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Lethal and Mutagenic Effects of 

4—Nitroquinoline 1—oxide in UV—Sensitive and Wild Type CHO Cell Lines 

By 

Bonnie Presson Tincknell 

ABSTRACT 

A wild—type Chinese hamster ovary cell line (CHO-9) and its 

UV—sensitive subclone (43-3B) have been used in characterizing the 

lethal and mutagenic effects of the chemical carcinogen, 4—Nitroquino-

line 1—oxide (4NQO). Cell survival as a function of 4NQO dose was 

determined for exponential and growth arrested populations of both cell 

lines. During exponential growth, 43-3B was 3.7 times more sensitive 

than CHO-9 (based on the ratio of the D0  doses) to induced 

reproductive death by 4NQO. For both cell lines, cells treated during 

growth arrest survived at close to control values. 

Expression time for resistance at three loci, 6—thioguanine 

resistance (6TGr), ouabain resistance (OUAR)  and resistance to 

diptheria toxin (Dir),  was determined and was complete for all three 

markers by the eighth day post—treatment. Dose response curves for 

these markers measured on Day 8 were linear in CHO-9 over the range of 

doses tested. Preliminary results for induction of 6TG' in 43-3B 

show the subclone to be hypermutable on a per dose basis but 

hypomutable at equal levels of survival (2.6 times less mutable 

compared at 0o) 
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Studies of survival and mutation in synchronous cells were 

undertaken for CHO-9. A pronounced cell cycle effect was seen with 

lowest survival during late Gi. Mutation induction was highest during 

Gi; the degree and pattern of cycle variation depending on the locus 

examined. 

These studies, utilizing techniques for cell synchronization and 

the features of a wild—type/sensitive pair of CHO cell lines to 

characterize 4NQO, indicate that 4NQO is not entirely HUV_mimetic.s$ 



1. 

Chapter 1 

INTRODUCTION 

1.1 Background 

Living organisms are dependent on the genetic information encoded 

in their DNA both for survival of the individual cell and for the 

continuity of life from generation to generation. It is not possible 

for the cell to avoid all assaults to its DNA and some damage becomes 

inevitable. Repair processes which allow the cell to correct damaged 

DNA or simply to survive its consequences are known to exist and are 

the subject of much current research (Lehmann and Karran, 1981; 

Hanawalt, et al., 1979; Lehmann and Bridges, 1977). In this 

discussion, the focus will be on damage induced by the chemical 

carcinogen, 4—nitroquinoline 1—oxide (4NQO), and the cellular 

mechanisms for its repair. 

During excision repair, a well—characterized process in bacteria, 

the cell identifies particular types of DNA damage, excises the damaged 

bases, and then resynthesizes the correct base sequence (Hanawalt 

et aL, 1980; Lehmann and Bridges, 1977). A similar repair mechanism 

appears to exist in mammalian cells although its details are less clear 

(Cleaver, 1980). A current view suggests that excision repair in 

normal cells is error—free and that mutations may be introduced through 

replication on templates with remaining, unexcised lesions (Cleaver, 

1980). 

Much of the information concerning mammalian excision repair, 

particularly in response to ultraviolet light induced damage, comes 
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from work with cells derived from patients with xeroderma pigmentosum 

(XP), a disease characterized by hypersensitivity to sunlight. 

Corresponding to the observed sunlight sensitivity of these patients, 

XP cells grown in culture are generally found to be much more sensitive 

to UV than normal cells both in terms of colony forming ability and 

host cell reactivation following UV exposures (Hanawalt, et al., 1979; 

Cleaver and Bootsma, 1975). 

The low survival of these cells in response to UV damage suggested 

a repair deficiency, perhaps with similarities to the excision 

defective uvr mutants in E. coli (Lehmann and Bridges, 1977; Seeberg, 

et a]., 1976). Measurement of unscheduled DNA synthesis or thymine 

dimer excision following UV showed that classical XP cells are in fact 

deficient or abnormal in excisiOn repair (Cleaver and Bootsma, 1975). 

Normal levels of unscheduled DNA synthesis could be obtained in 

classical XP cell lines by the insertion of 1 4  endonuclease (Tanaka, 

et al., 1975). This work, among others, has pinpointed the defect in 

XP cells to the initial step of excision repair, DNA incision (Tanaka 

et a]., 1975; Cleaver and Bootsma, 1975). 

The repair processes involved in the normal repair of UV damage, 

which are defective in XP cells, appear to also be important in 

repairing other types of damage. Chemicals may be characterized as 

"UV—like" or "X—ray like" based both on the sensitivity of XP cells to 

the agents and on measurements of patch size (Regan and Setlow, 1974). 

When x—ray like damage is repaired (which includes alkylating agents 

as well as ionizing radiation), XP cells are similar to normal cells 
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in their survival response to these agents. The number of newly 

inserted bases is small, on the order of three to four per lesion, and 

repair is completed within one to two hours (Hanawalt et al., 1979; 

Francis et al., 1981; Regan and Setlow, 1974). In contrast, chemicals 

which are considered UV-like elicit repair regions of 30 to 120 bases 

over an extended period of 18 to 24 hours based on measurements of 

5-bromodeoxyuridine incorporation (Regan and Setlow, 1975). The 

lesions produced by the UV-like chemicals are thought to distort the 

DNA helix but without actual strand breakage (Hanawalt et al ., 1979; 

Cleaver and Bootsma, 1975). 

The chemical carcinogen 4NQO (Nakahara et al., 1957) is generally 

considered ISUV_lik e u or UV-mimetic based on measurements of patch size 

(Francis et al., 1981; Regan and Setlow, 1974) and the increased 

sensitivity of XP cells (Takebe et al., 1972; Stich and San, 1971). 

