
Molecular events in the induction of
murine tumors by ionizing radiation.

Item Type text; Dissertation-Reproduction (electronic)

Authors Andrews, Kaya Lynn.

Publisher The University of Arizona.

Rights Copyright © is held by the author. Digital access to this material
is made possible by the University Libraries, University of Arizona.
Further transmission, reproduction or presentation (such as
public display or performance) of protected items is prohibited
except with permission of the author.

Download date 16/05/2023 14:19:39

Link to Item http://hdl.handle.net/10150/186453

http://hdl.handle.net/10150/186453


INFORMATION TO USERS 

This manuscript has been reproduced from the microfilm master. UMI 

films the text directly from the original or copy submitted. Thus, some 

thesis and dissertation copies are in typewriter face, while others may 

be from any type of computer printer. 

The quality of this reproduction is dependent upon the quality of the 
copy submitted. Broken or indistinct print, colored or poor quality 
illustrations and photographs, print bleedtbrough, substandard margins, 
and improper alignment can adversely affect reproduction. 

In the unlikely. event that the author did not send UMI a complete 

manuscript and there are missing pages, these will be noted. Also, if 

unauthorized copyright material had to be removed, a note will indicate 
the deletion. 

Oversize materials (e.g., maps, drawings, charts) are reproduced by 

sectioning the original, beginning at the upper left-hand corner and 

continuing from left to right in equal sections with small overlaps. Each 

original is also photographed in one exposure and is included in 

reduced form at the back of the book. 

Photographs included in the original manuscript have been reproduced 
xerographically in this copy. Higher quality 6" x 9" black and white 

photographic prints are available for any photographs or illustrations 

appearing in this copy for an additional charge. Contact UMI directly 
to order. 

U·M·I 
University Microfilms International 

A Bell & Howell Information Company 
300 North Zeeb Road. Ann Arbor. M148106·1346 USA 

313/761·4700 800!521·0600 





Order Number 9410655 

Molecular events in the induction of murine tumors by ionizing 
radiation 

Andrews, Kaya Lynn, Ph.D. 

The University of Arizona, 1993 

U·M·I 
300 N. Zeeb Rd. 
Ann Arbor, MI 48106 





MOLECULAR EVENTS IN THE INDUCTION OF MURINE TUMORS 

BY IONIZING RADIATION 

by 
Kaya Lynn Andrews 

A Dissertation Submitted to the Faculty of the 

DEPARTMENT OF MICROBIOLOGY AND IMMUNOLOGY 

In Partial Fulfillment of the Requirements 
For the Degree of 

DOCTOR OF PIDLOSOPHY 

In the Graduate College 

THE UNIVERSITY OF ARIZONA 

1 993 



THE UNIVERSITY OF ARIZONA 
GRADUATE COLLEGE 

As members of the Final Examination Committee, we certify that we have 

read the dissertation prepared by Kaya Lynn Andrews 

entitled Holecular Events in the Induction of Murine Tumors by 

Ionizing Radiation 

and recommend that it be accepted as fulfilling the dissertation 

requirement for the Degree of Doctor of Philosophy 

Dr. 

Dr. Date 

Date 

Dr. Roger Hiesfeld Datd I 

Final approval and acceptance of this dissertation is contingent upon 
the candidate's submission of the final copy of the dissertation to the 
Graduate College. 

2 

I hereby certify that I have read this dissertation prepared under my 
direction and recommend that it be accepted as fulfilling the dissertation 
requirement. 

Za/h1 6Cr2J~~ 
Dissertation Director 

Dr. G. Tim Bowden 

Date 



3 

STATEMENT BY AUTHOR 

This dissertation has been submitted in partial fulfillment of requirements for an 
advanced degree at The University of Arizona and is deposited in the University Library 
to be made available to borrowers under rules of the Library. 

Brief quotations from this dissertation are allowable without special permission, 
provided that accurate acknowledgment of source is made. Requests for permission for 
extended quotation from or reproduction of this manuscript in whole or in part may be 
granted by the head of the major department or Dean of the Graduate College when in 
his or her judgment the proposed use of the material is in the interests of scholarship. In 
all other instances, however, permission must be obtained from the author. 



4 

ACKNOWLEDGEMENTS 

I would like thank my primary research advisor, Dr. Tim Bowden, and my 

committee members, Dr. Ray Nagle, Dr. Jun Ito, Dr. Anne Cress, and Dr. Roger Miesfeld, 

for their help and support during my graduate studies. I would also like to thank my 

friends and colleagues for the good times we shared. A special thanks goes to my family 

for their continual faith in me. 



5 

TABLE OF CONTENTS 

LIST OF FIGURES 7 

LIST OF TABLES 9 

ABSTRACT 10 

INTRODUCTION TO RADIATION CARCINOGENESIS AND 
STATEMENT OF PURPOSE . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11 

INDUCTION OF TUMORS BY IONIZING RADIATION ............. 16 
Introduction ............................................ 16 
Methodology ........................................... 17 

11.25 Gy single dose experiment .......................... 17 
Fractionated dose experiment . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 18 

Results. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 21 
Discussion ............................................. 22 

MAL AND TRANSIN GENE EXPRESSION STUDIES ............... 25 
Introduction ............................................ 25 
Methodology ........................................... 26 

Tumor samples . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 26 
Northern analysis ..................................... 26 

Results. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 28 
Discussion ............................................. 31 

CLONING OF DOMINANT TRANSFORMING GENES .............. 34 
Introduction ............................................ 34 
Methodology ........................................... 35 

Generation of Tumor B ................................. 38 
Isolation of Poly(A) RNA ............................... 38 
cDNA synthesis ...................................... 40 
Construction of the spRX4 mammalian expression vector ......... 40 
Preparation of the spRX4 cloning vector . . . . . . . . . . . . . . . . . . . . . 40 
Generation of a cDNA library ............................ 42 
Transfection of NIH3T3 cells and the athymic nude mouse 

tumorigenicity assay ................................ 42 
Isolation of genomic DNA from athymic nude mouse tumors ...... 44 
PCR amplification of cDNAs from athymic nude mouse tumor DNA . 44 
Cloning of PCR products . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 45 

Results. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 45 
Discussion ............................................. 46 



6 

TABLE OF CONTENTS - Continued 

ASSOCIATION OF THE 16 kD SUBUNIT OF v-W-ATPase WITH 
~ORlGENICITY . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 52 

Introduction ............................................ 52 
Methodology ........................................... 55 

Sequencing . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 55 
Northern analysis ..................................... 55 
Southern analysis ..................................... 56 
Transfection of the cDNA clone into NIH3T3 cells ............. 57 
Soft agar assay . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 57 
Athymic nude mouse tumorigenicity assay . . . . . . . . . . . . . . . . . . . . 58 
RT-PCR analysis of endogenous and exogenous transcripts . . . . . . . . 58 
Acridine orange fluorescence studies. . . . . . . . . . . . . . . . . . . . . . . . 59 

Results. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 59 
Discussion ............................................. 72 

CONCLUSIONS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 76 

REFERENCES. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 80 



7 

LIST OF FIGURES 

FIGURE 1, Experimental Design for Tumor Induction with a Single Dose of 
11.25 Gy Radiation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19 

FIGURE 2, Mold for Mouse Immobilization During Irradiation with a 90Sr 
Applicator .......................................... 20 

FIGURE 3, Northern Analysis of mall and mal3 Expression Levels in 
Radiation- and Chemically-Induced Tumors . . . . . . . . . . . . . . . . . . . 29 

FIGURE 4, Northern Analysis of mal2 and mal4 Expression Levels in 
Radiation- and Chemically-Induced Tumors. . . . . . . . . . . . . . . . . . . 30 

FIGURE 5, Northern Analysis of Transin Expression Levels in Radiation-
and Chemically-Induced Tumors . . . . . . . . . . . . . . . . . . . . . . . . . . . 32 

FIGURE 6, Flowchart for the Isolation of Dominant Transforming Genes . . . 36 

FIGURE 7, spRX4 Mammalian Expression Vector ................... 37 

FIGURE 8, Origin of Tumor B . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 39 

FIGURE 9, Creation of the F2 Library ........................... 43 

FIGURE 10, Nude Mouse Tumors Resulting from Injection of NIH3T3 Cells 
Transfected with the F2 Library ........................... 47 

FIGURE 11, PCR Amplification of cDNA Inserts from Nude Mouse Tumor 
DNA........................................ ...... 48 

FIGURE 12, Sequence Identification of PCR Products ................ 49 

FIGURE 13, Northern Analysis of 16 kD Subunit v-H+-ATPase Expression 
Levels ............................................. 61 

FIGURE 14, Southern Analysis for 16 kD Subunit v-W-ATPase Gene 
Rearrangement or Amplification . . . . . . . . . . . . . . . . . . . . . . . . . . . 62 

FIGURE 15, Northern Analysis for 16 kD Subunit v-W-ATPase eDNA 
Expression in NIH3T3-mvp Cells .......................... 65 



8 

LIST OF FIGURES - Continued 

FIGURE 16, RT-PCR Analysis for 16 kD Subunit v-W-ATPase cDNA 
Expression in NIH3T3-mvp Cells .... . . . . . . . . . . . . . . . . . . . . . . 67 

FIGURE 17, Graph of Acridine Orange Fluorescence in 16 kD Subunit 
v-W-ATPase cDNA Transfected NIH3T3 Cells ................ 70 

FIGURE 18, Fluorescent Images of Acridine Orange-Stained NIH3T3 Cells 
and NIH3T3 Cells Transfected with the 16 kD Subunit v-W-ATPase 
cDNA Clone. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 71 



LIST OF TABLES 

TABLE 1, Histologies of the Tumors Arising from Fractionated Doses of 
I .. Rd·· onlzlng alatIon..................................... 

TABLE 2, Soft Agar and Tumorigenicity Assays on NIH3T3 Cells 
Transfected with the 16 kD Subunit v-Ir"-ATPase cDNA Clone ..... 

TABLE 3, Acridine Orange Assay on NIH3T3 Cells Transfected with the 
16 kD Subunit v-Ir"-ATPase cDNA Clone ................... . 

9 

23 

64 

69 



10 

ABSTRACT 

A new method is presented to identify and clone novel transforming genes from 
radiation-induced tumors. This method involves the creation of a cDNA expression 
library from radiation-induced tumors. The library is transfected into non-transformed 
cells, and the nude mouse tumorigenicity assay functionally defines the acquisition of a 
transformed phenotype. cDNA clones responsible for transformation are rescued by PCR 
amplification. This method is applicable to a variety of mammalian systems. The only 
requirement is a functional assay with which to measure the acquisition of an altered 
phenotype following transfection of a cDNA library. While this method has not yet been 
applied to a radiation-induced tumor, it has identified a cDNA for the 16 kD subunit of 
v-W-ATPase, which has been associated with cellular transformation. 

Two protocols were used to generate radiation-induced tumors. One experiment 
utilizing fractionated doses of ionizing radiation had a much greater tumor yield than the 
second protocol using a single dose of 11.25 Gy. To determine if the mechanism of gene 
activation is different in radiation- and chemically-induced tumors, the expression pattern 
of five tumor-associated genes was analyzed. The expression patterns of mals 1-4 were 
not significantly different in tumors generated by the two carcinogens. However, transin, 
a secreted protease, was overexpressed in radiation-induced papillomas and undetectable 
in chemically-induced papillomas. This observation supports previous studies indicating 
a higher conversion rate of radiation-initiated benign papillomas to malignant squamous 
cell carcinomas when compared to their chemically-initiated counterparts. Transin 
degrades basement membrane proteins and may be involved in the progression of benign, 
encapsulated tumors to malignant, invasive squamous cell carcinomas. 

Isolation and characterization of genes with dominant transforming activity from 
radiation-induced tumors will provide information to bridge the gap between the initial 
ionizing radiation event and the subsequent development of malignant tumors. The 
function of these genes may also provide information about the development of human 
malignancies. An understanding the natural biology of cells will help elucidate the 
pathogenesis cancer and other diseases. 



