proliferation. These data point towards a functional 

role of MAP Kinase cascades during tumor progression and, for the first time, implicate 

elevated Erk-1/2 and p38 MAP kinase activities in malignant progression of mouse 

keratinocytes. This deregulation of upstream MAP kinase activities could, in part, be 

responsible for the elevation in transcription factor activities that is frequently seen 

during malignant progression. Activated Erk-1/2 phosphorylates transcription factor Elk-

1, thereby inducing c-fos expression and elevating AP-1 activity (Su and Karin 1996; 

Karin 1995). Erk-l/2 can also affect AP-1 activity post-transcriptionally by increasing 

phosphorylation of AP-1 proteins in response to tumor promoters (Rosenberger et al.. 
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1998a and b). In the J66 mouse epidermal cells, decreased levels of Erk-1/2 is an 

important contributor to the tumor promotion-resistant phenotype. Stable transfection of 

wild type Erk-2 into P- cells restores TPA and EGF induced transformation and AP-1 

activation (Huang et al., 1998). Constitutive mutants of MEK-l show weak transforming 

activity in some cells (Cowley et al., 1994). In addition, Erk-1/2 activation in response to 

inflanmiatory cytokines also plays a role in modulating NFKB activity (Vanden Berghe 

et al., 1998). Our findings of constitutively elevated Erk-1/2 activity in the malignant 

6M90 cells extend Hunang et al's observations and provide support for an essential role 

of Erk-1/2 signaling during malignant progression of mouse skin tumors. Increased AP-I 

and/or NFKB transactivation, as seen in the 6M90 cells, could be some of the 

downstream effects of elevated Erk-1/2 signaling. Our MEK-1/2 inhibitor studies also 

agree with the observations that Erk-1/2 MAP kinase cascade transduces a mitogenic 

signal (Su and Karin 1996; Cobb and Goldsmith, 1995; Marshall 1995). 

In our model system, we demonstrate that the 6R90 cells have a constitutively 

elevated p38 MAP kinase activity that contributes to its proliferative capacity. The role of 

p38 signaling in cellular responses to various stimuli remains poorly understood and is 

controversial at present. It has been shown that many apoptotic signals stimulate p38 

activity and its activation correlates with the induction of apoptosis in several cell types 

(Schwenger et al., 1998; Brenner et al., 1997; Ichijo et al., 1997; Xia et al., 1995). On the 

other hand, p38 MAP kinase activation is a critical component of angiotensin II mediated 

vascular smooth muscle cell proliferation (Ushio-Fukai et al., 1998). Our data indicate 

that p38 kinase signaling transduces a cell survival/proliferation signal in the malignant 
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variants. A potential explanation of these contrasting results may lie in the p38 MAP 

kinase subtypes. The p38 subfamily of MAP kinases consists of p38a, p38p, p38Y and 

p385 (Cuenda et al., 1997; Han et al., 1995; Lee et al., 1994). Of these subtypes, only 

p38a and p38P have been shown to be inhibited by SB203580. The other forms of p38 

do not appear to be affected by this inhibitor (Goedert et al., 1997; Kumar et al., 1997). 

Activation of p38 MAP kinases stimulates the activity of several transcription factors 

including ATF-2, CHOP and MEF-2C (Rouse et al., 1994). It has recently been shown 

that expression of p38P attenuated Fas and UV induced apoptosis. In contrast, p38a 

expression augmented apoptosis by these agents (Nemoto et al., 1998). Therefore, 

depending on which p38 subtype is induced or is dominant in a cell type, p38 kinase 

mediated responses may be quite different. It is possible that both 6M90 as well as 6R90 

cells have elevated p38p activity as a dominant component of p38 MAP Kinase activity 

that mediates a cell survival response. It would be important to characterize the 

expression pattems of the different p38 subtypes in this model system. 

A pro-oxidant state plays a fimctional role in the 6M90 and 6R90 malignant 

variants 

In this study we show that both MNNG progressed 6M90 as well as ionizing 

radiation progressed 6R90 cells show elevated ROS levels that contribute to their 

increased proliferative capacity. To further substantiate these observations, we also 

analj'zed lOGy5 cells, an independent isolate of 308 cells, for their ROS status. This 

radiation progressed 308 variant was initially isolated for its elevated AP-1 activity and 
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subsequently shown to be tumorigenic (Domann et al., 1994). The lOGyS cells also 

showed increased proliferative capacity as well as resistance to inhibition of DNA 

synthesis with NAC, similar to what was seen in 6M90 and 6R90 cells. These results 

demonstrate that the emergence of a pro-oxidant state coincided with malignant 

progression in another previous experiment and, therefore, functionally implicate 

elevated ROS levels in the malignant progression of 308 cells. Attenuation studies with 

anti-oxidant NAC have identiHed Erk-1/2 and p38 MAP kinase as well as potential 

targets mediating the mitogenic response of elevated ROS levels. These results are 

consistent with the observations that acute exposure to x-rays or MNNG can induce MAP 

kinases in a redox sensitive manner (Wilhelm et al., 1997;Stevenson et al., 1994). We 

speculate that elevated ROS levels can increase MAPK signaling during malignant 

progression that provides the necessary growth advantage for the emergence of the 

transformed phenotype. Elevation of transcription factor activities via MAPK activation 

and/or redox modulation is also a part of ROS mediated mitogenic signaling. 

The mechanisms by which ROS modulate the activity of MAP kinases are 

unknown at present. Our results with MEK-1 inhibitor suggest that upstream activators 

may regulate Erk-1/2 activity. Recently, Irani et al have shown that an oncogenic ras, an 

upstream activator of Erk-1/2 signaling (Karin, 1995), increases the production of 

superoxide anion that contributes to increased cell proliferation (Irani et al., 1997). 

However, our data are significantly different from the results of their study. ROS induced 

mitogenic signaling was found to be independent of MAPKs in the NIH 3T3 fibroblast 

clone A6 analyzed by Irani et al whereas our results show that elevated Erk-1/2 and p38 
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MAP kinase activities are important components of ROS mediated mitogenic signaling in 

the malignantly progressed variants. A potential explanation for this apparent 

contradiction could be the different ras mutants in these studies. Whereas the ras mutation 

in 308 keratinocytes involves the 61" codon, the A6 clone carries a valine-12 mutant. We 

speculate that different ras mutants may activate different signaling cascades. Our 

contention is supported by studies with another ras transformed 3T3 clone that caries a 

V12-S35 mutant and has a constitutively activated MAPK pathway (White et al., 1995). 