Regan and Setlow (1974) have also reported a component of short-patch 

repair. 

4NQO does not interact directly with DNA (Ishizawa and Endo, 1967), 

but rather proceeds through a series of steps in which it is first 

enzymatically reduced to 4-hydroxyaminoquinoline 1-oxide (4HAQO) and 

then further activated to yield the reactive species (Ikenaga, et al., 

1975; Tada and Tada, 1975). These series of processes lead to the 

formation of 4NQO-purine adducts in bacteria (Ikenaga, et al., 1975), 

in human cells (Ikenaga et al., 1977) and in cell free systems treated 

with 4HAQO and a preparation of the 4HAQO activating enzyme, seryl-tRNA 

synthetase (Tada and Tada, 1975), extracted from mammalian cells (Tada 
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and Tada, 1972). The adducts formed in the cell free system compare 

closely with those originally characterized as the products of in vivo 

4NQO treatment (Tada and Tada, 1972 and 1971). 

A series of experiments reported by Ikenaga et al. (1975 and 1977) 

relate purine adduct lesions induced by 4NQO to excision repair and 

cell survival and mutability. Excision defective E. coil (uvrA and 

uvrB) and human cells (XP) were compared to excision proficient 

cells as to their ability to remove purine adducts following treatment 

with labeled 4NQO. Using radiochromatographic techniques on extracted 

DNA, these researchers found that the adducts were not removed in the 

repair deficient lines in contrast to the wild—type cells. These 

findings parallel the previously observed sensitivity to killing and 

mutation induction by 4NQO in cells lacking excision repair (Ishi and 

Kondo, 1971; Kondo and Kato, 1968; Takebe et al., 1972; Sitch and San, 

1971). 

Four types of purine adducts are formed, including an adenine 

adduct which is unstable and disappears slowly by an unknown mechanism 

from repair deficient cell lines (Ikenaga et al., 1977 and 1975). It 

is possible that the release of this adduct leads to apurinic sites 

which in turn result in single strand breaks (Ikenaga et al., 1977). 

These breaks would be susceptible to short patch repair and perhaps 

account for the small element of short repair observed by some groups 

(Regan and Setlow, 1974). 

Calculations of the inactivation probability per lesion or adduct 

agree with values reported for the pyrimidine dimer lesion produced by 
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UV exposures in mammalian and bacterial systems (Ikenaga et al., 1975). 

Since pyrimidine dimers are considered the lethal event produced by UV 

exposure (Kondo and Kato, 1968), this calculation would indicate that 

all four 4NQO adducts are potentially lethal (Ikenaga et al., 1977). 

The adducts resulting from 4NQO appear to be of a molecular size 

which can lead to frameshift mutations as well as base substitutions 

(McCoy et al., 1981). Early work with the bacteriophage 14 suggested 

that GC to AT transitions are the primary event (Ishizawa and Endo, 

1971). Further work in yeast systems has shown that transversions of 

GC to TA and possibly GC to CG also result (Prakash et al.,. 1974). 

While 4NQO is UV-mimetic, its target within the DNA and the specific 

mutational lesions induced are different (McCoy et al., 1981; Nakano 

et al., 1982). The significance of these differences between UV and 

4NQO at a molecular level, and their modification by other biological 

factors important in the expression of mutation (Ishil and Kondo, 1974) 

remain to be determined. 

1.2 Assays for Mtation 

Progress in the study of repair mechanisms and mutagenesis is 

intimately tied to the availability of well—characterized cell systems. 

CHO cells offer several advantages as a potential system for mutation 

assays in mammalian cells. These cells are easily maintained in 

culture with rapid doubling times and high plating efficiencies. In 

addition, there are at least 60 different mutations which can be 

examined and compared (Gupta and Siminovitch, 1980). This study uses 

three markers, resistance to 6—thioguanine, ouabain resistance and 



diptheria toxin resistance, which are well—characterized and for which 

the conditions for quantitative assays have been established (Wood, 

Ph.D. Thesis, U.C. Berkeley, 1981; Gupta and Siminovitch, 1980). 

In wild—type cells, ouabain inhibits Na/K ATPase activity 

blocking Na
+ 
 1K

+ 
 exchange across the plasma membrane. Resistance 

to the drug may result from alterations in the AlPase or from less 

specific changes in associated membrane components. Studies of 

intraspecific hybrids and of levels of transport activity suggest that 

resistance is a codominant trait (the dose response of a hybrid or 

transport activity in the heterozygote is intermediate to the parental 

or homozygous response), with cell viability expressed in a dominant 

fashion at appropriate drug doses. Since the ATPase provides an 

essential cell function, resistant clones are produced at a low 

frequency by missense mutations which leave the primary AlPase activity 

intact. Correlating with this specificity, chromosomal alterations 

have not been observed with the resistant phenotype (Baker and Ling, 

1978; Gupta and Siminovitch, 1980). 

6—Thioguanine resistance results from changes in the X—chromosome 

linked gene that directs the synthesis of the enzyme hypoxanthine-

guanine phosphoribosyl transferase (HGPRT). HGPRT is involved in the 

pyrimidine salvage path and is non—essential under normal growth 

conditons (Wood, PhD. Thesis, U.C. Berkeley, 1981; Gupta and 

Siminovitch, 1980). CHO clones lacking enzymatic activity vary in 

their response to HGPRT antiserum; cross—reaction indicating the 

presence of an altered gene product (Beaudet et al., 1973). Resistance 
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further correlates with the occurrence of aberrations, deTetions and 

exchanges in the X—chromosome (Cox and Masson, 1978). The experimental 

picture is thus consistant with drug resistance resulting both from 

point mutations and chromosome alterations (Cox and Masson, 1979). 