INTRODUCTION TO RADIATION CARCINOGENESIS 

AND STATEMENT OF PURPOSE 
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Many sources of radiation exposure may contribute to the development of 

malignancies in man. These include occupational exposure for workers in nuclear power 

plants, medicine, or research; therapeutic or diagnostic exposure for patients with cancer 

or other diseases; and accidental exposure. The most well studied effects of radiation 

exposure to man are those observed in the survivors of the atomic bombs dropped on 

Nagasaki and Hiroshima, Japan, in 1945. A higher incidence of leukemia was noted, but 

the overall risk of other types of tumors with longer latency periods has also been 

determined to be significantly increased. The types of cancers reflect a wide range of 

tissue specificities; tumors involving the thyroid are prevalent, but lung, breast, stomach, 

bone and skin tumors also develop (Kohn and Fry, 1984). The overall tumor incidence 

is still being assessed since approximately 60% of the initial survivors are still alive. 

Additionally, the actual exposure levels to the gamma ray and neutron components of the 

radiation are constantly being reevaluated (Storer, 1982). 

Radiation carcinogenesis has been studied in rodent model systems. 

Carcinogenesis is thought to be a multistage process, consisting of initiation, promotion, 

and progression, as exemplified by the mouse multistage model of skin carcinogenesis. 

Although ionizing radiation has been shown to be a complete carcinogen in this system 

whether delivered in a single or fractionated doses (Hulse, 1967, Ootsuyama & Tanooka, 

1988), it can act as an initiator when followed by repeated treatments of the tumor 
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promoter 12-0-tetradecanoyl-phorbol-13-acetate (TPA) (Jaffe & Bowden, 1986, 1987). 

It can also function to enhance the malignant progression of chemically-induced benign 

tumors when given in fractionated doses (Jaffe & Bowden, 1987). 

The detailed mechanisms of how radiation may be contributing to the development 

of tumors remain unclear. Known interactions between radiation and a cell include 

breakage of chemical bonds. Since a cell is 80% water, most of the broken bonds 

generate OH and H radicals as well as aqueated electrons. These molecules are short 

lived, reactive intermediates that can contribute to alterations in the structure of DNA. 

Radiation can directly or indirectly cause the alteration or loss of bases in DNA as well 

as cause the breakage of bonds in the sugar phosphate backbone. The formation of single 

or double strand breaks in DNA can contribute to radiation-induced chromosomal 

aberrations such as the rearrangement or translocation of DNA segments. Radiation can 

also crosslink proteins to DNA. 

Relatively little research has focused on the association of oncogenes with 

radiation carcinogenesis. The ras oncogene is one exception. The Ki-ras gene has been 

shown to be mutated in mouse lymphomas resulting from gamma ray treatment (Guerrero 

et al., 1984a, 1984b). Potential Ki-ras activation was also detected in ionizing radiation

induced rat skin tumors (Sawey et al., 1987). In contrast, N-ras was shown to be 

activated by x-irradiation in rat embryo cells transfected with the c-myc oncogene (Chen 

et al., 1993). 

In other studies non-ras dominant transforming activity has been identified in 

rodent cell lines transformed in vitro with x-rays, but as yet these genes are 
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uncharacterized (Borek et al., 1987, Krowlewski & Little, 1989). Our laboratory has 

evidence that non-ras dominant transforming activity also exists in mouse skin tumors 

initiated with ionizing radiation. Two out of three basal cell carcinomas and seven out 

of seven squamous cell carcinomas were positive in an NIH3T3 focus forming assay, and 

no evidence for the transfer of a tumor ras gene was found in the transfectants analyzed 

(Jaffe & Bowden, 1989). 

Experiments have also detected an upregulation of the expression of proto

oncogenes upon radiation exposure. In vitro x-ray transformed C3H110T1I2 cells had an 

increase in c-myc expression (Billings et al., 1987). Similarly c-jun showed a time and 

dose dependent increase in transcription and prolonged message half-life in cells 

transformed in vitro with x-rays (Sherman et aI., 1990). In vivo experiments with ionizing 

radiation-induced rat skin tumors detected amplification of c-myc (Felber et aI., 1992). 

Evidence is now accumulating for the altered expression of genes corresponding 

to proteins further upstream in signal transduction pathways. Irradiation of Syrian hamster 

embryo cells showed a dose-dependent induction of protein kinase C (PKC) (Woloschak 

et al., 1990). Further studies indicated an attenuation of induction upon x-ray treatment 

of the transcription factors jzm and egrl if the cells were treated with a PKC inhibitor 

(Hallahan et al., 1991). More recently Datta et al. have identified the response element 

through which ionizing radiation activates transcription of the egrl gene (Datta et aI., 

1992). This response element encompasses six serum response elements (SREs) which 

have the CArG motif [CC(A+T-rich)6GG]. egrl is also induced by serum, platelet

derived growth factor (PDGF), and fibroblast growth factor (FGF). Interestingly, PDGF 
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and FGF, themselves, are radiation-inducible (Datta et al., 1992). 

The purpose of the studies presented here was to identity non-ras dominant 

transforming genes in ionizing radiation-induced tumors. Two experiments were 

performed to induce tumors in mice by ionizing radiation. In one experiment we followed 

the experimental protocol of Jaffe et al. (Jaffe & Bowden, 1987). In their experiments 

they observed that the development of a rare tumor phenotype, basal cell carcinoma, was 

dependent on the dose of radiation and independent of promotion with the phorbol ester 

TP A. We therefore attempted to reproduce this observation to study in more detail the 

association of basal cell carcinomas with radiation. In the other tumor induction 

experiment we wished to induce a more broad spectrum of tumor phenotypes. We 

therefore followed the protocol of Ootsuyama and Tanooka (Ootsuyama & Tanooka, 

1988) which produced 100% tumor incidence in mice following repeated doses of 13-

irradiation. To determine if the mechanism of gene activation in radiation-induced tumors 

is fundamentally different from chemically-induced tumors, the expression pattern of five 

tumor-associated genes was analyzed. When these studies were initiated the identities of 

the genes mal 1-4 were still under investigation. However, the expression patterns of 

these mal genes will be discussed in light of their subsequent identification. The fifth 

tumor-associated gene, transin, was known to be a secreted metalloproteinase with a 

potential role in tumor invasion and metastasis. 

Finally, a technique is presented to identify and clone novel transforming genes 

from radiation-induced tumors. Traditional methods involved the transfection of tumor 

genomic DNA into nontransformed cells such as NIH3T3 cells. We modified the 
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technique for transfection of tumor cDNA libraries. This allows for identification of large 

genes which may be sheared during the isolation of genomic DNA and circumvents the 

need to link genomic DNA with a genetic tag. Another modification was the retrieval of 

cDNA clones from the transformed cells by polymerase chain reaction (PCR) 

amplification. This modification overcomes the difficulties associated with intraspecies 

transfections in the traditional methodology. While this PCR-based, cDNA library method 

has not yet been applied to a radiation-induced tumor, it has identified in another tumor 

a gene, the 16 kD subunit of v-Ir-ATPase, which is potentially associated with cellular 

transformation. 
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INDUCTION OF TUMORS BY IONIZING RADIATION 

Introduction 

Previously our laboratory has studied the role of radiation in the multistage model 

of carcinogenesis, which is operationally divided into the stages of initiation, promotion, 

and progression. Initial experiments examining the role of radiation as an initiating agent 

were performed on Sencar mice (Jaffe & Bowden, 1986). A single dose of radiation in 

the range of 7.5-22.5 Gy was given followed by TPA treatments twice weekly for 60 

weeks. Papillomas arose in control animals treated with TP A alone, but squamous cell 

carcinomas arose only if the animals were treated with radiation. Since Sencar mice were 

bred to be sensitive to skin tumor induction by DMBA initiation and TP A promotion, the 

experiment was repeated with CD-1 mice (Jaffe & Bowden, 1987). These mice received 

either 0.5 Gy or 11.25 Gy radiation followed by 10 or 60 weeks of TP A promotion. The 

length of TP A promotion corresponded with the incidence of papilloma formation, 

whether or not the mice received radiation. Radiation-treated mice again developed 

squamous cell carcinomas. The formation of basal cell carcinomas, a rare skin tumor in 

mice, was observed to be dose-dependent and independent of TP A promotion. 

In an experiment to induce more tumors by ionizing radiation we chose the same 

experimental conditions that previously resulted in the maximum number of BCCs. This 

treatment was a single dose of 11.25 Gy ionizing radiation with no TP A treatment. The 

observation of the development of basal cell carcinomas in mouse skin by ionizing 

radiation provided a unique opportunity to determine what role radiation may play in the 
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development of this tumor histology. 

In a second tumor-induction experiment we followed the protocol of Ootsuyama 

and Tanooka, who observed 100% tumor induction with fractionated doses of (3-

irradiation (Ootsuyama & Tanooka, 1988). Interestingly, they observed a threshold dose 

for tumor induction in mice. Initially, their studies dealt with a range of doses from 2.5 

Gy to 11.8 Gy/exposure. The mice were treated three times weekly until a tumor 

appeared or until Day 300. In this study they observed what appeared to be a threshold 

dose around 2.5 Gy/exposure. Subsequent studies (Ootsuyama & Tanooka, 1991) 

revealed that at 1.5 Gy/exposure there was a delay in tumor induction, although they still 

observed a 100% incidence of tumors. At 0.75 Gy/exposure only two tumors appeared 

by Day 800. At 0.5 Gy/exposure no tumors at all were observed throughout the life spans 

of the mice (Ootsuyama & Tanooka, 1993). Theoretically, when the dose per treatment 

is too high the effects of error-prone repair of DNA damage predominate over error-free 

repair creating a threshold for tumor induction (Tanooka & Ootsuyama, 1993). 

For our tumor induction experiment we chose to irradiate at 5 Gy/exposure. This 

dose gave a good number of tumors of several different histologies in the studies done 

by Dr. Tanooka's laboratory. 

Methodology 

11.25 Gy single dose experiment 

The experimental design has been described by Jaffe and Bowden (Jaffe & 

Bowden, 1986). Eighty CD-l mice were obtained from Charles River Laboratories. The 
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mice were anesthetized with 0.3-0.35 ml of 6.5 mglml Nembutal. The irradiation 

apparatus consisted of a particle board on which was drawn a 30 cm2 box. The mice 

were then affixed to this irradiation apparatus as follows (Figure 1): the feet and tail of 

a mouse were taped to a particle board so that the mouse's spine lay along the edge of 

the box with its body outside the box. Up to five mice were taped down at one time. 

The skin on the backs of the mice were stretched to form a double layer thickness; 

hemostats retained the shape of the skin flap. A 1 cm bolus was placed on top of this 

skin flap. A 4 MeV linear accelerator was used to irradiate the skin flaps with a single 

dose of 11.25 Gy x-rays at a dose rate of 3.1 Gy/min. The collimator jaws shielded the 

animals' bodies. The distance from the source to the skin flap was 60 cm. 

Fractionated dose experiment 

The procedure has been previously described by Ootsuyama and Tanooka 

(Ootsuyama & Tanooka, 1988). The mice were irradiated three times weekly with a 90Sr 

source (Amersham, Arlington Heights, IL). This 50 mCi source consisted of strontium-90 

compound (metal foil) in a welded stainless steel capsule, which was mounted in a brass 

holder. The circular foil had a diameter of 15.6 mm. The dose rate was estimated at 15 

rad/sec. 

Fifty CD-l mice were obtained from Charles River Laboratories. During 

irradiation, the mice were immobilized with a body mold (Figure 2). This mold contained 

a hole for application of the 90Sr source on the back of the mouse near the tail. Initially, 

the dose was 5.5 Gy per application. However, due to a severe skin reaction, the dose 
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Figure 1. Experimental Design for Tumor Induction with a Single Dose of 11.25 Gy 
Radiation. 

The irradiation apparatus consisted of a particle board on which was drawn a 30 cm2 box. 
The mice were then affixed to this irradiation apparatus as follows: the feet and tail of 
a mouse were taped to a particle board so that the mouse's spine lay along the edge of 
the box with its body outside the box. Up to five mice were taped down at one time. 
The skin on the backs of the mice were stretched to form a double layer thickness; 
hemostats retained the shape of the skin flap. A 1 cm bolus was placed on top of this 
skin flap prior to irradiation with a 4 MeV linear accelerator. 



20 

Figure 2. Mold for Mouse Immobilization During Irradiation with a 90Sr Applicator. 