Our preliminary analysis of ras involvement in our model suggests that cell proliferation 

in the malignant variants is both ras dependent as well as ras independent (data not 

shown). Furthermore, we have not evaluated the contribution of ras dependent signaling 

in ROS generation in this model. Studies by Irani and coworkers show that ras by itself 

does not increase ROS production but signals via racl. Additional studies are needed to 

assess the ras dependence of ROS generation in our model. 

The emergence of the pro-oxidant state in the malignant variants may also be due 

to the downregulation of key anti-oxidant defenses during progression. Evidence from 

JB6 cells shows that activity of anti-oxidant defense enzyme superoxide dismutase 

(SOD) and catalase were significantly reduced following acute exposure to TP A. 

Overexpression of MnSOD or addition of CuZn-SOD inhibited TPA induced 

transformation (Amstad et al., 1997; Nakamura et al., 1988). Similar decreases in SOD 

and catalase activities have been reported in carcinomas generated in-vivo by an 

initiation-promotion protocol (Reiners et al., 1991). Our results with lucigenin and 

luminol enhanced chemiluminescence indicate that multiple species of ROS, including 
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superoxide anion and hydrogen peroxide, are elevated in the malignant cells. Treatment 

with hydrogen peroxide resulted in attenuation of DNA synthesis and decreased cell 

survival in these cells. We hypothesize that attenuation of one or more of the anti-oxidant 

defense enzymes during progression may have resulted in the pro-oxidant state in the 

malignant phenotype. To address this question, we have characterized some of these anti

oxidant defenses in this model. The results from those experiments will be presented in 

the next chapter. 

Summary and Conclusions 

We have developed an in-vitro model to study molecular mechanisms of 

malignant progression mediated by physical and chemical carcinogens. We provide 

evidence that ionizing radiation is as effective as a chemical carcinogen MNNG in this 

stage of skin carcinogenesis. We demonstrate that emergence of a pro-oxidant state plays 

a functional role in the malignant progression of mouse keratinocytes. The results from 

the analyses of molecular mechanisms of ROS mediated mitogenic signaling in this 

progression model are summarized in Figure 30. We have made a novel observation of 

increased CRE transactivation in the tumorigenic phenotype. Our data suggest that 

transcription factors and MAP kinases are potential targets involved in ROS mediated 

mitogenic signaling and, for the first time, implicate elevated Erkl-2 and p38 MAP 

kinase signaling in tumor progression. 
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V. ANTIOXIDANT DEFENSES AND SOURCES OF REACTIVE 

OXYGEN SPECIES IN THE 308 CELLS AND ITS 

MALIGNANT VARIANTS 

Introduction 

As eluded to earlier, the generation of ROS occurs through the reduction of 

oxygen by a single electron pathway and produces the first superoxide radical ( 02"), 

leading to hydrogen peroxide formation (H2O2). Amongst the sources of ROS generation 

are the mitochondria, xanthine oxidase and NADPH oxidase in the cell membranes, 

arachidonic acid metabolism pathways and iron mediated radical generation (McCord 

and Omar, 1993). The intracellular levels of ROS are maintained in check by defense 

enzymes including superoxide dismutases (SOD), catalase, glutathione peroxidase and 

glutathione S-transferase (GST), and non-enzymatic antioxidants such as glutathione. 

Any decrease in these antioxidant defenses can lead to elevated ROS levels and result in 

oxidative stress in our model. We, therefore, analyzed the expression patterns of some of 

these ROS generating enzymes as well as the scavengers of free radicals. We will briefly 

summarize the individual reactions that they catalyze before we describe our results. 

Subsequently, we will conclude this chapter with a discussion on the relevance of our 

findings to the process of malignant progression. 

The respiratory chain of mitochondria comprises perhaps the largest source of 

ROS in all cells. Sequential action of fiavoproteins and cytochromes is invloved in the 

generation of ATP via this process. These components of the mitochondrial electron 
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transport chain are the primary source of superoxide anion, which leads to the generation 

of hydrogen peroxide (Mayes 1994a and 1994b). 

NADPH oxidase and xanthine oxidase are flavoprotein complexes that are 

important components of the oxidative burst in neutrophils and other phagocytes. In 

ligand stimulated cells, NADPH is assembled and activated as a membrane bound, multi-

component complex that catalyzes the reduction of O2 by NADPH to produce Oi". 

Xanthine oxidase is a cytosolic enzyme and a product of enzymatic conversion of 

xanthine dehydrogenase and catalyzes the production of both Oo" as well as H2O2 from 

molecular oxygen (Croos et al., 1987; McCord 1987). When these ROS species are 

produced close to/inside the cell membranes, they result in the oxidation of 

phospholipids. Oxidation of phospholipids results in lipid peroxidation, which causes 

cellular damage and may be a factor in multistage carcinogenesis. Poylunsaturated lipids 

are generally more susceptible to lipid peroxidation than samrated or mono-unsaturated 

lipids due to the presence of more easily extractable 6ij-allylic hydrogens. The resultant 

peroxyl radical can then subtract hydrogen from a neighboring lipid molecule to form a 

lipid hydroperoxide while propagating the chain reaction (Porter et al., 1995). The lipid 

soluble free radical scavenger a-tocopherol (Vitamin E) plays an important role in 

preventing lipid peroxidation by inducing the termination of lipid oxyradical propagation. 

a-Tocopherol donates a proton to the peroxyl radical and prevents it from subtracting a 

hydrogen from another fatty acid. The tocopheroxyl radical (a-T ) itself is relatively 

ineffective in propagating free radical chain reactions, a-tocopherol is then regenerated 

from a-T• either non-enzymatically by a reduction process involving ascorbate or 
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enzymatically by a GSH-dependent reaction involving a membrane free radical reductase 

(Ketterer 1988). 