The final marker selected for this work, resistance to diptheria 

toxin, has been recently characterized for CR0 cell lines. In 

sensitive cells, diptheria toxin inhibits protein synthesis by 

catalyzing the inactivation of the elongation factor 2 (Gupta and 

Siminovitch, 1980; Moehring and Moehring, 1979). Resistance is con-

ferred by two different mechanisms leading to separate classes of 

resistant clones. Class I mutants gain their resistance by alterations 

at the plasma membrane which prevent entry of the toxin. This 

resistance may be overcome by high concentrations of toxin. Class II 

mutants maintain their resistance despite increases of toxin up to six 

logs greater than levels which inhibit wild type cells.. Their 

resistance results from alterations in the elongation factor 2 

(Moehring and Moehring, 1979). 

Pseudomonas exotoxin has an equivalent action to diptheria toxin 

once inside the cell, but passes the membrane through a different 

mechanism, receptor—mediated endocytosis (Fitzgerald et al., 1980). 

Sensitivity to this exotoxin may be used to determine the classifica-

tion of mutant cells and to select a toxin dose which is specific for 

translational mutants (Moehring and Moehring, 1979). The toxin dose 

used in these studies has been previously shown to select for Class II 

DTr based on this technique (R. Wood, Ph.D. Thesis, 1981). 
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1.3 Synchronized Cell Populations 

The process by which cells proceed from one mitosis to the next is 

now routinely described using nomenclature first coined by Howard and 

Pelc in 1953. The cycle is marked by readily identified periods of 

cell division or mitosis (M) and synthesis of DNA (5) which are 

separated by time periods lacking significant landmarks. The gaps or 

separations between mitosis and synthesis and between the S phase and 

the cell division, are labeled Gi and G2, respectively (Sheinin, 1980). 

While the cell life cycle is most commonly described in terms of 

activities involving the DNA, there has also been interest in the 

status of other cell parameters during the cell's cycle including its 

mass, volume, protein and RNA content. Unlike DNA which is synthesized 

only periodically, changes in these other parameters, with the 

exception of the stoppage of RNA synthesis at mitosis, are continuous 

throuout the cycle (John, 1981). Also coordinate with the cell 's 

growth and passage through the cycle are a set of biochemical reactions 

termed the "pleiotypic response" (Pardee et al., 1978). Which changes 

are necessary for continued cycling of the cell, the nature of cycle 

control, and the relationships between various events remain largely 

unanswered questions (Pardee et al., 1978; John, 1981). 

The regulation of cell growth is related to the Gi period by 

several lines of evidence. While the time of S, G2 and M is relatively 

constant, the length of the G1 period varies, even within a clonal cell 

line (John, 1981; Prescott, 1976). Cells which are arrested, either 

in tissues or in culture by density inhibition or deprivation of 



nutrients, do so in G1 (Prescott, 1976). It is common to distinguish 

between normal cells passing through Gi and cells which are arrested 

in Gi, the latter being termed GO. Biochemical and kinetic differences 

support this distinction. Arrested cells may generally be returned to 

the cycling state by reversing, the conditions initially leading to 

arrest; however, these cells require times longer than the normal Gi 

passage to begin S. WI-38 human fibroblasts show reduced transcrip-

tional activity following prolonged GO arrest (Pardee et al., 1978; 

Prescott, 1976). 

Interest in the cell life cycle has stimulated the development of 

methods for synchronizing cell populations. The methods fall into two 

broad classes, selection techniques and induced synchrony. Induced 

synchrony includes GO arrest through nutrient deprivation or contact 

inhibition, as well as treatment with drugs or chemicals such as 

hydroxyurea, fluorodeoxyuridine, and cytosine arabinoside. Although 

these techniques allow large numbers of cells to be synchronized, they 

carry the risk of artifacts altering the interpretation of experimental 

results (Prescott, 1976). 

The earliest method of selection synchrony involved identifying 

dividing cells under a microscope and collecting them with a fine 

pipette. Needless to say, this technique was tedious even with a small 

cell harvest. Today, mitotic selection is widely used in synchronizing 

a variety of animal cells which grow in a monolayer in culture. These 

cells, which during interphase are flattened and firmly attached to the 

growing surface, round up during mitosis and become free or loosely 



10 

anchored. The loose cells are readily collected following a gentle 

shake-off (Prescott, 1976). 

A continuing interest in this lab has been in the response of 

synchronized cell populations to various damaging agents, both in terms 

of lethality and mutation induction. Studies of an age or cell cycle 

response in relation to killing by X-rays or UV have been important in 

elucidating underlying mechanisms. It is suggested that further work 

examining mutation induction within synchronized populations could, in 

turn, be informative (Burki et al., 1980). 

Following this line of reasoning, several studies of mutation 

induction with synchronized cell populations were done, including a 

series of experiments using ultra-violet light (Burki et al., 1980; 

Burki, 1980; Goth-Goldstein and Burki, 1980). In agreement with other 

work done with mammalian cells (Han and Sinclair, 1969; Watanabe and 

Horikawa, 1974), the CHO cell line used in this lab was found to be 

most sensitive to killing by UV near the G1-S boundary (Burki et al., 

1980). Mutation induction varied within the cell cycle and was 

characteristic of the end-point examined (Burki et al., 1980). The 

pattern of mutation induction also varied when comparisons were made 

between different damaging agents including ethylnitrosourea, X-rays 

and UV (Burki et al., 1980; Burki, 1980; Goth-Goldstein and Burki, 

1980). These results indicate that mutation induction is dependent on 

the damaging agent and the locus examined within the cell cycle (Burki 

et al., 1980). 
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1.4 Rationale for Study 

Progress in the understanding of repair processes in mammalian 

cells has been hampered by a lack of repair deficient mutant cell 

lines. Recently, techniques have been developed for the isolation of 

such mutants (Busch et al., 1980; Stamato and Waldren, 1977). A 

UV—sensitive mutant (43-3B) was isolated and characterized for a number 

of post—irradiation responses by R. Wood previously in this lab (Wood 

Ph.D Thesis, U.C. Berkeley, 1981). The availability of a wild—type/ 

sensitive system of cell lines, is, I believe, an important opportunity 

in studying repair processes. 