Mice were irradiated 3 times weekly with a 90Sr source. During irradiation, the mice were 
immobilized for less than two minutes with a body mold as depicted above. The mold 
was held down with two rubber bands stretched between two sets of hooks (not shown) 
affixed to the sid(~s of the immobilization area. This mold contained a hole above the 
lower back of the mouse near the tail for placement of the 90Sr applicator. 
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was altered to 3 Gy per application after 15 weeks of treatment. The treatments were 

terminated after 35.4 weeks of irradiation. 

Cell lines were established from five of the resulting tumors. A small portion of 

each tumor was soaked briefly in iodine, then rinsed twice in phosphate-buffeted saline 

(PBS). The portion was minced into 1 mm cubes. Four to six cubeslflask were placed 

in four 25 cm2 tissue culture flasks/tumor for approximately 15 min. One ml of media 

was then added to each flask to wet the cubes without dislodging them. The cubes were 

incubated at 37'C for a 1-2 hours before 3-4 ml additional media was added to each flask. 

The media were changed once or twice a week for several weeks. The cubes remained 

in the flasks until cells began to migrate away from the cubes. The cubes were then 

suctioned off, and the remaining cell colonies were allowed to proliferate. 

Results 

In the 11.25 single dose experiment, with the exception of one mouse, the mice 

died over the course of one and a half years without developing any solid tumors. Some 

of the longer-surviving mice developed ocular occlusions; one developed an ear 

hemangioma. Others succumbed to infections. Only one solid tumor arose from this 

experiment. This tumor was taken 70 weeks after irradiation. The tumor has the 

histopathology of an undifferentiated carcinoma. 

In the fractionated dose experiment most of the mice had severe skin reactions to 

the higher dose. This included erythema and ulceration on the site of irradiation. The 

tumors which developed arose mainly on the edge of the irradiated areas. 
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Greater than 50% of the mice developed tumors. Twenty-eight tumors of several 

histologies developed over the course of the experiment. Table 1 summarizes the various 

histologies observed. The majority were either squamous cell carcinomas or 

rhabdomyosarcomas. Muscle-specific desmin staining was performed by Dr. Ray Nagle's 

laboratory to distinguish between differential diagnoses of rhabdomyosarcoma and 

malignant fibrous histiocytoma. 

Four cell lines were established from rhabdomyosarcomas. Another cell line was 

established from a squamous cell carcinoma. Dr. Ashok Gupta injecred these cell lines 

subcutaneously into athymic nude mice. The cell line established from the squamous cell 

carcinoma formed nude mouse tumors with histologies characteristic of undifferentiated 

carcinomas. The histologies of the nude mouse tumors from the other cell lines have not 

yet been confirmed by immunohistochemical staining with desmin. 

Discussion 

Unfortunately, we were unable to repeat the observation of the induction of basal 

cell carcinomas with a single treatment of ionizing radiation. In fact, treatment of eighty 

mice resulted in only one tumor, which was classified as an undifferentiated carcinoma. 

Tumor induction by radiation is generally considered to rely on a combination of 

three factors: the total dose, the dose rate, and the frequency of irradiation. The studies 

by Tanooka and Ootsuyama (Tanooka & Ootsuyama, 1993) indicated the tumor incidence 

was dependent on the frequency of irradiation and independent of the total dose. In our 

experiments, fractionation of the dose as opposed to a treatment with a single dose 
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Histology Tumors Cell Lines 

Squamous Cell Carcinoma 15 1 

Rhabdomyosarcoma 9 4 

Osteosarcoma 1 --
Fibrosarcoma 1 --
Mixed Histology 1 --

Table 1. Histologies of the Tumors Arising from Fractionated Doses of Ionizing 
Radiation. 

Four basic types of tumor histologies were observed: squamous cell carcinoma, 
rhabdomyosarcoma, osteosarcoma, and fibrosarcoma. One tumor had a mixed histology. 
Twenty seven tumors developed during the course of this experiment. Five cell lines 
were established from five of these tumors. 
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resulted in a much higher tumor yield. Over 50% of the mice developed tumors in the 

fractionated dose protocol. 

While the tumor incidence was not as high as had been previously reported with 

fractionated doses, the observation that roughly 50% of the tumors were carcinomas and 

the other 50% sarcomas is in agreement. However, we observed a high incidence of 

rhabdomyosarcomas rather than osteosarcomas. Rhabdomyosarcomas have not been 

previously reported with this type of tumor-induction protocol in mice. This difference 

may have due to the site of irradiation, which in our studies was on the back very close 

to the tail, instead of further up the spine. In humans, rhabdomyosarcomas have been 

observed as second primary tumors in radiation-treated retinoblastoma patients (Hawkins, 

et aI., 1987; Schwarz, et aI., 1988). Another difference observed in our experiment was 

the extent of tissue damage in the target area. Severe ulceration may have contributed 

to the reduced tumor incidence. Tumors which did appear, arose on the edge of the target 

areas. The radiation-sensitivity may have been related to mouse strain differences. 

Although ionizing radiation has been shown to be a complete carcinogen when 

given in a single dose, the "promoting" effect of multiple fractionated doses markedly 

increases its efficiency. In this sense, ionizing radiation has been shown to be effective 

in each stage of the mouse multistage model of carcinogenesis: initiation, promotion, and 

progression. 
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MAL AND TRANSIN GENE EXPRESSION STUDIES 

Introduction 

The multistage model of mouse skin carcinogenesis can be used to study potential 

differences in the molecular mechanisms of radiation versus chemical carcinogenesis. 

One approach to these mechanistic studies is to compare the expression pattern of tumor 

associated genes in both benign and malignant skin tumors initiated by either ionizing 

radiation or chemical carcinogens. 

Four tumor-associated genes, mal 1-4, were originally identified in mouse skin 

squamous cell carcinomas by differential hybridization of cDNA libraries to detect gene 

sequences overexpressed in carcinomas compared to normal epidermis (Melber et aI., 

1986). Subsequent DNA sequencing has revealed the identity of these clones. Mall is 

a newly described mouse lipid-binding protein (Krieg et aI., 1993). Mal2 is a gene for 

the mouse hyperproliferative keratin K6 (Finch et aI., 1991), while mal3 encodes a portion 

of a mouse polyubiquitin gene (Finch et aI., 1990). Mal4 corresponds to the mouse 13-

actin gene (Ostrowski et al., 1989). 

A fifth tumor-associated gene called transin, or alternatively stromelysin, encodes 

a secreted metallo-proteinase which degrades basement membrane proteins. Transin 

overexpression may be involved in the progression of benign, encapsulated tumors to 

malignant, invasive squamous cell carcinomas (Matrisian et al., 1986). We have 

previously shown that the level of transin message in the mouse skin model of chemical 

carcinogenesis increases in parallel with increased probability of metastasis (Ostrowski 
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et al., 1988). 

The purpose of this study was to determine if the expression pattern of these five 

tumor-associated genes differed between radiation- and chemically-initiated mouse skin 

tumors. The dependence of the expression pattern on the chemical or physical nature of 

the initiating agent could be indicative of different molecular mechanism in malignant 

transformation. 

Methodology 

Tumor samples 

Tumors were previously collected from mice initiated with either chemical or 

physical carcinogens. The chemically-initiated papillomas resulted from an initiating dose 

of 7, 12-dimethy I-benz[ a ] anthracene (DMBA) followed by 12-0-tetradecanoy I phorbol-13-

acetate (TP A) promotion. The chemically-induced squamous cell carcinomas arose by 

applying repeated doses of N-methyl-N-nitroso-N-nitroguanidine (MNNG). Radiation

induced papillomas and squamous cell carcinomas were initiated with a single dose of 

11.25 Gy of x-rays followed by TP A promotion. The basal cell carcinomas were isolated 

from mice that had been irradiated but not promoted. 

Northern analysis 

10 flg RNA samples were electrophoresed through a 0.7 M formaldehyde/l% 

agarose gel. The gel was then treated with 50 mM NaOH and 100 mM Tris-CI, pH 7.5, 

for 10 min. each. Finally, the gel was washed twice in 25 mM NaP04• The nucleic acids 
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were blotted by capillary tr~sfer overnight onto a Gene Screen filter. The nucleic acids 

were fixed to the blot by a 2 min. exposure to UV light. 

The hybridization conditions were as follows: 50% formamide, 10% dextran 

sulfate, 5x SSC (750 mM NaCI and 75 mM sodium citrate), 5x Denhardt's, and 250 J-lg/ml 

salmon sperm DNA at 42°C. Alternately the hybridization conditions were 3x SET (450 

mM NaCI, 90 mM Tris-CI, and 6 mM EDTA), lOx Denhardt's, 0.5% SDS (sodium 

dodecyl sulfate), and 150 J-lg/ml salmon sperm DNA at 68°C. The blots were prehybrized 

in this solution overnight. The next day the radio-labelled probe was added to the 

hybridization solution and the blot incubated overnight. 

Several different plasmids were used to generate the probes. The plasmids p-mall 

and pA6 were radio-labelled with Amersham's Nick Translation kit. The pA6 plasmid 

contains the cDNA for a 7S RNA which is constitutively expressed in cells. The nick 

translation kit was also used to radio-label inserts from the plasmid p-mal2 and the 

plasmid pTRIIA, which contains a cDNA for transin. A plasmid containing a partial 

cDNA for the coding region of mal3 was used to generate the mal3 probe. The 

radioactive nucleotide was a.-32p-dCTP, which was purchased from NEN. On one 

occasion the mal2 transcripts were detected with a 51-mer oligonucleotide specific to 

mal2. This oligonucleotide was end-labelled with y_32p_A TP from NEN. 

Following hybridization of the radiolabelled probe, the blots were washed in the 

following solutions at 68°C: 3x SET/l% SDS for 30 min., Ix SET/l% SDS wash for 30 

min., and O.lx SET/I % SDS for 30 min. A final rinse in 3x SET was performed for 5 

min. at room temperature. An exception was the blot probed with an end-labeled mal2 
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oligo whose washout conditions were as follows: 2x SSC/1% SDS/O.05% NaP04 for 30 

min. at room temperature twice, then once for 30 min. at 60°C. After the blots were 

washed they were exposed to film for autoradiography. 

Results 

A slightly elevated level of mall transcript expression (Figure 3) was observed in 

both benign papillomas and malignant squamous cell carcinomas compared to normal 

mouse epidermis or a radiation-induced basal cell carcinoma. Little difference was 

observed in the expression of mall between the radiation- and chemically-induced tumors. 

Mal2 transcripts (Figure 4) were not readily detected in the radiation-induced basal 

cell carcinomas, while mal2 transcripts were detected in at least one of the radiation

induced squamous cell carcinomas. No differences appeared between the radiation- and 

chemically-induced papilloma transcript levels. 

A 1.3 kb mal3 transcript (Figure 3) was detected in both radiation- and chemically

induced tumors. An increased expression of this transcript was observed in a radiation

induced basal cell carcinoma. The squamous and basal cell carcinomas expressed a novel 

6.9 kb transcript that was not detected in the papillomas or in normal epidermis. Little 

difference was observed in mal3 expression between radiation- and chemically-induced 

papillomas and squamous cell carcinomas. 

Differences in mal4 expression levels (Figure 1) were not observed for any of the 

samples analyzed. The levels were directly proportional to the levels of 7S RNA, which 

was used as a loading control. 
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Figure 3. Northern Analysis of mall and mal3 Expression Levels in Radiation- and 
Chemically-Induced Tumors. 

A slightly elevated level of mall expression was observed in both benign papillomas 
(pap) and malignant squamous cell carcinomas (SCC) compared to normal epidermis or 
a radiation-induced basal cell carcinoma (BCC). Little difference was observed in the 
expression of mall between the radiation- and chemically-induced tumors. A 1.3 kb mal3 
transcript was detected in both the radiation- and chemically-induced skin tumors. An 
increased expression of this transcript was observed in the basal cell carcinoma. The 
squamous and basal cell carcinomas expressed a novel 6.9 kb transcript that was not 
detected in the papillomas or in normal epidermis. Little difference was observed in 
mal3 expression between the radiation- and chemically-induced papillomas and squamous 
cell carcinomas. 
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Figure 4. Northern Analysis of mal2 and mal4 Expression Levels in Radiation- and 
Chemically-Induced Tumors. 