Another source of -Oa, H2O2, and OH is the conversion of arachidonic acid (AA) 

to prostaglandins (PG). These reactions are catalyzed by two PG synthetases (PGS), 

referred to as PGS-1 and -2, or cyclooxygenase (COX)-l and -2 respectively. These two 

separate gene products exhibit similar cyclooxygenase and peroxidase activities although 

they are differentially regulated. While a variety of factors, including serum, growth 

factors and phorbol esters can upregulate the expression of both COX-1 and -2, COX-2 

generally responds in a much more dramatic fashion. Increased COX-2 expression has 

been observed in both human and mouse skin tumors. There is experimental evidence 

that attenuation of COX activity by anti-inflammatory agents interferes with tumor 

promotion and progression of mouse skin neoplasms (Fisher 1994). During the metabolic 

conversion of AA by COX-1 and -2, two molecules of the cofactor NADH are oxidized 

per molecule of PGH2 synthesized. The NAD- resulting from the NADH oxidation is 

highly autoxidizable and causes -Oi" formation (Mamett 1981, 1987). 

Another important cytosolic source of ROS is the arginine (Arg) dependent 

synthesis of nitric oxide (NO-). The basal and stimulated formation of nitrogen oxides are 

catalyzed by the constitutive and inducible isoforms of nitric oxide synthases. Expression 

of both isoforms is well documented in epithelial and endothelial cells. The inducible 

nitric oxide synthase (iNOS), in particular, is upregulated by various cytokines and has 

been shown to catalyze the production of large amounts of nitric oxide for long periods of 

time in mouse skin as well as human keratinocytes in culture (Frank et al., 1998; Rowe et 
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al., 1997; Robertson et al., 1996). Besides being an ROS species itself, nitric oxide can 

also form peroxynitrite, the reaction product of NO- and superoxide. Peroxynitrite has 

been shown to induce DNA strand breaks in cells (Kennedy et al., 1998). In addition, 

nitrosoamines, which have already been implicated in gastrointestinal tract 

carcinogenesis, can also be synthesized from NO- (Bartsch et al., 1992). Recently, 

evidence has been obtained for increased iNOS expression in Barrett's esophagus and 

esophageal carcinomas (Wilson et al., 1998) as well as papillomas and carcinomas in the 

mouse skin (Robertson et al., 1996). 

The major intracellular antioxidant defense relies on enzymatically removing -Oi" 

and H2O2 before they react with other macromolecules or participate in metal catalyzed 

generation of free radicals. The superoxide radical is converted to hydrogen peroxide and 

molecular oxygen by superoxide dismutase (SOD). Several metalloforms of SOD 

enzymes exist. In eukaryotic cells, two copper and zinc containing SOD (Cu/ZnSOD) are 

found in the cytosol and extracellular fluids, whereas a manganese containing SOD 

(MnSOD) is present in the mitochondrial matrix. Catalase, which detoxifies hydrogen 

peroxide, is a heme-containing enzyme found mostly in peroxisomes (80%) and cytosol 

(20%). Catalase interacts with H2O2 to from the enzyme-substrate complex compound I, 

a hemoprotein-associated free radical, which further interacts with another H2O2 

molecule to produce water and molecular oxygen. Within the cytoplasm, micromolar 

concentrations of reduced glutathione (GSH) also efficiently scavenge hydrogen 

peroxide. This interaction results in the accumulation of oxidized glutathione (GSSG) 

which is converted back to GSH by GSSG reductase in a NADPH dependent redox cycle. 
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thereby maintaining adequate levels of this important non-enzymatic antioxidant defense 

in the cells (for a review, see Perchellet et al., 1994). 

Other organic hydroperoxides, such as the products of lipid peroxidation, are 

primarily detoxified by GSH peroxidases in the cytosol. These enzymes exist as selenium 

(Se) dependent and independent forms. In addition to these, GST, a family of enzymes 

that catalyze conjugation of GSH to xenobiotics, also have a significant GSH peroxidase 

activity. This protective GSH peroxidase activity of GSTs may be of paramount 

importance in biological systems that have very little or no Se-dependent GSH 

peroxidase, even though such protection may not be their primary function (Prohaska and 

Ganther, 1977; Ketterer 1988; Ketterer and Meyer, 1989). It is now recognized that most 

tissue culture media are extremely low in selenium and, therefore, cells in culture tend to 

have a negligible Se-dependent GSH peroxidase activity. In our experiments, we did not 

supplement our culmres with selenium. Therefore, in our progression model, GSTs may 

also play a role as an antioxidant. 

From this review, it is clear that a complex network of ROS generation and 

scavenging mechanisms exist within a cell. Perturbations in one of more of these 

constituents can result in the development of oxidative stress. Since detoxification of 

superoxide and hydrogen peroxide is considered important, we chose to evaluate the 

expression patterns of SOD, catalase and GST (Mu isoform), and measure the levels of 

GSH and GSSG in cells. To identify potential sources of increased ROS generation, we 

analyzed the messenger RNA levels of COX-2 and NADPH oxidase in 308 cells as well 

as the malignant variants. 
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Results 

Both 6M90 and 6R90 cells show a significant decrease in catalase activity 

As an initial screen for the enzymatic anti-oxidant defenses, we measured the 

messenger RNA levels of MnSOD, Cu/Zn SOD and catalase in 308, 6M90 and 6R90 

ceils. Northern blot analyses were done on total RNA isolates from these cells. The 

cDNA probes for these studies were obtained from Dr. Margaret Briehl, Department of 

Pathology, University Medical Center. We also used RNA isolates from WeHi cells, a 

mouse lymphoma cell line, as a positive control on these blots. Band intensities observed 

in 308 cells were compared to those seen in the malignant variants. As shown in Figure 

31, we observed comparable levels of SOD expression between 308 cells and 6M90 and 

6R90 cells. The WeHi cells were found to have significantly higher levels of Cu/ZnSOD 

expression in comparison to the other cell lines (Figure 31, panel B). To further confirm 

our findings of these mRNA analyses, we conducted enzyme assays for total SOD 

activity in our model system. These smdies were performed by Brent Butts in Dr. 