A second motivation concerns the use of synchronous cell 

populations. Synchronous studies of survival and mutation induction 

can be informative in comparing the action of various damaging agents 

(Watanabe and Rorikawa, 1980). Further, cells treated within certain 

periods of the cell cycle, particularly GO, may more closely approxi-

mate cellular conditions underlying the exposure of human populations 

to environmental mutagens and carcinogens. 

In developing this study, I felt it was important to take advantage 

of previous work already completed here, particularly the development 

of the mutant system and the available technique for synchronizing 

cells. The current study of survival and mutation induction by 4NQO 

incorporates both these elements as it examines two questions or 

rel ationships: 

(1) 4NQO is regarded as UV—mimetic. Will it be similar to UV in 

its pattern of mutation induction within the cell cycle? If.  
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differences are observed, what are they and what do they indicate or 

possibly indicate? and; 

(2) In comparing the wild-type and sensitive cell lines, we are 

removing the influence of a repair process, presumably excision repair 

(Wood, Ph.D. Thesis, U.C. Berkeley, 1981). What influence does this 

have on the pattern of survival and mutation induction? 

It is hoped that this work will be valuable both in terms of its 

own content and as an extension of previous research. 
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Chapter 2 

MATERIALS AND METHODS 

2.1 Cell Culture 

TwoChinese hamster ovary (CHO) cell lines were used in this study. 

CHO-9 is a subclone of CHO—KK which was originally obtained from L. 

Kapp and R. Klevecz of the City of Hope Medical Center, Duarte, 

California and was selected to be compatible with the laboratory 

equipment and procedures for cell synchronization. 43-3B is a 

UV—sensitive cell line derived from a mutagenized population of CHO-9 

by R. Wood (Wood, Ph.D Thesis, U.C. Berkeley, 1981). 

These cell lines have a modal chromosome number of 21 and are 

negative in tests for PPLO. Under optimum conditions, the population 

doubling time for both cell lines is 11.6 hours with a 3.5 to 4 hour 

G1 period, 6 to 6.5 hour S period, and a G2 plus M period of 1.5 hours 

(Wood, Ph.D. Thesis, U.C. Berkeley, 1981). 

The cell lines were maintained at 37 °C in either closed,large 

glass roller bottles in a warm room or in open, plastic tissue culture 

flasks in a CO 2  incubator. Culture medium was McCoy's 5A supple-

mented with 7.5 percent fetal calf serum, 100 units per ml penicillin, 

100 jg1ml streptomycin, and glutamine diluted to 200 mM concentration. 

Hepes buffer to a final concentration of 1 mM was also added in order 

to minimize pH changes during experiments. 

To control background mutation levels, fresh cells were thawed from 

frozen stock every three months and in the laboratory environment of 

the cells gold fluorescent lights were used for illumination (Burki 

and Lam, 1978). 
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2.2 4NQO Treatment and Survival Determination 

A stock solution of 4NQO (ICN Pharmaceuticals, Inc., Lot 

No. 33700—A) was prepared at 1 x 10 -3  M in ethanol and kept at 5 °C 

for up to six months. For asynchronous survival, cells were plated at 

1 x 10 6  cells per 75 cm2  flask or 2 x io cells per 150 cm2  

flask twenty—four hours prior to the drug treatment. Synchronous cells 

were treated in 75 cm2  flasks following synchronization as described 

below. If not specified otherwise, cell populations were in 

logarithmic growth at the time of the drug application. 

Prior to the application of 4NQO, the normal culture medium was 

drained from the flasks, the cells were rinsed with Puck's saline A, 

and a serum—free medium identical to the normal medium, except for the 

absence of serum was reapplied. Drug was then added to the flasks to 

yield the final dosage concentration. Control flasks received an 

amount of ethanol equal to the volume of 4NQO in ethanol received by 

the lowest dosage point in the same experiment. The treated flasks 

were incubated for one hour at 37 °C. 

Following incubation, the drug medium was removed, each flask was 

rinsed twice with Puck's saline A, and the cells were trypsinized 

(0.03 percent trypsin for 10 minutes). A single cell suspension was 

made by pipeting and an aliquot in normal saline counted using a 

Coulter counter. A series of 1:10 dilutions of the cell suspension 

into McCoy's 5A supplemented with 1 percent fetal calf serum was made 

and cells from the appropriate dilution then plated into 100 mm Falcon 

petri dishes. 
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The plated cells were grown for 8 days in a 37 °C CO 2  incubator 

and then stained with 1 percent methylene blue. The stain was removed 

after 1 to 4 hours, the plates gently rinsed in water, air—dryed, and 

stained colonies visible to the naked eye counted. 