Mal 2 transcripts were not observed in the radiation-induced basal cell carcinomas (BCC), 
while mal2 transcripts were detected in at least one of the radiation-induced squamous cell 
carcinomas (SCC). No differences appeared between the radiation- and chemically
induced papillomas (pap). A consistent difference in the expression levels of the mal4 
2.7 kb transcript was not observed in any of the samples analyzed. Slightly larger 
transcripts were sometimes apparent in the radiation-induced tumors. Constitutively 
expressed cytoplasmic 7S was used as an internal control for the total amount of RNA 
transferred to the Northern blot. 
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A marked difference in expression of transin was observed between radiation- and 

chemically-induced papillomas (Figure 5). Transin transcripts were present in radiation

induced papillomas but not in chemically-induced papillomas. Non-invasive basal cell 

carcinomas initiated with radiation had low or undetectable levels of transin. Much 

higher levels were observed in radiation-induced squamous cell carcinomas. 

Discussion 

Expression levels of tumor-associated genes was compared in mouse skin tumors 

initiated with either physical or chemical carcinogens. In the analysis of the expression 

of transin, a gene that encodes a secreted metalloproteinase, a marked difference between 

the radiation- and chemically-induced tumors was observed. Papillomas resulting from 

x-ray initiation expressed transin, while transcripts were undetectable in the papillomas 

resulting from DMBA initiation. Previous animal studies in our laboratory have indicated 

a higher conversion rate of radiation-initiated benign papillomas to malignant squamous 

cell carcinomas when compared to their chemically-initiated counter parts (Jaffe & 

Bowden, 1987). Evidence for an enhanced expression of transin in these radiation

induced papillomas supports this observation. Since transin is a secreted protease, it may 

be functionally involved in the invasion of malignant tumor cells through the basement 

membrane. While both chemically- and radiation-induced malignant squamous cell 

carCinomas expressed transin, transcripts were not detected in the nOn-invasive, 

encapsulated basal cell carcinomas initiated by ionizing radiation. 

In contrast to transin expression, the expression patterns of mall, mal2, mal3, and 
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Figure 5. Northern Analysis of Transin Expression Levels in Radiation- and Chemically
Induced Tumors. 

A marked difference in expression of transin was observed between the radiation- and 
chemically-induced papillomas (pap). Transin transcripts were present in the radiation
induced papillomas but not in the chemically-induced papillomas. The non-invasive basal 
cell carcinomas (BCC) initiated with radiation did not express transin, while transcripts 
were detected in the radiation-induced squamous cell carcinomas (SCC). 
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mal4 did not distinguish the tumor induction protocols when comparing the radiation- to 

the chemically-induced tumors. Differences in the expression of the mal genes were 

observed between the various histologies of skin tumors. For example, in the radiation

induced tumors mall had a higher expression level in the squamous cell carcinomas 

compared to papillomas or basal cell carcinomas, while mal2 was expressed in both 

squamous cell carcinomas and papillomas but not in basal cell carcinomas. Analysis of 

mal3 expression indicated the presence of a novel transcript in the carcinomas that was 

not detected in the papillomas. 

Since the initiation of these studies, the identity of the four mal genes has been 

determined. DNA sequencing of the cDNA clones has identified mall as a gene related 

to a family of fatty acid or lipid binding proteins, mal2 as a mouse keratin, and mal3 as 

mouse ubiquitin, and mal4 as mouse p-actin. No mutations or gene rearrangements were 

identified in these genes. The differences of expression observed between the various 

tumor histologies may reflect differences in the growth potential or state of differentiation 

of these tumors. 

In conclusion, a distinct difference in the expressIOn pattern of transin was 

observed when comparing radiation- to chemically-initiated benign papillomas. Transin 

was overexpressed in the radiation-induced benign papillomas which suggests that 

radiation-initiated benign skin tumors are in the later stages of tumor progression and may 

in fact be premalignant. 
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CLONING OF DOMINANT TRANSFORMING GENES 

Introduction 

Several techniques have been developed over the years for identification of novel 

oncogenes (perucho et aI., 1981; Murray et aI., 1981; Blair et aI., 1982; Goldfarb et aI., 

1982; Fasano et aI., 1984; Brown et aI., 1984; Brady et al., 1985). Originally, dominant 

transforming activity was identified in tumor DNA by transfection of the genomic tumor 

DNA into nontransformed cells (Cooper et aI., 1980; Krontiris and Cooper, 1981). 

Resultant phenotypes indicative of transformation included a change in morphology, loss 

of anchorage dependent growth in soft agar, or loss of contact inhibition in confluent cell 

cultures. Alternatively, cells were tested for their tumorigenicity in athymic nude mice. 

Once the presence of a dominant transforming activity had been detected, the challenge 

was to identify genes responsible for dominant transforming activity. 

Typically, the genes were linked to marker sequences. Species-specific repetitive 

DNA sequences have served as markers for the presence of exogenous DNA in cells 

transfected with genomic DNA (Fasano et aI., 1984; Eva and Aaronson, 1985). When 

transfecting DNA into cells of the same species, exogenous DNA was tagged with 

artificial markers such as Slip For cosmid vectors (Goldfarb et aI., 1982; Brady et aI., 

1985). Multiple rounds of transfection were required to dilute away excess marker 

sequences to ensure linkage of the marker to the activity. Southern analysis of DNA from 

transformed cells identified the presence of markers or exogenous repetitive sequences. 

To rescue exogenous DNA from transformed cells, genomic libraries were constructed 
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from the transformed cells. These libraries were screened for marker sequences or 

repetitive DNA elements. Sequencing revealed potential gene sequences linked to the 

markers. 

With the development of mammalian expression vectors, cDNA libraries were 

utilized for transfection into recipient cells. Transfection of cDNA libraries circumvents 

the need to link DNA with a genetic tag and allows for intraspecies transfections. A 

cDNA library method was employed to isolate a unique oncogene created by 

rearrangement of an unknown gene with the proto-oncogene B-raf (Miki et al., 1991). 

This method was also used to isolate the suppressor gene Krev-1 (Kitayama et aI., 1989). 

In these reports cDNAs were rescued by digestion and religation of genomic DNA from 

transformed cells at very low concentrations, which favor intramolecular recircularization. 

Following transformation of bacterial cells, DNA containing an origin and a specific drug 

resistance marker were selected with antibiotics. Transfection into mammalian cells 

identified which plasmids also contained a gene of interest. 

I have developed a more direct approach for retrieving the cDNA clones that 

utilized peR amplification. I also developed a mammalian expression vector, spRX4, 

which I engineered to be compatible with a commercially available cDNA synthesis kit. 

The overall strategy used for the isolation of dominant transforming genes in presented 

in Figure 6. The spRX4 plasmid is presented in Figure 7. 

Methodology 
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Figure 6. Flowchart for the Isolation of Dominant Transforming Genes. 
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An RSV promoter drives expression of cDNA inserts. The ampR and neoR genes allow 
for selection in bacterial and mammalian cells, respectively. The vector contains a 
multiple cloning site "stuffer" to facilitate preparation of the vector for ligation to cDNAs. 
(This fragment simplifies double digestion of the vector and subsequent purification away 
from contaminating singly-cut and uncut vector). 
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Generation of Tumor B 

The derivation of Tumor B is summarized in Figure 8. NIH3T3 cells were plated 

at a density of 2 x lOs cells/plate. The next day 30 J..lg CarB (Buchmann et aI., 1991) 

genomic DNA and 1.5 J..lg pSV2-gpt was CaP04 coprecipitated and added to the NIH3T3 

cells. The following day the cells were washed with DMEM. Selection media containing 

mycophenolic acid and aminopterin along with other media supplements was added to the 

cells. The cells were incubated in this medium for three days; the media was then 

switched to the supplemented media without mycophenolic acid and aminopterin. 

Approximately 1 week later the surviving cells were harvested. 2.6 x 106 cells /200 J..lI 

DMEMIsite were injected into 8 sites on two athymic nude mice. Tumors were removed 

from the mice one month later. 

Isolation of Poly(A) RNA 

A fibrosarcoma was snap-frozen in liquid nitrogen following removal from the 

animal and stored at -80°C. The tumor was powdered under liquid nitrogen with a 

mortar and pestle, and RNA was isolated by acid-phenol-guanadinium extraction 

(Chomczynski and Sacchi, 1987). The final RNA pellet was resuspended in 0.1 % diethyl 

pyrocarbonate in double-distilled H20 (DEPC-ddH20). Poly(A) RNA was isolated 

according to Maniatis (Maniatis et al., 1982) on a cellulose oligo(dT) column. Poly(A) 

RNA in pooled eluate fractions was precipitated with one tenth volume of 3 M sodium 

acetate and two volumes of ethanol for one hour at -20°C. RNA was pelleted in a 

microfuge for fifteen minutes, rinsed with 70% ethanol, and resuspended in DEPC-ddH20. 
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Tumor B was an athymic nude mouse tumor ansmg from the injection of DNA
transfected NIH3T3 cells. The NIH3T3 cells were transfected with genomic DNA from 
a carcinoma-producing cell line, CarB, and with a plasmid conferring drug resistance, 
pSV2-gpt. Following drug selection, the surviving NIH3T3 cells were pooled and 
injected into athymic nude mice. Tumor B was one of the resulting nude mouse tumors. 
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The concentration of the Poly(A) RNA was determined by staining with 2.5 J-lg per ml 

ethidium bromide and spotting next to ethidium bromide-stained standards. 

cDNA synthesis 

Synthesis of cDNA was performed with BRL's "Superscript Plasmid System for 

cDNA Synthesis and Plasmid Cloning" (GIBCO BRL, Life Technologies, Inc., 

Gaithersburg, MD) according to the manufacturer's instructions. Following the final 

column purification of the cDNA, an eluate fraction containing cDNAs larger than 1 kb 

was precipitated and resuspended in a small volume of double-distilled H20 for subsequent 

ligation into the spRX4 cloning vector. 

Construction of the spRX4 mammalian expression vector 

The spRX4 vector (Figure 7) was derived from pMAMneo (Clonetech, Palo Alto, 

CAl. The mouse mammary tumor virus Long Terminal Repeat (MMTV-LTR) of 

pMAMneo was removed. The spRX4 vector drives expression of cDNA inserts with the 

remaining Rous sarcoma virus Long Terminal Repeat (RSV-LTR). The vector's multiple 

cloning site (MCS) contains NotI and Sall restriction sites for directional cDNA cloning. 

The MCS was obtained from a KpnI to Sael fragment of pBluescript SKII( -)'s MCS 

(Stratagene, La Jolla, CAl. A "stuffer" fragment was cloned into the HindIII site of the 

MCS to facilitate preparation of the vector for cDNA cloning. 

Preparation of the spRX4 cloning vector 
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Purified spRX4 plasmid DNA was digested sequentially with NotI and Sail 

restriction enzymes (New England Biolabs, Beverly, MA) under reaction conditions 

described by the manufacturer. Following each digestion reaction DNA was extracted 

with phenol-chloroform-isoamyl alcohol (25:24: 1) and precipitated. Complete restriction 

was monitored by 0.7% agarose electrophoresis. The spRX4 vector contains an 875 bp 

"stuffer" between the Sail and NotI restriction sites in its multiple cloning site. This 

"stuffer" allows one to monitor the extent of double-digestion reactions at these two 

restriction enzyme sites by the appearance on an agarose gel of an 875 bp "stuffer" 

fragment. To isolate and purify the NotI-Sall cut vector, the digestion was 

electrophoresed through a 0.8% low melting point agarose gel. Extra care was taken to 

achieve maximum separation between the doubly-cut vector and other products of a 

similar size that also may have been present in the digestion reaction. These 

contaminating products included supercoiled or singly-cut linear vector DNA. The gel 

was stained with 0.5 Jlg per ml ethidium bromide, and the band representing the NotI-Sall 

cut vector was removed from the gel. The agarose was minced and added to an equal 

volume of TE (10 mM Tris-HCl, pH 8.0, 1 mM EDTA). The agarose was melted 

completely at 65°C prior to the addition of an equal volume of 0.1 M Tris (pH 8.0)

saturated phenol. The solution was vortexed and spun in a microfuge for three minutes. 

The aqueous phase was isolated. The extraction was repeated with an equal volume each 

of Tris-saturated phenol, phenol-chloroform-isoamyl alcohol (25:24: 1), and finally 

chloroform-isoamyl alcohol (24:1) until no interface remained. DNA was precipitated and 

resuspended in TE. 
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Generation of a eDNA library 

100 ng eDNA were ligated to 500 ng vector with T4 DNA Ligase (New England 

Biolabs, Beverly, MA). The reaction was incubated at room temperature overnight. 