Briehl's laboratory. We measured total SOD activity spectrophotometrically, based on 

the inhibition of a superoxide-driven NADH oxidation (Paoletti et al., 1986). In these 

assays, no differences were observed between any of the cell lines. The SOD activity in 

308 cells was 38.1±L66 U/mg protein, similar to 32.33±3.39 U/mg and 39.5±4.46 U/mg 

protein in 6M90 and 6R90 cells, respectively. These data indicate that this primary 

scavenging mechanism for superoxide radical remained unaltered during the malignant 

progression of 308 cells. 



175 

MnSOD 

GAPDH 

B 

GAPDH 

Figure 31. Messenger RNA levels for superoxide dismutases are unaltered between 
the 308 cells and the malignant variants. 

Northern analyses were performed using 15 |ig per lane of total RNA isolated from 308 
cells and the malignant variants. The blots were probed with a labeled cDNA insert of 
manganese superoxide dismutase (MnSOD, panel A) or copper/zinc superoxide 
dismutase (Cu/Zn SOD, panel B). RNA isolates from WeHi cells, a murine lymphoma 
cell line, were used as positive controls. GAPDH signal intensities were used as loading 
controls. 
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We then analyzed the expression pattern of the catalase gene. Using a rat catalase 

cDNA insert as probe, we observed a signiflcant attenuation in catalase rriRNA levels in 

both 6M90 as well as 6R90 cells by northern analysis (Figure 32A, panel A). Quantiation 

of the band intensities showed that the steady state levels of catalase message was 

reduced to 27.6 ±11.2% in the MMNG progressed 6M90 and 21.4±8.9% in 6R90 cells as 

compared to the levels seen in 308 cells. A greater than 50% reduction in catalase protein 

levels was also observed in 6M90 and 6R90 cells on western blot analyses of whole cell 

lysates (Figure 32A, panel B). These data suggested that a significant reduction in 

catalase expression had occurred in the progressed phenotype. We collaborated with 

Brent Butts in the Department of Pathology, University Medical Center, Tucson, AZ to 

perform enzyme assays to further substantiate these observations. In a hydrogen peroxide 

clearance assay (Lu et al., 1993) we saw a greater than 50% reduction in peroxidase 

activity in the malignant variants as compared to the 308 ceils. Whereas the peroxidase 

activity was measured to be 21.5±1.63 |imoIe peroxide/min/mg protein, the activity in 

6M90 and 6R90 cells was reduced to 10.96±1.73 and 7.23±0.57 |imole peroxide/min/mg 

protein respectively (Figure 32 B). In comparing the data from northern, western and 

peroxidase activity analyses, we found a very good correlation between the catalase 

message, protein and activity levels observed in these cell lines. These data demonstrate 

that both 6M90 as well as 6R90 cells have significantly decreased levels of catalase 

activity and provide a potential mechanism for the emergence of a pro-oxidant state in the 

malignant phenotype. 
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Figure 32A. Both 6M90 and 6R90 malignant variants show significantly reduced 
levels of catalase expression. 

Fifteen micrograms of total RNA per lane was resolved on 1% agarose gels containing 
formaldehyde and transbloted onto nylon membranes. The blots were probed with either 
a ^~P-labeled cDNA insert for rat catalase or GAPDH (panel A). To assess catalase 
protein levels (panel B), 20 jag whole cell lysates were resolved on a 12.5% SDS PAGE 
gel and transferred onto a Immobilon P membrane. Western anadysis was performed 
using a rabbit polyclonal antibody against catalase. Arrow denotes catalase protein on a 
representative western blot. 
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Figure 32B. Decreased catalase expression in 6M90 and 6R90 cells correlates with a 
reduction in catalase activity in these ceils. 

Subconfluent cultures from 308 cells as well as the 6M90 and 6R90 malignant variants 
were lysed in a non-denaturing lysis buffer. Seventy micrograms of whole cell lysates 
were added in 1 ml reaction volumes to assess their ability to reduce the absorbance at 
240 nm over a period of two minutes in a hydrogen peroxide clearance assay (for details, 
see "Materials and Methods"). Bars represent mean values from three independent 
experiments. Error bars represent 95% confidence intervals. 
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Glutathione and GST are other anti-oxidants differentially expressed in 308 cells 

and its malignant variants 

Since glutathione is an important non-enzymatic free radical scavenger, we 

measured the intracellular levels of both reduced (GSH) as well as oxidized (GSSG) 

glutathione in 308 cells and the malignant variants. In collaboration with Dr. Robert 

Dorr's laboratory we performed high-performance liquid chromatography (HPLC) to 

detect GSH, GSSG and cysteine as described previously (Fariss and Reed 1987). The 

details of the protocol are presented in "Materials and Methods". The method is based on 

the initial formation of S-carboxymethyl derivatives of free thiols followed by the 

conversion of free amino groups to 2,4-dinitrophenyl (DNP) derivatives. Following 

derivatization, up to nano-mole levels of individual sulfiir containing amino acids can be 

measured using UV detection at 365 nm after separation by reverse-phase ion exchange 

HPLC. We analyzed extracts from 5x10® cells from each cell line by this assay. The 

majority of glutathione measured was detectable in its reduced (GSH). Less than 5% of 

total glutathione was found to be present as GSSG. Compared to the 308 cells GSH levels 

in 6M90 cells were significantly lower and in 6R90 cells, significantly higher. In 308 

cells, GSH levels were estimated to be 236±4.36 fiM. For 6M90 and 6R90 GSH levels 

were 15l±5.51 and 391±7.25 |jM respectively. The GSSG levels were 5.34±0.15, 

2.82±0.62 and 7.08±0.69 /jM for 308, 6M90 and 6R90 cells, respectively. Interestingly, 

while the GSH levels in 6M90 were low, their cysteine content was very similar 

(11.05±1.02 |iM) to 308 cells (12.1±0.95 nM), suggesting that the decrease GSH level in 
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this variant was not due to decreased availability of glutathione precursor. These 

observations raise the possibility that glutathione biosynthesis may be impaired in 6M90 

cells resulting in a lower level of glutathione in these cells. 

Northern analysis for the mRNA levels of another potential antioxidant enzyme, 

GST Mu, showed that its expression was also decreased in both the malignant variants 

(Figure 33). We observed a 50% reduction in GST Mu message levels in both 6M90 and 

6R90 cells as compared to 308 cells. We also performed northern analyses for expression 

of thioredoxin and DT-diaphorase. No significant differences were observed between any 

cell lines for the expression of these genes (data not shown). 