2.3 Selection for Drug and Toxin Resistance 

After drug treatment aliquots of cells were subcultured into a 

roller bottle, or, if the number of cells expected to survive was less 

than 1 x io, to a 150 cm2  flask. Except for experiments determin-

ing the expression time of the mutation endpoints in which cells were 

challenged as early as 48 hours following the 4NQO exposure, eight days 

were allowed for expression of mutation. This generally required two 

subcultures for cells receiving the lower 4NQO doses and one subculture 

for the more severely treated populations in order to maintain 

logarithmic growth and to keep the cell number below 1 x 10 per cm 2 . 

On day 8, 1-2 x 10 6  cells were plated into dishes with medium 

containing either 1.0 Lf/ml diptheria toxin (DI) or 3 mM ouabain (OUA) 

and 10 5  cells in plates with medium containing 5 g/ml 6—thioguanine 

(6TG). A survival plate of 100 to 200 cells in normal culture medium 

without drug or toxin was also made to determine the plating efficiency 

at this time. The plates were grown for eight to ten days, stained 

with 1 percent methylene blue and the visible colonies counted. 

The unit of diptheria toxin, Lf/ml, refers to the amount of toxin, 

1 Lf (the symbol "Jilwas introduced in 1924 by Glenny and Okell), 

which reacts with one standard antitoxin unit in a Ramon—type floccula-

tion test (Chase et al., 1977). The diptheria toxin used was a 
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product of Connaught Laboratories Limited (Willowdale, Ontario, Canada, 

lot 408) and was assigned its Lf value by Connaught. 

2.4 Cell Synchronization 

Two roller bottles were prepared at a concentration of 1 x 10 6  

cells from a logarithmically growing cell population. After 24 hours, 

synchronous populations of cells were obtained by mitotic detachment 

using a "Cell Cycle Analyzer' (Talandic Research Corporation, Pasadena, 

California). This instrument is similar to one developed by Klevecz 

(1975) and is based on the sensitivity of mitotic cells to be shaken 

from their normal attachment to the bottle walls by vibration or rapid 

turning. The mitotic cells fall into the culture medium and can then 

be pumped to waiting flasks. In these experiments cells were removed 

at 1 hour intervals with the following rotation speeds: 54 minutes at 

0.5 rpm for normal growth, 3 minutes at 180 rpm during shakeoff, 2 

minutes for cell collection into 75 cm2  flasks, and 1 minute for the 

addition of fresh medium from the reservoir. During the entire 

synchronization, the cells were kept at 37 °C in McCoy's 5a supplemented 

with 7.5 percent fetal calf serum. 

The procedure for 4NQO treatment was similar to that used in 

asynchronous survival determination with slight modification; 4NQO was 

diluted to the experimental dose in the serum free medium before adding 

the medium to the flasks. The control flasks received a dose of 

ethanol equal in volume to the experimental dose of 4NQO in ethanol. 

The synchrony resulted in two series of flasks with two flasks for 

each age point. The sets of flasks were treated in opposite order, 



17 

i.e., oldest to youngest in one series and youngest to oldest in the 

other. Both flasks from the final shakeoff were treated last to allow 

as much time as possible for the cells to attach to the flask walls. 

Treatment of all the flasks required 30 minutes and was completed 

within the hour following the last shakeoff. 

As in the case of asynchronous cells, synchronous cells were 

treated for 60 minutes at 37GC.  After trypsinization the two flasks 

for each point were combined. When an aliquot of cells was counted the 

modal size and the volume distribution of the cells was measured using 

a Coulter Counter ibde1 ZBI attached to a Coulter Channelyzer. Cells 

were then handled as described in Sections 2.2 and 2.3. 

2..5 Growth Arrested Survival 

Growth arrested cells were obtained by plating 5 x 10 cells in 

75 cm2  flasks four days before use. Twenty—four hours before the 

drug treatment, the normal medium was replaced with serum free medium. 

The cells were confluent at this time. Logarithmic flasks were set up 

at 1 x 10 6  cells/75 cm2  flask the day prior to 4NQO treatment. The 

protocol for drug treatment and the determination of survival are 

described above. 
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Chapter 3 

R ESU L IS 

3.1 Wild—type Sensitivity to Killing by 4NQO 

Sensitivity to killing as measured by the loss of colony forming 

ability, was determined for various doses of 4NQO. The survival curve 

(Figure 1) indicates a shouldered response with an exponential decrease 

in survival from 1 x 10 6M to 5 x 10 6M 4NQO. The D value for 

the wild—type CHO-9 cell line is 2.2 x 10 6M with an extrapolation 

number of 2.4. The control plating efficiency was 81.7 percent with a 

standard error of 2.6 percent. 

3.2 Expression time for drug and toxin resistance 

Mutation frequencies were measured for the three endpoints, DTr, 

OUAR and  6TGr, beginning at 2 days and continuing up to 20 days 

post-4NQO treatment. Mutation frequencies were calculated according 

to the formula: 

(Th) 
fnxN) (PE) = MF 

where 

MF = mutation frequency 

TM = total mutant colonies observed 

n = number of dishes used per point 

N = number of cells plated per dish 

PE = plating efficiency of the cells used in the sample determined from 

three plates containing normal medium without drug or toxin. 
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The reported values are the mutation frequency at each dose minus the 

background mutation frequency calculated from the challenge of control 

cells unexposed to 4NQO. In the current work, all experiments used 

three plates per point so n assumes the constant value 3. The number 

of cells plated per dish, N, was 1 to2 x 106  for DTr and OUAR 

and 1.0 to 1.2 x 10 for 6TGr. N was determined from the cell 

concentration measured on the Coulter counter and the volume of cell 

suspension plated. 

Resistance to 6—thioguanine following exposure to 4 x 10 6M 4NQO 

(Figure 2b) increases up to day 6 and is then stable over the remaining 

time tested. Background mutation frequencies ranged from 0 to 

20 x io. New cells were thawed following the high background 

count. 