RbCl2 competent DH5a. bacterial cells were transformed with the entire ligation reaction 

according to a published procedure (Hanahan, 1983). Dimethyl sulfoxide was added to 

a final concentration of 7% to half of the bacterial culture. These cells were aliquoted 

in freezing tubes and frozen at -80°C as a library stock. The library contained 

approximately 2 x 104 independent eDNA clones. A plasmid "maxiprep" procedure (a 

modification of the plasmid "miniprep" procedure described by Mierendorf and Pfeffer, 

1987) was used to isolate plasmid library DNA from the other half of the culture for 

transfection into mammalian recipient cells. A summary of the creation of the F2 library 

is presented in Figure 9. 

Transfection of NIH3T3 cells and the athymic nude mouse tumorigenicity assay. 

NIH3T3 cells were plated at 5 x lOs cellsll 00 mm tissue culture plate. The 

following day 15 J.lg library plasmid was CaP04 precipitated with or without 15 J.lg carrier 

NIH3T3 genomic DNA according to a described procedure (Ausubel et al., 1987). Four 

hours after adding precipitates to the NIH3T3 cells, the medium was removed, and the 

plate was rinsed with 5 ml of fresh media. Two ml 15% glycerol were added to the plate 

for two minutes to glycerol-shock the cells. The glycerol was removed and the plate was 

rinsed again with 5 ml media. Ten ml regular NIH3T3 media (DMEM, 10% calf serum, 

penicillin and streptomycin) were added back. The following day 400 J.lg/ml active G418 



43 
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Figure 9. Creation of the F2 Library. 

Tumor B cDNA was synthesized with a commercially-available cDNA synthesis kit from 
poly(A)-enriched RNA isolated from Tumor B. This cDNA was cloned into the 
mammalian expression vector, spRX4. 
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were added to the medium. Surviving cells were grown until the cells were subconfluent 

(70-80%) in T175 tissue culture flasks. Cells were harvested and injected at 3 x 106 cells 

I 0.2 ml I site on the flanks of athymic nude mice. Mice were monitored twice weekly 

for tumor formation. 

Isolation of genomic DNA from athymic nude mouse tumors 

Tumors were removed from animals and stored at -80°C as described above. 

Tumors were individually powdered under liquid nitrogen. DNA was isolated by a 

published procedure (Krieg et a1., 1983). Briefly, cells in the powder were lysed in a 

phenol-lysis solution, nucleic acids were precipitated with ethanol, and RNA was 

selectively removed by LiCI precipitation. 

PCR amplification of cDNAs from athymic nude mouse tumor DNA 

Vector-specific primers were synthesized (5'-CCACTGAA TTCCGCA TTGC-3' and 

5'-CACCACAGAAGTAAGGGTCC-3' on an Applied Biosystems oligonucleotide 

synthesizer) which bind sequences flanking the multiple cloning site of the vector. These 

primers can PCR-amplify cDNAs from the DNA of transformed cells. PCR reactions 

contained 10 mM Tris-CI, pH 8.3, 1.5 mM MgCI2, 50 mM KCI, 0.1 J.1g per J.11 gelatine, 

1 J.1g nude mouse tumor genomic DNA, 25 pmol each vector-specific primers, 200 J.1M 

dNTPs and 5 units Taq DNA Polymerase (Boehringer Mannheim, Indianapolis, IN). The 

reaction was overlaid with an equal volume of mineral oil and incubated at 95°C for 5 

min. Cycling conditions were as follows: 30 sec. at 94°C, 1 min. at 55°C, and 30 sec. at 
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72°C, for 30 cycles, followed by a S min. incubation at 72°C. Following amplification, 

S I.d of the reaction were analyzed for amplified cDNAs by I.S% agarose gel 

electrophoresi s. 

Cloning of PCR products 

PCR reactions were removed from beneath the mineral oil and brought up to a 

volume of SO J.11 for precipitation. After resuspension in double-distilled H20, the DNA 

was sequentially restricted with Not! and Sall according to the manufacturer's instructions. 

DNA was precipitated again and resuspended in double-distilled H20 for ligation into the 

vector pSPORT (provided pre-cut with BRL's Superscript Plasmid System). Digested 

PCR products were ligated to 100 ng ofpSPORT with T4 DNA Ligase. The reaction was 

incubated at room temperature overnight. RbCl2 competent DHSa. bacterial cells were 

transformed with the ligation mixture and grown at 37°C on LB-amp plates. The 

following day randomly chosen colonies were grown in S ml overnight cultures. A 

plasmid "miniprep" procedure (Mierendorf and Pfeffer, 1987) was performed to isolate 

plasmid DNA. PstI digestion and 1 % agarose gel electrophoresis of miniprep DNAs 

generated patterns indicative of various-sized inserts. Based upon this analysis selected 

miniprep DNAs were sequenced using USB's Sequenase DNA sequencing kit and M13 

Universal and T7 sequencing primers. Sequencing approximately ISO bp of the S' end 

of the cDNA inserts identified the genes in a Genbank database search. 

Results 
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A summary of the tumor data resulting from injection of the athymic nude mice 

is presented in Figure 10. One tumor arose from NIH3T3 cells transfected with the 

library and NIH3T3 carrier genomic DNA (F2+3T3 NMT). However, two tumors arose 

from NIH3T3 cells transfected with the control vector and NIH3T3 carrier genomic DNA 

(B3+3T3 NMT). In addition, one tumor arose from NIH3T3 cells transfected with the 

control vector alone (B3 NMT). 

DNA was isolated from these nude mouse tumors and subjected to PCR analysis 

for integrated cDNA inserts. Gel electrophoresis of the PCR products followed by 

ethidium bromide staining (Figure 11) detected three bands in the F2+3T3 sample. These 

bands were subcloned into the sequencing vector pSPORT (provided with BRL's 

Superscript Plasmid System) and sequenced. A summary of the results of sequencing 

analysis is presented in Figure 12. One clone was identified as the parental cloning 

vector spRX4, which is present at a certain background frequency (50%) in the cDNA 

library. Another clone was a partial cDNA sequence of heat shock protein 84 (Hoffman 

and Hovemann, 1988). Sequence analysis indicated this clone did not contain an upstream 

ATG that would result in an in-frame translation of the partial sequence. However, the 

third clone encoded a complete protein, the 16 kD subunit of mouse vacuolar ~ -ATPase 

(Han ada et al., 1991). 

Discussion 

The creation of a cDNA library from the original tumor ensured representation of 

only those genes that were expressed at the RNA level in the original tumor. These genes 
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Figure 10. Nude Mouse Tumors Resulting from Injection of NIH3T3 Cells Transfected 
with the F2 Library. 

Each mouse was injected at four sites with DNA-transfected NIH3T3 cells. No tumors 
were observed on the mouse injected with NIH3T3 cells transfected with the F2 Library 
alone. One tumor was observed on the mouse injected with NIH3T3 cells transfected 
with the F2 Library + NIH3T3 carrier genomic DNA. However, one tumor also arose on 
the mouse injected with NIH3T3 cells transfected with the control vector alone. 
Similarly, two tumors were observed on the mouse injected with NIH3T3 cells transfected 
with the control vector + NIH3T3 carrier genomic DNA. Although the number of tumors 
were not statistically different between the F2 Library and control vector samples, the 
cDNAs and/or genes responsible for the transformation of the NIH3T3 cells were most 
likely different. 
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Genomic DNA was isolated from nude mouse tumors. peR amplification was performed 
on 1 J,1g genomic DNA and subsequently one fourth of the peR reaction was analyzed 
on a 2% agarose gel. Lane 1 indicates the peR products resulting from amplification of 
genomic DNA from a nude mouse tumor arising from the injection of NIH3T3 cells 
transfected with the F2 Library + carrier NIH3T3 genomic DNA. The peR product in 
Lane 2 was an amplification of genomic DNA from a nude mouse tumor arising from 
injection of NIH3T3 cells transfected with a control vector (without an insert). The size 
of this peR product reflects the distance across the multiple cloning sites between the 
vector primers. Lanes 3 and 4 contain molecular weight standards. 



Band A. Vacuolar W-ATPase 16 kd subunit eDNA 

Sal I 
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Not I 
primer-adapter 

O S4 bp I 468 bp S38 bp IAAA~ 
RSV-LTR1 -----t----.J----- TTT I--

Sal I Not I 
ATG TAG 
start stop 

Band B. Partial heat shock protein 84 (hsp84) eDNA 

Sal I Not I 
adapter primer-adapter 

RSv-LTRID ___ 1_43_8_bp ___ -I-(_4_1 b_P_I~~ I--
Sal I TAA Not I 

stop 

• 737 bp of coding sequence missing 
• First in-frame ATG is 349 bp downstream - past seven other ATGs 

Band C. spRX4 parental vector 

Hindm Hindm 
RSV-LTR I I 875 bp multiple cloning site stuffer I I 

Sal I Not I 

Figure 12. Sequence Identification of PCR Products. 
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The three PCR products indicated in Figure 12 (Bands A, B, and C) were subcloned into 
the sequencing vector pSPORT and sequenced approximately 150 bp in from the 5' and 
3' ends of the insert. Band A contained a full-length vacuolar v-W-ATPase eDNA clones. 
Band B contained a partial cDNA from heat shock protein 84 (hsp84); this partial cDNA 
encodes a nonsense protein, because the first seven ATGs are out-of-frame. Band C 
reflects the presence of the parental mammalian expression vector, spRX4, at a certain 
background frequency in the F2 Library. The stuffer fragment in this vector encodes a 
nonsense protein. 
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may therefore have contributed to the tumorigenic state. By creating this cDNA library 

in a eukaryotic expression vector we could determine the effect of expressing the 

corresponding proteins in nontumorigenic cells. Finally, a functional assay, development 

of tumors in athymic nude mice, defined acquisition of the transformed phenotype. A 

major benefit of this method is the ease of rescuing cDNA clones from resulting nude 

mouse tumors. Primers that recognize sequences flanking the multiple cloning site of the 

vector amplified cDNAs by peR from nude mouse tumor DNA. Large cDNA inserts 

may be amplified by optimization of the peR reaction conditions. 

One major advantage of the cDNA library method is the simplicity of identifying 

and isolating exogenous DNA sequences when transfecting into cells of the same species. 

The protocol does not involve prior linkage of genomic tumor DNA with a genetic tag 

or subsequent screening of genomic libraries for marker sequences to rescue the gene of 

interest. The cDNA expression vector provides the means for rescuing the cDNA clones 

from resulting tumors. cDNA clones are PeR-amplified with vector-specific primers for 

subcloning. The cDNA expression vector also contains a neomycin resistance gene 

obviating the need for cotransfection of genomic DNA with drug-resistant plasmids. 

Another advantage is that once the gene of interest has been isolated, DNA sequencing 

does not involve reading through unidentifiable introns. In addition, recipient cells that 

are difficult to transfect with genomic DNA may be more receptive to transfection with 

plasmid DNA. One potential drawback of this method is the requirement for full length 

cDNA clones. This can be overcome with the isolation of high-quality RNA and the use 

of a reliable cDNA synthesis system. 
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This method is applicable to a variety of mammalian systems, including human 

and rodent model systems. The only requirement is a functional assay with which to 

measure the acquisition of an altered phenotype following transfection of a cDNA library. 

Following detection of the altered phenotype, peR amplification will rescue cDNA clones 

that may be responsible for the phenotype from the altered cellular DNA. 
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ASSOCIATION OF THE 16 kD SUBUNIT OF v-W-ATPase 
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Three types ofW-ATPases have been described to date: FoF)-type W-ATPases, 

E)E2-type W-ATPases, and V-type W-ATPases. The FoF)-type W-ATPases are located 

in mitochondria, chloroplasts, and bacteria (Senior & Wise, 1983; Forgac, 1989). The Fo 

sector is an integral membrane unit composed of three major subunits (in bacteria), which 

constitute a proton pumping channel. The F) sector is a water soluble unit composed of 

multiple subunits and contains ATP binding sites (Forgac, 1989). The function of this 

type of W -ATPase is to synthesize A TP (Futai & Kanazawa, 1983); there is no evidence 

in fungi for A TP-dependent proton pumping in vivo (Bowman & Bowman, 1986). 