In order to complete our characterization, we also studied the expression patterns 

of candidate genes involved in ROS generation in cells. Our screen included COX-2 and 

NADPH oxidase genes. We also measured lipid peroxidation in the 308 cells and the 

malignant variants to assess if the cell membranes were affected by the pro-oxidant state. 

Figure 34 shows representative northern blots for COX-2 expression. Whereas very low 

levels of COX-2 message were seen in 308 and 6M90 cells, COX-2 expression was 

significantly elevated in the 6R90 cells. Northern analyses for NADPH oxidase and DT-

diaphorase expression did not reveal any difference amongst the cell lines (data not 

shown). Dr. Steve Stratton, at the Arizona Cancer Center, University of Arizona, Tucson, 

AZ the did assays for lipid peroxidation. We employed an extremely sensitive gas 

chromatography-mass spectrophotometry (GC-MS) assay for these smdies to measure 

basal levels of 9'-hydroperoxylinoleoyl fatty acid side chains of phospholipid as an index 

of lipid peroxidation in 308 cells and its malignant variants. The results from this assay 
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GAPDH 

Figure 33. Both 6M90 and 6R90 malignant variants have decreased glutathione S-
transferase mu isoform messenger RNA. 

Fifteen micrograms of total RNA per lane was resolved on 1 % agarose gels containing 
formaldehyde and transbloted onto nylon membranes. The blots were probed with either 
a ^"P-Iabeled cDNA insert for GST{a or GAPDH. Representative blots are shown. 
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GAPDH 

Figure 34. The radiation progressed 6R90 ceils sliow increased levels of 
cyclooxygenase-2 messenger RNA. 

Fifteen micrograms of total RNA from each cell line was resolved on a 1 % agarose-
formaldehyde gel and transferred onto a nylon membrane. The blots were probed with a 
^•P-labeled cDNA fragment for cycIooxygenase-2 or GAPDH and exposed to a 
phosphorimager plate. Individual band intensities were quantitated using the Image 
Quant software (Molecular Dynamics). A representative blot is shown. 
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indicated that the cells contained approximately 400 pmol of the marker product per 

1x10® cells. No significant differences between the amounts of lipid peroxidation were 

seen among the three cell types. 

The results presented in this section demonstrate that multiple anti-oxidant 

defense mechanisms have been affected during the malignant progression of 308 cells. 

Both 6M90 and 6R90 malignant variants have decreased catalase and GST Mu 

expression. Glutathione levels in 6M90 cells are also significantly reduced as compared 

to 308 cells. The attenuation of these defenses may have collectively resulted in increased 

steady state ROS levels in these cells and given rise to a pro-oxidant state in the 

malignant phenotype. 

Having identified candidate anti-oxidant enzymes that were downregulated in the 

progressed variants, we became interested in studying the effects of their re-expression 

on ROS mediated mitogenic signaling. We were able to obtain a catalase expression 

vector from Dr. Breihl in the Department of Pathology at the University Medical Center, 

Tucson, AZ. This mammalian expression vector has a full-length rat catalase cDNA 

driven by a CMV promoter. We conducted some preliminary experiments to study the 

effects of catalase expression on transcription factor transactivation in the malignant 

variants. 

Forced expression of catalase attenuates elevated transcriptioii factor 

transactivation in 6M90 and 6R90 Cells 

We had previously established that the malignant variants showed constitutively 

elevated NFicB and CRE transactivation. In addition, the 6M90 also showed constitutive 
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elevation of AP-1 transactivation. Treatment with the antioxidant NAC partially 

attenuated this elevated transcription factor transactivation. We, therefore, wanted to 

evaluate if forced overexpression of catalase in these cells could substitute for NAC 

treatment and similarly attenuate AP-1, NFKB and CRE transactivation. We performed 

transient transfection assays using subconfluent cultures of 6M90 or 6R90 cells. We 

cotransfected 5 |ig of a TRE, NFKB, CRE or the parental luciferase reporter plasmid 

along with 0, 1, 2 or 5 ng of CMV-catalase expression vector. The total amount of DNA 

used per dish was made up to 10 |ig with the parent CMV expression plasmid without ±e 

catalase cDNA insert to maintain a constant CMV load in all transfections. The cells 

were recovered as before and assayed for luciferase activity. Results from representative 

experiments are shown in Figure 35. There was a dose dependent attenuation of NFKB 

(Figure 35B) and CRE (Figure 35C) transactivation in 6M90 cells with increasing 

amounts of catalase expression plasmid. The AP-1 activity in these cells (Figure 35 A) 

appeared to be attenuated only at the highest amounts of catalase plasmid cotransfection. 

The NFKB activity in 6R90 cells was also attenuated by catalase over-expression (Figure 

35B). The CRE and AP-1 activity in these cells appeared to be unaffected by catalase in 

these experiments. Reporter activity from the parent luciferase plasmid remained 

unaffected by catalase (data not shown). These results provide preliminary evidence that 

attenuation of catalase activity may play a functional role in the deregulation of 

transcription factor transactivation in the malignant variants. 
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Figure 35A. Increased expression of catalase attenuates AP-1 transactivation in 
6M90 cells. 

Subconfluent cultures were cotransfected with 5 \ig TRE luciferase reporter plasmid and 
0, I, 2 or 5 |ig catalase expression vector in transient transfections. After recovery from 
transfection, ttie cells were lysed in the luciferase lysis buffer. Thirty micrograms of cell 
lysate was analyzed for luciferase activity as detailed in "Materials and Methods". 
Results from one of two experiments are shown. Bars represent means from triplicate 
samples within the experiment. Error bars represent standard deviation from the mean. 



186 

C • ̂  (L> •4-  ̂o u, 
cu 
bO =L 

6M90 6R90 

Cell Lines 

PO ug 
• 1 ug 

• 2 ug 
115 ug 

Figure 35B. Increased expression of catalase attenuates elevated NFKB 
transactivation in both 6M90 and 6R90 ceils. 