Resistance to ouabain and diptheria toxin after 4NQO doses of 

2 x 10 6M and 4 x 10 6M,. respectively (Figures 2c and 2a), is 

already completely expressed at day 2 and remains relatively stable up 

to day 20. A second set of experiments for OUAR  at a higher 4NQO 

dose (Figure 2d) suggests the possibility of some delay in the 

expression of resistance although this conclusin is somewhat specula-

tive because of the wide variation in the data points. The poor 

quality of this set of experiments has not been accounted for. 

3.3 Mutation Induction in Wild—Type Cells 

The dose—response curves for induction of Dir, OUAR and  6TGr 

were measured 8 days following exposure to 4NQO. This time period was 

chosen to allow maximum expression of 6TG" and was convenient for 
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the challenge of the other two endpoints. The yield of the three 

markers increased linearly over the range of doses used (Figure 3) with 

the mutation frequency per D value being 11.9 x 10_ 6  for Dl 

resistance, 13.2 x 10 	for resistance to OUA and 30.1 x 10 	for 

61G. 

3.4 Survival and Mutation Induction in 43-3B 

A survival curve based on colony forming ability was determined for 

the cell line 43-3B which has previously been shown to be hypersensi-

tive to killing and hypermutable by UV light (Wood, Ph.D. Thesis, U.C. 

Berkeley, 1981). The resulting curve shown in Figure 4a is shouldered 

with a D value of .6 x 10 6M 4NQO and an extrapolation number of 

2.13. The ratio of D0  values for the wild—type and 43-38 cell lines 

indicates that 43-38 has an increased sensitivity to the killing 

effects of 4NQO 3.7 times that of the normal cell line. 

Mutation induction was compared for resistance to 61G in 43-3B and 

CHO-9 (FIgure 4b). 6TGr increased linearly in 43-38 at a slightly 

hiier rate if compared on a dosage basis (slope of 19.0 mutants! 10 

viable cells/10 -6M 4NQO as compared to 13.2 mutants/10 5  viable 

cells/10 6M 4NQO in the wild—type). A statistical analysis of this 

data is provided in Appendix A. In contrast to the hypermutability at 

equal doses, comparison of mutation frequencies at equal survival 

levels (11.4 x 	mutants/viable cell at D0  for 43-38 and 30.1 x 

io 	mutants/viable cell with CHO-9 at D0 ) indicate that 43-38 is 

2.6 times less mutable than the wild—type. 
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3.5 Synchronized Survival and Mutation Induction 

The results of two experiments determining the response of 

synchronous wild—type CHO-9 cells to 4NQO treatment are presented in 

Figures 5 and 6. The assignment of regions of the cell cycle to 

particular time intervals are based on previous measurements of the 

CHO-9 cycle by R. Wood (Ph.D. Thesis, U.C. Berkeley, 1981). 

Synchronization was confirmed in these studies by measurement of the 

cell volume distributions and modal size and has been previously 

verified for the same apparatus by Goth—Goldstein and Burki (1980) 

using the additional techniques of flow cytometry and the measurement 

of ( 3H)thymidine uptake. 

Cell killing is dependent on the position of the treated cell 

within the cell cycle (FIgure 5). Sensitivity is highest at the end 

of the first Gi period, decreasing throughout S to reach a minimum 

during G2/M. The cells show a slight increase in killing during the 

second Gi but do not approach the low values of survival found in the 

initial G1 period. 

Mutation induction parallels cell killing, periods of increased 

killing corresponding to higher levels of mutation in the three end-

points examined. OUAR (Figure 6a) is highest at the GuS boundary 

increasing eight fold from its lowest cycle value. Resistance to 6TG 

peaks (Figure 6c) slightly earlier than OUAR  and is maximal in the 

middle of G1. The pattern of 01r  (Figure 6b) is similar to the other 

two endpoints with relatively few mutants occurring outside of Gi and 

early S. Of the markers examined, DI resistance is the least sensitive 
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to 4NQO in terms of the ratio of mutations induced in its most and 

least sensitive periods. For DT' this ratio is approximately 4 

compared with the previously mentioned 8 for OUAR  and nearly 14 with 

6TGr. As with cell killing, the second Gi period is also more 

resistant to mutation by 4NQO than the first Gi. 

3.6 Growth Arrested Survival 

Survival curves were determined for growth arrested CHO-9 and 43-38 

cells treated with 4NQO and plated immediately following treatment 

(Figure 7 and 8). Arrested CHO-9 cells continue to survive at control 

levels throughout the range of doses tested. 43-3B cells treated in 

growth arrest show some killing at higher doses, although survival is 

greatly enhanced in comparison to cells treated during logarithmic 

growth. At a dosage of 4NQO expected to yield 10 percent survival in 

an exponential cell population, 95 percent of arrested CHO-9 survive 

and 75 percent of growth arrested 43-3B. 
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Chapter 4 

DISCUSSION 

- 	 4.1 Survival and Mjtation Induction 

The UV-sensitive cell line, 43-3B, was also found to be more 

sensitive to the killing effects of 4NQO (FIgure 4a).. If 43-3B is 

compared to CHO-9 in terms of the ratio of their 10  values, 43-3B is 

3.7 times more sensitive to 4NQO and 10.7 times more sensitive to UV 

(Wood et al., 1982). The differential sensitivities of excision 

defective XP cells (Takebe, 1972) and E. coli uvrA and uvrB cell 

lines (Ishil and Kondo, 1975; Kondo et al., 1970; Kondo and Kato, 1968) 

are also similar for UV and 4NQO, and are., in fact, a cornerstone in 

arguments asserting that 4NQO is UV-mimetic (Endo and Kondi, 1979). 