Another type ofW-ATPase, the E)E2-type W-ATPase, is also known as the P-type 

H+ -ATPase. It is found in the plasma membrane of specialized cells such as the epithelia 

of the intestine, kidney, and bladder (Hoffman & Simonsen, 1989). In contrast to the 

FoF)-type W-ATPase, the P-type Ir-ATPase consists of a single 100 kD polypeptide 

(Bowman & Bowman, 1986). It is coupled to nutrient transport in plants and fungi and 

contributes to intracellular pH levels by generating an electrochemical proton gradient 

across the plasma membrane (Serrano, 1988). In mammalian cells intracellular pH is also 

controlled by the Na+/H'" antiporter, HC03- concentration and internal rates of glycolysis 

(Hoffman & Simonsen, 1989). 

The V-type W-ATPases also contribute to the regulation of pH, but within 
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intracellular organelles. They are found in endosomes, clathrin-coated vesicles, bovine 

chromaffin granules, synaptic vesicles, golgi apparati, and vacuoles (Forgac, 1989; Nelson, 

1989). v-W-ATPases can have different functions depending on the cell type. For 

example, it generates an electrochemical gradient in synaptic vesicles for the concentration 

of neurotransmitters (Han ada et al., 1991). In other cells it is responsible for generating 

an acidic environment for the optimal functioning of lysosomal hydrolases (Forgac, 1989). 

A proper pH is crucial for the dissociation of receptor-ligand complexes and the recycling 

of receptors to the cell surface in endosomes (Forgac, 1989). 

The structure of the v-W-ATPases resembles the FoFI-type W-ATPases. The v

W-ATPase is composed of multiple subunits grouped into a cytosolic sector and a 

membrane sector. The v-W -ATPase from clathrin-coated vesicles consists of nine types 

of subunits (Arai et aI., 1987). The V I cytosolic sector consists of three units of 73 kD, 

three units of 58 kD, and one unit each of 40 kD, 34 kD, and 33 kD (Arai et aI., 1988). 

The 73 and 58 kD subunits are involved in ATP-binding and hydrolysis (Forgac, 1992), 

while the 40, 34, and 33 kD subunits are accessory proteins and may be involved in 

anchoring the V I sector to the Vo membrane-embedded sector (Puopolo et aI., 1992). The 

membrane sector consists of polypeptides of 100,38, 19, and 16 kD. Six 16 kD subunits 

form the H+ -translocating pore. The other subunits are present as one subunit each (Arai 

et aI., 1988). However, the 100 kD is not found in every cell type (Moriyama & Nelson, 

1989; Gillespie et al., 1991). Different subunit compositions in different cell types may 

contribute to cell-specific alterations in v-W -ATPase function. 

An excess of Vo sectors exists in the membrane uncomplexed to V I domains. 
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Concurrently, a steady-state pool of VI sectors exist in the cytoplasm (Feng & Forgac, 

1992). In vivo, the functions of the these two domains are interdependent (Nelson, 1992). 

The VI domain has no ATPase activity without the Vo domain, and vise versa, the Vo 

domain does not function as a proton channel without the V I domain. 

Genes for some of the subunits have been cloned. The 58 kD subunit was found 

to have two alternative isoforms', while the 73 kD most likely has one (Puopolo et aI., 

1991). The 58 kD subunit is capable of being phosphorylated by the clathrin assembly 

protein AP-2 (Myers & Forgac, 1993). Phosphorylation may regulate the ATPase activity 

of the V I sector, or it may couple the ATPase activity to proton translocation. 

Alternatively, it may be involved in the assembly of the V I sector to Vo sector. Other 

mechanisms may also exist to regulate these processes. 

Alternate subunit composition, such as the presence or absence of various subunits 

or the utilization of different subunit isoforms, or modifications of the enzyme complex, 

such as phosphorylation, may be responsible for the activity of the enzyme. In different 

cell types the final pH may also depend on local differences in enzyme concentration or 

contributions from other ion channels or pumps (Puopolo et aI., 1991). 

Identification of a cDNA for the 16 kD subunit of v-W -ATPase in transformed 

NIH3T3 cells, suggested that an alteration in v-W -ATPase activity may have contributed 

to the tumorigenic phenotype. A loss of proton-pumping function may have interfered 

in the processing of receptor-ligand complexes. The function of the 16 kD subunit may 

have been altered by DNA mutations or domain deletions or rearrangements. 

Overexpression or gene amplification are other typical mechanism of gene 
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activation. Gene expression of the various subunits may be interrelated; overexpression 

of the 16 kD subunit may have affected the proper assembly and function of the enzyme 

complex. 16 kD subunit gene activation by these mechanisms was examined by Northern, 

Southern, and sequence analysis in the nude mouse tumor in which this gene was first 

identified as well as in NIH3T3 cells transfected with this cDNA clone. 

Our results will be discussed in the context of the results of other laboratories, 

which suggest Ir-ATPases may playa role in tumorigenicity. Perona and Serrano 

(Perona & Serrano, 1988) have shown that the yeast P-type Ir -ATPase is capable of 

altering the intracellular pH and tumorigenic phenotype of NIH3T3 cells. Goldstein and 

Schlegel have shown that the E5 oncoprotein of BPV -1 binds to the 16 kD subunit of v

Ir -ATPase (Goldstein & Schlegel, 1990). The 16 kD subunit may be crucial, therefore, 

in mediating transformation by the E5 oncoprotein. 

Methodology 

Sequencing 

Sequencing was performed with USBiochemical's DNA Sequencing Kit. Vector

specific primers were used to sequence from the 5' and 3' ends of the cDNA inserts. 

Once the cDNA was identified, cDNA-specific primers were synthesized to sequence 

internally. The sequencing reactions were analyzed by autoradiography after 

electrophoresis on an 8% polyacrylamide gel. 

Northern analysis 
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15 JIg sample were electrophoresed through a 0.7 M formaldehyde/l %agarose gel. 

Northern blots of the gels were prepared as described above. The hybridization conditions 

were as follows: 50% formamide, 10% dextran sulfate, lOx Denhardt's, 50 mM Tris-CI 

(pH 7.5), 1 M NaCI, 1% SDS, 200 Jlg/ml salmon sperm DNA, and 0.1% sodium 

pyrophosphate. Northern blots were probed with a NotI-Sall 1.1 kb insert from the pSport 

vector containing the v-Ir-ATPase 16 kD subunit cDNA. The insert was labelled with 

USBiochemical's Random Prime kit. Following hybridization the blot was washed 

according to the procedure described earlier. 

Northern analysis for the vector-specific 16 kD cDNA transcript was performed 

with slightly different hybridization conditions: 6x SSC, 5x Denhardt's, 0.5% SDS, 0.05% 

sodium pyrophosphate, and 100 Jlg/ml salmon sperm DNA at 55°C. Following 

hybri'dization the blot was washed several times in Ix SCC, 0.05% sodium pyrophosphate, 

and 0.5% SDS at 55°C. The probe was generated by using the Klenow fragment of DNA 

Polymerase (New England Biolabs, Beverly, MA) to fill in the overhang created by 

annealing two vector-specific oligos (sense oligo: 5'-GGTGTGCACCTCCAAGCT 

TGTCGACCCACGCGTCCG-3', antisense oligo: 5'-CGGACGCGTGGGTCGACAAG-3'). 

Incorporation of the radioactive nucleotide 32p_dGTP (NEN) labelled the antisense strand 

with a specific activity of 3 x 108 cpm/Jlg annealed oligos. The labelled antisense oligo 

included 10 bases complimentary to the RSV-LTR and 25 bases complimentary to the 

multiple cloning site HindlII and Sall restriction sites and SaIl adaptor sequence. 

Southern analysis 
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10 J.1g genomic DNA was digested with EcoRI. The reaction was phenol-

chloroform extracted and the nucleic acids ethanol precipitated. The digested DNA was 

electrophoresed through a 0.8% agarose gel. The gel was treated and transferred to a Gene 

Screen filter according previously described procedures (Ausubel et. al, 1987). The 

hybridization, probe, and wash conditions were identical to those described above for 

Northern blots. 

Transfection of the cDNA clone into NIH3T3 cells 

The 16 kD subunit cDNA of v-W -ATPase was subcloned from the sequencing 

vector pSPORT into the expression vector spRX4. The resultant plasmid, spRX4-rnvp, 

was transfected into NIH3T3 cells. 

NIH3T3 cells were plated at 2 x lOs cells/plate. Two days later 15 J.1g/plate 

spRX4-mvp, spRX4, or 15 J.1g/plate each spRX4-mvp and spRX4 was CaP04 precipitated 

and added to the plates. Four hours later the media was removed and the cells were 

shocked with 2 ml glycerol for 2 min. Fresh media was put on the cells overnight. The 

next day 400 J.1g/ml active G418 were added. Surviving cells (NIH3T3-mvp, NIH3T3-

spRX4, or NIH3T3-mvp+spRX4) were used in subsequent assays. 

Soft agar assay 

The cell lines NIH3T3-mvp, NIH3T3-spRX4, and NIH3T3-mvp+spRX4 were 

tested for the ability to form colonies when grown in soft agar. 1 x 104
, 5 X 104

, and 1 

x lOs cells were plated on 0.4% agarose-containing media. Two weeks later the plates 
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were scanned for colony formation. 

Athymic nude mouse tumorigenicity assay 

The NIH3T3-mvp, NIH3T3-spRX4, and NIH-mvp+spRX4 cell lines were injected 

into the flanks of nude mice. A cell line started from nude mouse tumor from which the 

mvp clone was isolated was also injected. Each cell line was injected at 2 x 106 cells/200 

J.11 DMEMIsite into four sites on a mouse. 

RT-PCR analysis of endogenous and exogenous transcripts 

100 ng RNA was annealed to 50 pmol of a mvp-specific downstream primer (5'

TACACAGGAGCACTCTAGG-3') in Ix Taq Buffer (10mM Tris-CI, pH 8.3, 1.5 mM 

MgCI2, 50 mM KCI, and O.l J.1g/J.11 gelatine). The RNA and primer were incubated at 

65°C for 5 min., and the reaction was brought to room temperature. The temperature was 

then elevated to 42°C before the addition of 0.5 mM dNTPs, 2 units of RNase Block II 

(Stratagene, La Jolla, CA), and 400 units of SuperScript Reverse Transcriptase (GIBCO 

BRL, Life Technologies, Inc., Gaithersburg, MD). This 40 J.11 reaction was incubated at 

42°C for 45 min., then boiled for 10 min. 

Following the reverse transcription, the reaction was divided into two PCR 

reactions. To one reaction 25 pmol of a mvp-specific upstream primer (5'-ATCTTCGCT 

TGCCTCCTCG-3') were added, while to the other 25 pmol of one of two vector-specific 

upstream primers were added. The vector-specific primer A (5'-CCATTTGACCATTCA 

CCAC-3') corresponds to sequences in the RSV-LTR beginning 1 bp downstream of the 
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+1 transcription start site. The vector-specific primer B (5'-AAGCTTGTCGACCCA 

CGCG-3') corresponds to the multiple cloning site HindIII and SaIl restriction sites and 

SaIl adaptor sequences. 

The PCR reaction volume was brought up to 50 I,d with the addition of more Taq 

buffer and 2.5 units of Taq DNA Polymerase. The cycling conditions when primer A 

was used were 1 min. at 94°C, 30 sec. at 55°C, 30 sec. at 72°C for 30 cycles, followed 

by a 5 min. incubation at 72°C. The conditions when primer B was used were as follows: 

1 min. at 94°C, 1 min. at 57°C, 1 min. at 72°C for 30 cycles, followed be a 5 min. 

incubation at 72°C. The PCR products were analyzed by 1 % agarose gel electrophoresis. 

Acridine orange fluorescence studies 

The procedure has been previously described (Girolomoni, et al., 1992). Cells 

were plated at 2-4 x 104 cells/cm2 on 8-chamber glass microscope slides. 1-2 days later 

the cells were washed in PBS before the addition of 15 J.1M acridine orange in PBS. 

Cells were incubated for 10 min. at 37°C, then washed several times in PBS. Coverslips 

were applied to the slides with gelvatol. A confocal microscope generated red and green 

fluorescence images. The computer program, NIH Image, v. 1.43, was used to analyze 

these images. 