Subconfluent cultures were cotransfected with 5 ^IG NFKB luciferase reporter plasmid 
and 0, 1,2 or 5 ug of a cat£ilase expression vector in transient transfections. After 
recovery from transfection, the cells were lysed in the luciferase lysis buffer. Thirty 
micrograms of cell lysate was analyzed for luciferase activity as detailed in "Materials 
and Methods". Results from one of two experiments are shown. Bars represent means 
from triplicate samples within the experiment. Error bars represent standard deviation 
from the mean. 
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Figure 35C. Increased expression of catalase also attenuates increased CR£ 
transactivation in the malignant variants. 

Subconfluent cultures were cotransfected with 5 |ag CRE luciferase reporter plasmid and 
0, 1, 2 or 5 (ig of a catalase expression vector in transient transfections. After recovery 
from transfection, the cells were lysed in the luciferase lysis buffer. Thirty micrograms of 
cell lysate was analyzed for luciferase activity as detailed in "Materials and Methods". 
Results from one of two experiments are shown. Bars represent means from triplicate 
samples within the experiment. Error bars represent standard deviation from the mean. 
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Discussion 

There is now increasing evidence for attenuation of individual antioxidant 

defenses during tumor development. Reiners and coworkers have reported a significant 

decrease in SOD, catalase and glutathione peroxidase activity in SENCAR mouse skin 

following exposure to TP A. SOD and catalase specific activities in papillomas and 

carcinomas generated in an initiation-promotion protocol were also found to be similarly 

depressed as compared to the normal skin (Reiners et al., 1991). Subsequently, sensitivity 

to tumor promotion and progression for skin mmors in different strains of mice was 

shown to correlate with oxidative events and DNA damage (Wei et al., 1993). Similar to 

these in-vivo tumor data, we have seen a reduction in the expression of multiple 

antioxidant defense mechanisms in the malignant 6M90 and 6R90 cells. Taken together, 

these observations suggest that perhaps multiple ROS species participate in the 

establishment of the pro-oxidant stress. 

The inverse correlation between the defense enzymes and cell growth and tumor 

metastasis has led to the speculation that some of these gene products may function as 

tumor suppressors. A substantial amount of evidence has been accumulated for 

superoxide dismutases, gene products that detoxify superoxide anion. Transfection and 

expression of MnSOD cDNA has been shown to be protective against radiation induced 

neoplastic transformation (St Clair et al., 1994) and suppress the tumorigenic phenotype 

of human tumor cell lines (Church et al., 1993; Li et al., 1995). Amstad and coworkers 

have shown that increased expression of either Cu/ZnSOD or MnSOD in the promotion 

sensitive clone 41 of JB6 cells significantly reduced their response to TPA and inhibited 
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neoplastic transformation (Amstad et al., 1991, 1994 and 1997). In our experiments, we 

did not observe any decrease in SOD activity or attenuation of MnSOD or Cu/ZnSOD 

expression in the malignant variants. However, results from the lucigenin enhanced 

chemiluminescence assays suggest that superoxide anion may be one of the ROS species 

that may be elevated in 6M90 and 6R90 cells. One explanation for these results is the 

increased generation of this ROS species in the progressed phenotype. The observation 

the 6R90 cells show a significant level in COX-2 expression, a potential source of 

superoxide, certainly supports this possibility. Other potential sources could be the 

increased mitochondrial activity and cellular metabolism, and Haber-Weiss-Fenton 

chemistry involving the iron mediated catalysis of hydrogen peroxide (Saran et al., 1998). 

It will be important to measure superoxide levels in a much more specific and sensitive 

manner to address these possibilities. Dual spin trap NMR studies in the presence of 

DMPO have been shown to be very sensitive and highly specific for superoxide detection 

and can be done to facilitate these analyses (Irani et al., 1997). Kinetic studies with this 

assay will also facilitate an estimation of the rate of production of superoxide anion in our 

model. In addition, specific COX-2 inhibitors or inhibitors of mitochondrial activity can 

be employed to assess the contribution of these two sources for superoxide generation. 

There is recent evidence that ras/rac 1 induced mitogenic signaling involves the 

superoxide anion (Iran et al., 1997). However, from these studies, it is not clear whether 

elevated ROS levels is due to increased generation or a decrease in its clearance from the 

intracellular milieu. If evidence for increased generation superoxide anion is obtained in 
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our model, it will identify a potentially novel mechanism for the emergence of a pro-

oxidant state in malignant progression. 

In our experiments, we obtained evidence for a signiflcant attenuation of catalase 

activity in both 6M90 as well as 6R90 cells. Deficiency in catalase activity has been 

previously correlated with the appearance of tumor phenotjfpe in human keratinocytes 

(Rabilloud et al., 1990). The fact that we saw this attenuation in a carcinogen independent 

manner suggests that downregulation of catalase expression may be an important event in 

the malignant progression of 308 cells. In the catalase re-expression experiments, we saw 

a reduction in transcription factor transactivation from all three cis-elements (AP-1, 

NFKB and CRE) in the 6M90 cells. Elevated NFKB activity in 6R90 cells was also 

attenuated upon forced expression of catalase in this malignant variant. These preliminary 

data suggest that modulation of catalase activity may be mechanistically involved in the 

deregulation of signaling cascades during tumor progression. Kevin Kwei, a graduate 

student with D. Tim Bowden, Department of Radiation Oncology, University of Arizona, 

Tucson, AZ is presently following up on these observations and is generating stable 

clones form 6M90 and 6R90 cells that overexpress catalase. He plans to study the effects 

of forced overexpression of catalase on ROS status, MAPK signaling, transcription factor 

transactivation and finally, the tumorigenic phenotype, in these clones. Although 

downregulation of catalase expression has been observed in murine papillomas and 

carcinomas, the potential consequences of reduced catalase activity remain unknown at 

present. Results from these experiments will identify molecular targets affected by 

catalase expression and provide support for the role of catalase as a putative tumor 
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suppressor gene in the mouse skin. The molecular mechanisms of downregulation of 

catalase expression in the 6M90 and 6R90 cells will be another important area for future 

study. In one published study using mouse liver cells. Sun and coworkers obtained 

similar evidence for a transcriptional attenuation of catalase expression in the MNNG 

transformed clones. In their analyses, they found signiHcant alterations in the methylation 

status of the catalase gene, as demonstrated by Southern blot analysis following Hpall 

digest (Sun et al., 1993). It would be interesting to assess whether similar mechanisms 

account for the transcriptional attenuation of catalase in the malignant variants in our 

model. 