Measurements made of the expression of the three mutation end- 

points, Dir, OUAR and 61G r' (Figure 2) indicate that all are 

maximally expressed prior to the eighth day. The complete expression 

of resistance to 6TG is delayed until Day 6. Resistance at this marker 

requires that pre-existing pools of the normal enzyme, HGPRT, be 

exhausted, hence the relatively long expression time (Gupta and 

Siminovitch, 1980). A lag in expression of OUAR  and 01r  following 

EMS treatment has been reported (Gupta and Siminovitch, 1980) and was 

seen with CHO-9 after far UV, black and white light treatment (Lam, 

unpublished results). It seems reasonable that some delay in 

expression of these markers also occurs with 4NQO but is completed 

within the unmonitored initial 48 hours. 
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Based on the results of the expression time experiments, Day 8 was 

selected for the determination of dose-response curves for all three 

endpoints. The results for CHO-9 (Figure 3) show a linear response to 

mutation induction at the three loci. A linear response to UV-light 

has been observed in this lab for the parental CHO cell line (Burki 

et al., 1982) as well as in other labs with varying cell systems (Sato 

and Hieda, 1980; Maher and McCormick, 1976; Hsie, et al., 1975). This 

phenomenon is not universal, however, other groups reporting non-linear 

mutation responses following UV (Chang et al., 1978) and 4NQO (Kondo 

and Kato, 1968). 

In one picture of mutagenesis, an induced DNA lesion has some 

probability of leading to a non-viable cell or to a viable cell with 

or without mutation. If more than one type of lesion is produced, the 

net outcome for the cell should reflect the sum of the probabilities 

of all the lesions. A linear response indicates that over the range 

of doses studied, the probable outcome for any lesion is a constant and 

that the cellular processes responsible for these probabilities are 

operating below their maximum capacities (Munson and Goodhead, 1977). 

This model, and its conclusions, are debated (Sato and Hieda, 1980). 

A given dose of 4NQO produces approximately 20 times the number of 

colonies resistant to 6TG as compared to OUAR  or  Dir.  This 

difference in fluence response is less following treatment with UV or 

ethyl n itrosurea, approximately 10-fold in each case (Wood et al., 1982; 

Goth-Goldstein and Burki, 1980). The larger number of 5TGr  mutants 

compared to OUAR  and  DTr is thought to reflect differences in the 
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cellular functions which are the target for each mutation (Goth-

Goldstein and Burki, 1980; Gupta and Siminovitch, 1980). 6TG' 

results from inactivation of the non—essential enzyme, HGPRT, and can 

occur by a variety of mechanisms, including chromosome deletion (Cox 

and Masson, 1978).. Dir  and  OUAR  involve essential cell functions 

so that only specific types of mutation can result in a viable and 

resistant cell (Gupta and Simonovitch, 1980. The further increase in 

sensitivity at the 6TG' locus following treatment with 4NQO as 

opposed to UV may reflect basic differences in the lesions induced 

(McCoy et al., 1981; Nakano et al., 1982) and/or differences in the 

cellular response to damage by the two agents. 

The current model of repair in mammalian cells suggests that 

excision repair is an error—free process and that mutations arise 

during replication of damaged DNA (Lehmann and Bridges, 1977; Lehmann 

and Karran, 1.981). That e.xcision dEfective cell, lines are both hyper-

sensitive and hypermutable by 4NQO and UV is consistant with this model 

and is widely observed (Endo and Kondo 1979; Ikenaga et al., 1977). 

The UV—sensitive 43-3B cell line is characterized as excision 

defective (Wood et al., 1982) and would be expected to be hypermutable 

by 4NQO as well as hypersensitive. Preliminary results indicate that 

this is not the case; 43-38 is slightly hypermutable at equal doses 

(Figure 4), but is less mutable if compared at equal levels of 

survival. 43-38 is, in fact, 2.6 times less mutable to 6TGr  per 

dose. In contrast, 43-3B is markedly sensitive to mutation induction 

by UV both on a per fluence basis (43 times more mutable) and at 
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equivalent levels of survival (4.4 times the mutation per 1 0  

fluence). Further work is necessary to clarify this difference in 

mutation induction by the two agents. 

4.2 Killing and Mutation in Synchronous Normal Cells 

Synchronous studies were undertaken as a further means of comparing 

the action of UV and 4NQO (Figures 5 and 6). Previous work has shown 

that mammalian cells are maximally sensitive to the killing effects of 

UV—iight at the G1—S boundary (Burki, 1980; Watanabe, 1974). Mutation 

to Dir  in CHO was particularly sensitive to induction by UV with a 

highly sensitive period in late Gi and few mutations outside this 

period (Burki et al., 1980). 

The pattern of killing and mutation induction by 4NQO is different 

from that of UV. Cell killing is greatest early in the cycle during 

the latter portion of Gi.. Sensitivity to mutation for the markers 

6TGr and OUAR also occurs earlier as compared to UV (Burki et al., 

1980). Because the response of these cells to induced Dir  is so 

pronounced with UV, we were particulaarly interested in the age 

response at this locus following treatment with 4NQO. In contrast to 

UV, Dir  is the least sensitive marker for 4NQO with only slightly 

increased sensitivity extending throughout Gi and early S. These 

results are consistant with previous work suggesting that response 

within the cell cycle is dependent on the mutagen and on the locus 

examined (Burki et al., 1980; Goth—Goldstein and Burki, 1980). 