Results 

PCR products from the amplification of cDNA clones in the athymic nude mouse 

tumors were cloned into the pSPORT vector for sequencing. Two clones were isolated 
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which contained the 16 kD subunit v-W-ATPase cDNA. One of these clones was 

completely sequenced. The 3' untranslated region contained a few differences from the 

published sequence. However, the sequences of the other 16 kD clone at these locations 

were identical with the published sequence. The second clone contained other nucleotides 

in the 3' untranslated region that were different from the published sequence. The 

differences between the clones and the published sequence are probably due to infidelity 

of Taq Polymerase during the peR amplification. Overall, the sequencing analysis 

indicates point mutations in this cDNA were an unlikely mechanism for transformation 

of the NIH3T3 cells. 

The level of expression of the endogenous 16 kD transcript was analyzed by 

Northern analysis (Figure 13). Because the transcript from the transfected cDNA is 

approximately the same size as the endogenous message, a distinction could not be made 

between these two transcripts without a vector-specific probe. When transcript levels 

were analyzed with a 16 kD cDNA probe, a high level of expression was detected in 

every sample analyzed with the exception of normal epidermis and pooled papilloma 

samples. The papilloma RNA samples were somewhat degraded as determined by 

ethidium bromide analysis. The epidermal samples appeared more intact, but 

underloaded. The NIH3T3 sample was also underloaded, but had a higher level of 

expression. The similar levels of 16 kD v-W-ATPase in most of the samples analyzed 

suggests overexpression of this message may not play a critical role in transformation. 

Southern analysis was also performed on the nude mouse tumor DNA to detect 

evidence of amplification or gross rearrangements of the v-W -ATPase eDNA (Figure 14). 
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Figure 13. Northern Analysis of 16 kD Subunit v-W-ATPase Expression Levels. 
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The 16 kD subunit transcript was easily detected in all the samples analyzed with the 
exception of normal epidermis and chemically-induced papillomas. In these two types 
of samples the RNA was somewhat degraded and therefore appeared underloaded by 
analysis of the 28S and 18S bands visible upon ethidium bromide staining. Overall, no 
difference was observed in the level of expression in the NIH3T3 or CarB cell lines, 
Tumor B (NMT CarB), various DNA-transfected NIH3T3 cell lines (3T3-A, 3T3-B, 3T3-
C), or in radiation- and chemically-induced carcinoma samples. 
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Figure 14. Southern Analysis for 16 kD Subunit v-H+-ATPase Gene Rearrangement 
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Genomic DNA was isolated from the nude mouse tumors arising from injection of 
NIH3T3 cells transfected with the F2 library or the B3 control vector (NMT B3, NMT 
B3 + Carrier, NMT F2 + Carrier). DNA was also isolated from normal epidermis, the 
CarB and NIH3T3 cell lines, and Tumor B (NMT CarB). The genomic DNAs were 
digested with EcoRI, electrophoresed through a 0.8% agarOse gel, and transferred by 
Southern blotting to Gene Screen filters. The same three predominant bands were 
observed in every sample. An additional 5.4 kb fragment appeared in the nude mouse 
tumor DNA arising from NIH3T3 cells transfected with the F2 Library. This fragment 
resulted from digestion at EcoRI restriction sites within the integrated vector containing 
the 16 kD subunit cDNA. Gross DNA rearrangements and gene amplifications were not 
observed in any of the tumor samples. 
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Genomic DNA was restricted with EcoRI prior to electrophoresis. The presence of EcoRI 

sites in the spRX4 vector created a 5.4 kb fragment in the genomic F2 Library + Carrier 

nude mouse tumor DNA. This fragment indicated the presence of the 16 kD subunit 

cDNA-containing integrated vector and was detected only in the nude mouse tumor from 

which this cDNA was isolated. The banding pattern was otherwise similar in all tumor 

DNA samples. A few extra, though less intense, bands were observed in genomic DNA 

taken from the NIH3T3 and CarB cells lines. Overall, no evidence for genomic 

rearrangements or amplification was evident. 

To assess the transforming capability of the isolated 16 kd v-W-ATPase (mvp) 

cDNA clone, it was retransfected into NIH3T3 cells. In a soft agar assay (Table 2), no 

significant difference was observed in the ability of NIH3T3-mvp cells to form colonies 

in soft agar when compared to the control NIH3T3 cell line. A similar result was 

obtained with these cell lines in the athymic nude mouse tumorigenicity assay (Table 2). 

In contrast, a cell line started from the F2 Library + Carrier nude mouse tumor (from 

which the v-If-ATPase cDNA clone was isolated) was tumorigenic in nude mice. A 

tumor appeared at every site injected within a few weeks. The 16 kD subunit v-H+

ATPase cDNA by itself, assuming it was expressed at the protein level, appeared to be 

incapable of transforming NIH3T3 cells. However, if this assumption were erroneous, 

and the 16 kD subunit cDNA was not being expressed, no conclusions could be reached 

on its ability to transform cells. 

Two methods were employed to identify 16 kD subunit vector-specific transcripts 

in the transfected cell line. Northern analysis (Figure 15) with a vector-specific probe did 
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Cell Line CFE*(%) CFE (%) Tumorigenicity 
Expt. 1 Expt. 2 (tumors/site injected) 

3T3 - pT24 + pRXneo .168 .412 111 

3T3 .038 .046 0/4 

3T3 - mvp .046 .085 0/4 

3T3 - spRX4 .046 .108 114 

3T3 - mvp+spRX4 .085 .068 0/4 

3T3 - pRXneo .029 .051 4/4 

*CFE = Colony Forming Efficiency 

Table 2. Soft Agar and Tumorigenicity Assays on NIH3T3 Cells Transfected with the 
16 kD Subunit v-H'"-ATPase eDNA Clone. 

NIH3T3 cells were transfected with various plasmids. Plasmid pT24 contains a portion 
of the Ha-ras gene activated at the 12th codon. This plasmid served as a positive control. 
Negative controls included the plasmids pRXneo, a plasmid conferring G418 resistance, 
and spRX4, the mammalian expression cloning vector. The spRX4 plasmid containing 
the 16 kD subunit v-H'" -ATPase cDNA is referred to as mvp. The soft agar data is 
presented as colony forming efficiency (%) of the transfected cells (the number of 
colonies formed out of the total number of viable cells plated). The efficiency ofNIH3T3 
cells transfected with the 16 kD subunit cDNA (3T3-mvp) did not differ significantly 
from efficiencies of the negative controls. Therefore, acquisition of a transformed 
phenotype, as measured by the ability to form colonies in soft agar, was not observed in 
NIH3T3 cells transfected with the 16 kD subunit v-H'"-ATPase cDNA. The 
tumorigenicity data is presented as the number of tumors formed per site injected. Some 
of the cells transfected with control vectors formed tumors, but no tumors formed in cells 
transfected with the mvp 16 kD subunit cDNA clone. 
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Figure 15. Northern Analysis for 16 kD Subunit v-W-ATPase cDNA Expression in 
NIH3T3-mvp Cells. 

RNA was analyzed for 16 kD subunit cDNA-specific transcript expression by Northern 
analysis. The Northern blot was probed with a vector-specific antisense oligo labelled 
to high specific activity. Some of the RNA samples are from cell lines: the NIH3T3 and 
CarB cell lines, a cell line created by transfection ofNIH3T3 cells with the 16 kD subunit 
cDNA (3T3-mvp), and a cell line established from the nude mouse tumor which arose 
from injection of NIH3T3 cells transfected with the F2 library (3T3-D). Other RNA 
samples are from nude mouse tumors: Tumor B (NMT CarB), as well as the nude mouse 
tumors which arose from injection ofNIH3T3 cells transfected with the F2library (NMT 
F2+Carrier) or the B3 control vector (miT B3+Carrier). Approximately 50 pg sense and 
antisense oligo were also loaded onto the gel just prior to the termination of 
electrophoresis. 16 kD subunit cDNA-specific transcripts were not detected by this 
method in any of the samples analyzed. 
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not detect any messages in the transfected line. However it also did not detect any 

vector-specific messages in the tumor which the cDNA was isolated from, in the cell line 

started from this tumor, or in tumors which arose following transfection of a control 

vector. The probe specifically bound only a sense oligo control (loaded on the gel just 

prior to the termination of electrophoresis). 

The other method employed was RT-PCR. In one experiment (Figure 16) a 

vector-specific 19-mer corresponding to sequences 1 bp downstream of the +1 

transcription start site was unable to amplify a product in the transfected NIH3T3 cells 

or in the other RNAs described above. The control mvp-specific primer was able to 

detect the presence of endogenous 16 kD subunit RNA in every sample tested. The +1 

transcription start site has not been mapped for this vector's RSV-LTR in NIH3T3 cells. 

The possibility remained that this 19 bp sequence near the viral +1 transcription start site 

may n~t have been present in the vector-specific transcripts. Another primer was 

therefore tested in the RT -PCR reaction. This primer corresponding to sequences in the 

multiple cloning site of the vector. This primer was also unable to amplify vector-specific 

transcripts. However in this experiment the control mvp-specific primer only amplified 

the endogenous message in one of the two cell lines tested (data not shown). Clearly, 

neither the reverse transcription nor the PCR reactions were reliably reproducible. 

Unfortunately, the vector-specific protein could not be detected either. The protein 

from the vector-specific message is theoretically identical to the protein from the 

endogenous 16 kD transcript. As a correlative measurement, however, an overall higher 

level of protein expression in the transfectants might have been indicative of protein 
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Figure 16. RT-PCR Analysis for 16 kD Subunit v-Ir-ATPase cDNA Expression in 
NIH3T3-mvp Cells 

RNA was isolated from NIH3T3 cells (3T3) and NIH3T3 cells transfected with the 16 kD 
subunit cDNA (3T3-mvp). RNA was also isolated from the nude mouse tumors arising 
from NIH3T3 cells transfected with the F2 library (NMT F2+Carrier) or B3 control vector 
(NMT B3+Carrier) and from a cell line (3T3-D) started from the nude mouse tumor 
resulting from injection of NIH3T3 cells transfected with the F2 library. These RNAs 
were subjected to reverse transcription with MML V Reverse Transcriptase. Transcript
specific primers were then added for PCR amplification of either the endogenous 16 kD 
subunit transcript or the cDNA-specific transcript. PCR products were analyzed by 
agarose gel electrophoresis. Exogenous cDNA-specific transcripts were not detected. 
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synthesis off vector-specific transcripts. For this reason Western analysis was considered, 

but no antibodies have been developed to date which clearly bind the 16 kD subunit in 

mammalian cells. The 16 kD subunit, as part of the H'" -translocating pore, is an integral 

membrane protein and may not be antigenic. 

An alternative approach was to assay for elevated levels of the entire v-H'"-ATPase 

enzyme complex by acridine orange staining. In its unprotonated state acridine orange 

has a green fluorescence. However, it becomes protonated once it diffuses inside 

vacuoles. In its protonated form it is unable to diffuse back out of the vacuoles and 

becomes stacked inside the vacuoles creating a red fluorescence. 

The transfected NIH3T3 cells and NIH3T3 control cells were treated with acridine 

orange to detect differences in the amount of red fluorescence, and therefore acidity, in 

vacuolar compartments. One assumption of these experiments was that elevated levels 

of the enzyme complex would lead to increased levels of acidity within the intracellular 

compartments. A slight difference in red fluorescence was observed between the two cell 

lines (Table 3, Figure 17). Sample images are presented in Figure 18. 

A collaboration was established with Michael Birrer's laboratory to test the ability 

of the 16 kD subunit cDNA to complement ras in rat embryo fibroblast (REF) cell 

transformation. Cooperation with ras was not observed. However, they would consider 

pursuing these studies with this cDNA vector once a technique has been developed to 

prove the cDNA is being expressed in the transfectants. 

Another collaboration was established with Jim Trosko's laboratory. They 

attempted to analyze differences in intracellular communication between the NIH3T3 cells 
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Avg. Red No. of Cells Avg. Green No. of Cells 
Cell Line Fluorescence Counted Fluorescence Counted 

3T3 107 +/- 61 22 18 +/- 16 15 

3T3 - mvp 222 +/- 36 26 41 +/- 22 22 

3T3 - D 212 +/- 23 13 N.D. ----

Table 3. Acridine Orange Assay on NIH3T3 Cells Transfected with the 16 kD Subunit 
v-Ir"-ATPase eDNA Clone. 