In one published study, exogenous application of reduced glutathione (GSH) 

applied topically to papillomas has been shown to prevent malignant progression in a 

dose dependent manner (Rotstein and Slaga, 1988). Whereas these observations point 

towards an "anti-progression" effect of glutathione, we did not find any correlation 

between tumor progression and glutathione levels. In our study, the MNNG progressed 

6M90 cells showed a significant reduction in glutathione levels. In contrast, the ionizing 

radiation progressed 6R90 cells showed an increase in glutathione levels as compared to 

308 cells. Even though it is too early for us to draw any conclusions on the significance 

of these findings in our model, there is some evidence in the literature to suggest that 

these differential levels of GSH may be related to the progression agents we used. Acute 

exposure to MNNG, a monofunctional alkylating agent, has been shown to cause a rapid 

decrease in intracellular GSH (Mizumoto et al., 1993) via a GST mediated conjugation 

reaction (Kroese et al., 1990). This attenuation of GSH generates oxidative stress and 
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subsequently leads to the induction of JNK/SAPK and p38 MAPK that are necessary 

components of a cellular defense program against cytotoxic xenobiotics like MNNG 

(Wilhelm et al., 1997). Therefore, it is possible that a sustained reduction in glutathione 

levels may have facilitated the emergence of an MNNG resistant, malignantly 

transformed phenotype upon repeated treatments with this progression agent. On the 

other hand, a reduction in GSH levels sensitizes cells to ionizing radiation induced cell 

kill (Dethmers and Meister, 1994). Acute exposure to ionizing radiation has been shown 

to result in the transcriptional induction of garrmia-glutamylcysteine synthetase (y-GCS), 

the rate-limiting enzyme for GSH biosynthesis. Subsequent increase in intracellular GSH 

levels has been shown to be protective for the cells (Anderson 1998; Shimizu et al., 

1998). Therefore, in the case of ionizing mediated malignant transformation, it is the 

increase in GSH levels that may have facilitated the emergence of the progressed 

phenotype. Hence, we speculate that, while GSH alterations may have played a role 

during the emergence of the progressed phenotype, they may not be a critical component 

of the altered redox status, once the phenotype has been established. Our observations of 

attenuation of catalase activity along with a modest increase in luminol enhanced 

chemiluminescence in the malignant variants suggest that 6M90 and 6R90 cells may have 

a small increase in intracellular hydrogen peroxide levels. In a recent study, Masaki and 

coworkers have evaluated the differential contribution of catalase and 

glutathione/glutathione peroxidase to hydrogen peroxide scavenging in human dermal 

fibroblasts. These investigators have shown that, whereas low dose (100|iM) hydrogen 

peroxide treatment was much more toxic in the presence of aminotriazol (catalase 
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inhibitor), BSO (GSH biosynthesis inhibitor) treatment did not affect cell survival at all. 

Increased cytotoxicity in the presence of BSO was only seen at high (>500 jiM) doses of 

H2O2 (Masaki et al., 1998), suggesting that at low concentrations of H2O2, catalase is the 

primary defense mechanism against oxidative stress and GSH is inefficient at scavenging 

low levels of hydrogen peroxide. 

GST Mu is a cytosolic isoform of glutathione-S transferases in a cell. A 

distinguishing feature of this class is its marked pleomorphic expression in humans, with 

only 50-55% of individuals expressing this isoenzyme (Hussey et al., 1987; Zhong et al., 

1991). Consistent with this observation, a deletion of the entire GSTMl locus that 

encodes this isoform of GST, has been reported in these cases (Seidegard et al., 1988). 

GST Mu isoforms are particularly active in the detoxification of mutagenic epoxides, 

such as benzo[a]pyrene-4,5-oxide. Individuals who lack GST-|j expression show 

increased risk of tobacco-related lung cancers (Nakachi et al., 1993; Seidegard et al., 

1990) as well as adenocarcinomas of stomach, colon (Strange et al., 1991) and bladder 

cancers (Bell et al., 1993). These observations have led to speculations that GST-mu 

expression may be a marker for susceptibility for various cancers. Our observation of 

attenuated GST-mu expression in the malignant 6M90 and 6R90 cells is consistent with 

this hypothesis. It is possible that the decreased expression of this GST isoenzyme 

facilitates or predisposes to tumor progression. However, there are several reports in the 

literature that argue against GST-mu as a marker for cancer susceptibility (Brockmoller et 

al., 1993; Peters et al., 1990). Further studies are need to assess the role of GST-mu 

expression during carcinogenesis. 
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The observation of significantly elevated COX-2 expression in 6R90 cells may 

also be a part of a survival response following radiation injury in cells. It is known that 

exposure to ionizing radiation stimulates ecosanoid release as well as cylooxygenase and 

lipooxygenase activity (Steel et al., 1988). Post-irradiation treatment with prostaglandin 

synthesis inhibitors has been shown to decrease survival of mice subjected to whole body 

gamma irradiation. However, since COX-2 catalyzed reactions themselves generate 

superoxide anion, it may be a potential source of increased ROS production in the 

radiation progressed malignant variant. If the downregulation of catalase is the primary 

reason why a pro-oxidant state was established in the progressed phenotype, then 

increased COX-2 activity in the 6R90 may also serve as an "extra source" of ROS. This 

may be a potential reason why these cells are resistant to catalase re-expression and 

subsequent attenuation of elevated CRE transactivation. It would be important to further 

evaluate the ROS stams in these cells in the presence of selective COX-2 inhibitors, such 

as celecoxib (Searle Research and Development, St Louis, MO). 

Transcriptional regulation of COX-2 expression has now begun to be understood. 

Kim and Fischer have shown two regions of the COX-2 promoter containing an E-box 

and NF-IL6 site act as positive regulatory elements for increased COX-2 expression in a 

mouse skin carcinoma cell line. Using electrophorectic mobility shift assays and 

cotransfection experiments, they show that CCAAT/enhancer-binding (C/EBPs) proteins 

bind £ind functionally transactivate through the E-box. These investigators also provide 

evidence for differential C/EBP isoform expression during murine skin carcinogenesis, 

suggesting that a change in C/EBP expression may be involved in COX-2 overexpression 
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(Kim and Fischer, 1998). It would be interesting to see if CTEBPs isoforms are 

differentially expressed between the 308 and 6R90 cells. There is evidence that p38 

MAPK regulates both transcriptional induction as well as mRNA stability of COX-2 

expression by E.-1 in HeLa cells (Ridley et al., 1998) and by TNF-a in fibroblasts (Dean 

et al., 1999). Results from our p38 MAPK inhibitor studies suggest that an intact p38 

signaling cascade is important for optimal proliferation of 6R90 cells. It would be of 

interest to see if the constitutive elevation of p38 MAPK activity in this progressed 

variant plays a role in increased COX-2 expression. 

Summary and Conclusions 

In sununary, the experiments described in this chapter identify attenuation of 

multiple antioxidant defense mechanisms in the malignant variants. Both 6M90 and 6R90 

cells have a significant attenuation of catalase activity and GST expression, suggesting 

that hydrogen peroxide may be an important ROS species elevated in these cells. 6M90 

cells also have reduced glutathione levels. We detected significandy elevated levels of 

COX-2 mRNA in 6R90 cells, suggesting that increased AA metabolism in these cells 

may be a source of ROS generation in these cells. Preliminary results with forced 

overexpression of catalase in the 6M90 and 6R90 cells suggest that attenuation of this 

antioxidant defense enzyme may be functionally involved in the deregulation of signaling 

cascades in the malignant phenotype. 
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VI. CONCLUDING STATEMENTS 

The experiments presented in this dissertation address the molecular mechanisms 

of ionizing radiation as a complete carcinogen and a tumor progression agent in the 

mouse skin model. Using fractionated doses of P-irradiation in a complete carcinogenesis 

protocol, we have developed the first animal model for radiation-induced 

rhabdomyosarcoma, a tumor histology often seen secondary to therapeutic irradiation in 

humans. From our observations in this model, we conclude that in murine sidn 

carcinogenesis, the genetic background can be an important determinant of the spectrum 

of tumor histology seen with ionizing radiation as a complete carcinogen. CD-I 

background appears to be genetically susceptible to the induction of rhabdomyosarcoma 

secondary to radiation exposure. Even then, subcutaneous fascia and muscle need to 

receive very high doses of radiation in this model before any tumors can be seen arising 

from these tissues. Our analyses of the genetic alterations in the mmor cell lines show 

that inactivation of p53 gene is a frequent event in radiation induced tumors. Structural 

alterations in the p53 by way of internal deletions and random insertions as well as 

attenuation of p53 dependent signaling contribute to the p53-null phenotype seen in these 

tumors. Whereas we were unable to identify any dominant transforming genes in the 

rhabdomyosarcoma cell lines, we have isolated GAPDH as a candidate transforming gene 

from the squamous cell carcinoma cell line. Further research needs to be done to establish 

GAPDH as a transforming gene in ionizing radiation carcinogenesis. 

We have shown that repeated doses of ionizing radiation can malignantly progress 

papilloma producing mouse keratinocytes in culture as efficiently as a chemical 
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carcinogen, MNNG. We have identified elevation of reactive oxygen species levels as a 

potentially important molecular mechanism common to ionizing radiation and MNNG 

mediated malignant progression. The pro-oxidant state contributes to the increased 

proliferative capacity of the malignant variants. Elevated AP-1, NFKB and CRE 

transcription factor transactivation as well as constitutively upregulated Erk-I/2 and p38 

MAP kinase activities are some of the targets involved in ROS mediated mitogenic 

signaling in the progressed phenotype. These observations have identified novel 

mechanisms involved in malignant progression and have mechanistically implicated 

increased oxidative stress in this operational stage of neoplastic transformation. 

Attenuation of catalase activity during this phenotypic transformation is perhaps an 

important mechanism for the establishment of the pro-oxidant state in a carcinogen 

independent manner. We have presented preliminary evidence to show that re-expression 

of catalase can reverse some of the signaling alterations in the transformed phenotype. 

These observations support the novel role of catalase as a putative tumor suppressor gene 

during malignant progression of murine skin tumors. 

There is previous evidence that activated Ha-ras signals via generation of 

superoxide anion in fibroblasts. Results from our experiments with famesyl-transferase 

inhibitor, which attenuates Ha-ras activity, suggest that ras dependent signaling partially 

contributes to the proliferative capacity in 308 cells as well as the progressed variants. At 

present, we do not have any evidence for increased Ha-ras dependent increase in ROS 

generation, which would account for the pro-oxidant state in the 6M90 and 6R90 cells. 

Perhaps activated ras can also mediate increased ROS generation in keratinocytes. Our 
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observations support a model where activated Ha-ras could lead to the generation of ROS 

but in 308 cells the expression of catalase effectively decreases their steady state levels in 

this benign cell line. During MNNG and ionizing radiation mediated malignant 

progression, decreased expression of catalase, by mechanisms such as differential 

methylation, reduces the anti-oxidant defenses and leads to increased steady state ROS 

levels in the progressed phenotype. Future experiments to study the role of ras and 

catalase expression in our 308 progression model will provide new insight into the 

involvement of these genes in malignant progression of skin cancers and can identify 

downregulation of catalase as a marker for tumor progression. Another important area of 

research will be to determine if the emergence of the pro-oxidant state is a ras dependent 

or a ras independent phenomenon. We have already developed extremely sensitive assays 

to detect ras mutations in biological material in our laboratory. Results from these 

experiments can establish mutational activation of ras as a potential marker for those pre-

malignant lesions where an intensive anti-oxidant therapy may prevent malignant 

progression. 

Taken together, the results from the experiments presented in this dissertation 

suggest that the functional inactivation of genes that maintain fidelity of DNA repair and 

genomic integrity is perhaps an important step in skin carcinogenesis with fractionated 

doses of ionizing radiation. A loss of function of genes, such as p53, results in a mutator 

phenotype with subsequent accumulation of mutations in other genes that contribute to 

tumor progression. During the later stages of ionizing radiation carcinogenesis. 
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modulation of gene products that regulate cellular metabolism responses to oxidative 

stress may facilitate the emergence of the transformed phenotype. 
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