The table lists the average red and green fluorescence values (arbitrary units) of cells 
stained with acridine orange. The NIH3T3 cell line transfected with the 16 kD subunit 
v-Ir"-ATPase cDNA (3T3-mvp) was stained as well as a cell line established from the 
nude mouse tumor arising from injection of NIH3T3 cells transfected with the F2 library 
(3T3-D). These two cell lines had comparable average red fluorescence values, which 
were approximately twice the average red fluorescence value obtained with the control 
NIH3T3 cell line. The amount of red fluorescence reflects the amount of acridine orange 
trapped within intracellular acidic compartments. v-Ir" -A TPases are responsible for 
generating and maintaining the acidity of these compartments. 
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Figure 17. Graph of Acridine Orange Fluorescence in 16 kD Subunit v-Ir" -ATPase cDNA 
Transfected NIH3T3 Cells. 

Red fluorescence values versus green fluorescence values are mapped for individual cells 
from either the NIH3T3 cell line or NIH3T3 cells transfected with the 16 kD subunit 
cDNA. The transfected cells had a consistently higher level of red fluorescence compared 
to the average non-transfected cell, suggesting a increased level of acidity within the 
acidic organelles of the transfected cells. Acridine orange trapped inside acidic vesicles 
in a stacked form acquires a red fluorescence. 
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Figure 18. Fluorescent Images of Acridine Orange-Stained NIH3T3 Cells and NIH3T3 
Cells Transfected with the 16 kD Subunit v-W -ATPase cDNA Clone. 

Images of red fluorescence in cells treated with acridine orange. The acridine orange 
accumulates in acidic intracellular compartments resulting in a red fluorescence. The 
NIH3T3 cells transfected with th~ 16 kD subunit cDNA appeared to have more acidic 
intracellular compartments. 
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transfected with the 16 kD subunit eDNA and control NIH3T3 cells. The cells were 

initially injected with a fluorescent dye. Selected cells were then photobleached. The 

return of fluorescence with time indicated the level of intracellular communication. 

Control NIH3T3 cells were so heterogeneous in their ability to communicate that no 

conclusion could be reached regarding an altered state of communication in the 

transfected NIH3T3 cells. Interestingly, they also tested the level of communication in 

WB rat liver epithelial cells transfected with the 16 kD subunit eDNA. WB cells are 

known to communicate well. In preliminary experiments the WB-mvp cells 

communicated as well or better that the control cells. 

Discussion 

Several instances exist where Ir -A TPases have been associated with the 

acquisition of a tumorigenic phenotype. Following up on the observation that cell 

transformation is frequently associated with alterations in intracellular pH (LeBoeuf et al., 

1992), Perona and Serrano transfected a yeast plasma membrane Ir -ATPase into NIH3T3 

cells to artificially alter the intracellular pH and observe its effect on the tumorigenicity 

of these cells (Perona & Serrano, 1988). The transfected cells became serum-independent, 

grew in soft agar, and formed tumors in nude mice. In studies with site-directed mutants 

they found the degree of enzyme activity correlated with the degree of transformation 

(Perona et al., 1990). 

V-type Ir-ATPases are responsible for generating and maintaining the pH within 

organelles. These v-Ir -A TPases have been associated with tumorigenicity in bovine 
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papilloma virus-transformed cell. The viral ES oncoprotein binds to the 16 kD subunit 

of v-Ir-ATPase (Goldstein & Schlegel, 1990; Goldstein et al., 1991). 

The ES oncoprotein is known to constitutively activate EGF and PDGF receptors 

(Martin et aI., 1989; Petti et aI., 1991). Presumably, binding to the 16 kD subunit 

somehow interferes in the processing of these growth factor receptors. Goldstein et al. 

are attempting to define the exact nature of the interactions between the ES protein, the 

16 kD subunit and growth factor receptors. They have epitope-tagged both the ES protein 

and the 16 kD protein (Goldstein & Schlegel, 1990; Goldstein et aI., 1992a). In 

immunoprecipitations they have identified a complex of the ES, 16 kD and PDGF receptor 

proteins (Goldstein et aI., 1992b). They have defined regions of the ES protein crucial 

for the interaction with the 16 kD protein (Goldstein et aI., 1992c). In one model they 

propose the 16 kD protein may serve as a bridge between an ES dimer and two PDGF 

receptors, thereby resulting in receptor activation (Cohen et aI., 1993). 

While there is some basis for a role for v-Ir-ATPases in tumorigenicity, its 

contribution to the tumorigenic phenotype in NIH3T3 cells transfected with the F2 library 

is unknown. cDNA-specific 16 kD subunit transcripts were not detected in the nude 

mouse tumor. However, there are several potential explanations for the inability to detect 

this message. Northern analysis with a vector-specific message may not have been a 

sensitive enough technique to detect a message that perhaps has a high rate of turnover 

due to the presence of viral sequences in the transcripts. Alternatively, viral sequences 

detected by the probe may not have been present in the transcripts. The 16 kD cDNA 

may have played only a minor role in the transformation of the tumor from which it was 
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isolated. Alternatively, in this particular tumor, it may have had no role at all. 

Transfection ofNIH3T3 cells with the 16 kD subunit cDNA clone did not result 

in acquisition of the transformed phenotype. However, viral-specific messages were 

undetectable in the transfectants. Therefore, the unchanged phenotype of these cells may 

have been because the 16 kD subunit is incapable of transforming NIH3T3 cells by itself, 

or because the cDNA was not being expressed in the transfectants. While the experiments 

presented here could not distinguish between these two possibilities, experiments done in 

Dr. Schlegel's laboratory with 16 kD subunit mutants to define its interaction with the ES 

protein have indicated that a normal 16 kD protein does not by itself transform NIH3T3 

cells (personal communication). In these experiments they placed additional sequences 

in the 16 kD cDNA facilitating detection of the corresponding epitope-tagged protein. 

This 16 kD protein has also been found in gap junctions, and the tumorigenic 

phenotype has been associated with alterations in intercellular communication. Studies 

on the level of communication in the NIH3T3 cells transfected with the 16 kD subunit 

cDNA clone were inconclusive. The cell line established from the nude mouse from 

which the cDNA clone was isolated was contact-inhibited, although it formed tumors in 

nude mice upon reinjection. This would suggest intracellular communication was not 

blocked, and may in fact have been enhanced. 

A similar result was observed in WB cells transfected with the 16 kD subunit 

cDNA. Although transfection with a control plasmid was not performed in parallel, 

preliminary evidence suggested cell-cell communication may have been enhanced in the 

mvp-transfected WB cells. The population of transfected cells was somewhat 
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heterogeneous in its ability to communicate, perhaps reflecting different levels of 

expression in individual clones. Further analysis of 16 kD subunit-enhanced intercellular 

communication in these cells would involve control plasmid transfections and perhaps 

isolation of clonal populations of transfected cells. 
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CONCLUSIONS 

Two experiments were performed to induce tumors in mice by ionizing radiation. 

The protocol utilizing fractionated doses of ionizing radiation was clearly more efficient 

at generating tumors. While the experiment with a single dose of 11.25 Gy radiation 

generated one tumor from eighty mice, the fractionated dose protocol resulted in 27 

tumors from 55 mice. 

Unfortunately, we were unable to reproduce the observation of basal cell 

carcinomas with a single dose of 11.25 Gy radiation. However 'with fractionated doses 

we observed the induction of rhabdomyosarcomas, which is a unique observation with this 

type of tumor-induction protocol. 

The higher incidence of tumors with the fractionated dose protocol reflects the 

multistage nature of carcinogenesis. This process has been subdivided in to the stages of 

initiation, promotion,and progression. While radiation can be a complete carcinogen when 

applied in a single dose, it is more effective at inducing tumors when it functions at each 

operationally-defined stage of carcinogenesis. 

An accumulation of gene alterations is required to transform cells. Theoretically, 

some of these alterations are acquired during initiation. The proliferative response 

induced by tumor promoters then amplifies the number of cells with the initiating gene 

alterations due to subsequent rounds of DNA replication. Additional alterations acquired 

during progression can lead to a more aggressive tumorigenic phenotype. Fractionating 

the dose of radiation not only causes DNA damage but also induces a proliferative 

response to repair damaged tissue in the period between individual fractions. Repeated 
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applications essentially guarantee the accumulation of a sufficient number of alterations 

to transform cells. 

To determine if the mechanism of gene activation is different between radiation

and chemically-induced tumors, the expression pattern of five tumor-associated genes was 

analyzed in tumors induced by either protocol. The expression pattern of mall, mal2, 

mal3, and mal4 was not significantly different in tumors generated by the two 

carcinogens. However, transin expression did distinguish the two tumor-induction 

protocols. Transin degrades basement membrane proteins and may be involved in the 

progression of benign, encapsulated tumors to malignant, invasive squamous cell 

carcinomas (Matrisian et al., 1986). Transin was overexpressed in the radiation-induced 

benign papillomas. This observation supports previous studies in our laboratory which 

have indicated a higher conversion rate of radiation-initiated benign papillomas to 

malignant squamous cell carcinomas when compared to their chemically-initiated 

counterparts (Jaffe et al., 1987). While both chemically- and radiation-induced malignant 

squamous cell carcinomas expressed transin, transcripts were not detected in the non

invasive, encapsulated basal cell carcinomas initiated by ionizing radiation. 

A new method was also presented to identify and clone novel transforming genes 

from radiation-induced tumors. This method involves the creation of a cDNA expression 

library from radiation-induced tumors. The library is transfected into non-transformed 

cells, and the nude mouse tumorigenicity assay functionally defines the acquisition of a 

transformed phenotype. cDNA clones responsible for transformation are rescued by peR 

amplification. 
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Dr. Aaronson's laboratory has also used a cDNA library approach to identify 

dominant transforming genes. However, they used the NIH3T3 focus forming assay to 

detect a transformed phenotype. cDNAs were rescued by digestion and religation of 

genomic DNA from transformed cells at very low concentrations, which favor 

intramolecular recircularization. Transformation of bacteria and selection with antibiotics 

identified bacteria in which the cDNA sequences were potentially linked to the marker 

gene conferring drug resistance. 

With this technique Dr. Aaronson's laboratory identified a cDNA for the a. subunit 

of a G-protein (Chan et al., 1993a). No mutations or rearrangements were detected in this 

gene, but transfection of this cDNA back into NIH3T3 cells resulted in the acquisition of 

a tumorigenic phenotype. In a Ewing sarcoma cell line cDNA library they identified a 

serine kinase encoded by a gene they entitled est, but which is equivalent to the cot 

oncogene (Chan et al., 1993b). They do not yet have evidence that this gene contributed 

to the tumorigenic phenotype. 

With a slightly different technique I have identified the 16 kD subunit of v-H'

ATPase in a eDNA library. However, I do not have evidence that this gene contributed 

to tumorigenic phenotype of the transformed NIH3T3 cells. However, I believe this gene 

is capable of contributing to a tumorigenic phenotype, because there is evidence the 16 

kD subunit mediates the transforming effects of a viral oncogene, the E5 gene of bovine 

papilloma virus-l (BPV-l). Mostly likely the complete transformation NIH3T3 cells 

requires not only an alteration in the function of the 16 kD subunit of v-H'"-ATPase but 

also the presence of another, as yet unidentified, oncogene. 
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Our cDNA library method is applicable to a variety of mammalian systems, 

including human and rodent model systems. The only requirement is a functional assay 

with which to measure the acquisition of an altered phenotype following transfection of 

a cDNA library. While this method has not yet been applied to a radiation-induced 

tumor, it has identified in another tumor, a cDNA for the 16 kD subunit ofv-W-ATPase, 

which is potentially associated with cellular transformation. 

Isolation and characterization of genes with dominant transforming activity from 

radiation-induced tumors will provide information that may help bridge the gap between 

the initial ionizing radiation event and the subsequent development of malignant tumors. 

Although these oncogenes will be identified in a mouse model system, their function may 

be similar in human tumor cells. Clarification of the molecular mechanisms involved in 

the development of human malignancies is important for controlling these diseases. An 

understanding the natural biology of cells will help elucidate the pathogenesis of other 

diseases as well. 
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