The variation in sensitivity to a damaging agent within the cell 

cycle can be attributed to changes in the degree of damage induced, to 

a changing ability of the cell to repair or cope with induced damage, 
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or to a combination of both factors. Synchronous studies with HeLa 

cells indicate that 4NQO (or its reduced form 4HAQO) is preferentially 

bound to DNA during periods corresponding to increased cell killing 

while excision repair is relatively independent of position in the 

cell cycle (Watanabe and Horikawa, 1975). 

4.3 Growth Arrested Survival 

Growth arrested studies were originally undertaken as a type of 

"mini—synchrony." There is evidence that cyclical changes in the 

killing effects of 4NQO are related to levels of incorporation of the 

drug rather than variation in repair (Watanabe and Horikawa, 1975). 

We were interested in the response of synchronous 43-3B, deficient in 

repair of 4NQO damage, as compared to our wild—type cell line. 

However, technical requirements made it infeasible to begin a second 

series of synchronous experiments. The growth arrested experiments 

were conceived of as a relatively easy method of comparing the 

sensitive Gi period in both cell lines. 

The results of these experiments were not as expected. Rather 

than showing increased sensitivity, the arrested cells were highly 

resistant to 4NQO in both cell lines (Figures 7 and 8). I believe 

these results are still best viewed in terms of our original question, 

the influence of repair and changes in initial damage during the cell 

life cycle. 

While density inhibition and serum deprivation do cause arrest 

within Gi, there is evidence that arrested cells enter a GO state 

which is distinctly different from Gi (John, 1981; Prescott, 1976). 



Changes in the nucleus, levels of RNA, proteins and cyclic nucleotides, 

as well as the cell surface and its transport properties, are altered 

between the two states (Pardee et al., 1978). GO is a resistant period 

for both cell lines, though perhaps slightly more for CHO-9. These 

results suggest a minimum influence of repair and are compatible with 

Watanabe and Horikawa's contention (1976) that cyclic differences are 

the result of 4NQO uptake. 

There are similarities between the current work and "liquid 

holding" techniques used to study repair in bacteria (Jagger et al., 

1964), yeast (Parry and Cox, 1968) and mammalian cells (Simons, 1979; 

Hahn, 1975). By holding cells in a non-dividing state the. influence 

of post-re plication repair processes is removed leaving the cells 

dependent solely on excision repair for recovery over time (Simons, 

1979). 

it is possible that excision repair was aided in these studies if 

treatment of the cells, either during arrest or with 4NQO, 

substantially delayed their reentry into the cell cycle. Cells leaving 

GO do require longer times to resume synthesis than non-arrested cells 

simply passing through Gi (John, 1981; Prescott, 1976). XP cells from 

complementation groups C and D have also been reported to achieve 

control survival if held in a non-dividing state for twenty hours 

following UV exposure (Maher et al., 1979). However, other investiga-

tors have found that repair deficient cells do not fully recover over 

time (Chan and Little, 1982; Weichselbaum, 1978; Ikenaga et al., 1977). 
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That excision repair accounts for very much of the large increase in 

survival seen in these studies seems unlikely, but can not be totally 

eliminated as a possibility. 

4.4 General Conclusions and Implications 

The current work examines the effects of 4NQO within-the framework 

of a wild—type/sensitive pair of cell lines and in synchronous wild-

type cells. These varied conditions repeat aspects of previous work 

with UV—light and are a means of testing the "UV—mimetic" character of 

4NqO. 

Several differences between 4NQO and UV are highlighted by this 

work. The response of synchronous CHO-9 to 4NQO differs from that 

previously seen for UV in both the pattern of cell killing and mutation 

induction. In asynchronous populations, 43-3B shows increased 

sensitivity to induced reproductive death compared to the wild—type for 

both 4NQO and tJV while the two lines differ markedly in their 

mutability. 

4NQO was further characterized in the wild—type/sensitive system 

of cell lines by a series of experiments in which cells treated during 

growth arrest were compared to exponential cells for survival following 

drug treatment. A pronounced resistance was observed in the arrested 

cells. Directions for further research would certainly include 

experiments examining this phenomenon. 

I believe these results are not only valuable in terms of the 

information they offer as to the action of 4NQO and its comparison to 

UV, but also because they point to the value of having a variety of 
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techniques and cell systems in characterizing a damaging agent. The 

availability of a well—characterized cell system and a library of 

mutant clones such as is becoming available in CHO will, hopefully, 

hasten our understanding of many cellular processes. 
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APPENDIX A 

Statistical Analysis of Induced 61G' in CHO-9 and 43-3B 

Figure 4b shows a dose response curve for 6TG' in 43-3B as 

compared to CHO-9. Because these curves are relatively close, I was 

interested in whether they would actually be distinguishable if 

analyzed statistically. The analysis is outlined as follows; where 

each line may be represented by the equation: 

=a i x  i jo + cji 

where 

y = induced mutations 

a = slope of line 

x = dose 

c = random variable or error 

j = cell line 

i = experimental point 

For j = 1 (CRO-9); i = 1, ..., 12 and 

for j = 2 (43-3B); I = 1, ..., 4. 

The slope of the line a is estimated by Tj equal to 

n 
1 x i 	.. =1 	31 ji 

x 2  
i=1 ii 

with the variance of 	given by 
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1 	2 
n 	2 °j 

i1 

The test hypothesis H 0  is that the lines are equivalent or that 

a1 = 82. 

Under the hypothesis 

- a2 	N O, 2(1 	

EX2) 

an d 

1  - a 
t-statistic = 	a.i. 	2

02 + ____ 

The problem becomes less straightforward at this point since our 

variances for the two lines are not equal (based on the criterion of 

the F test). However, we may obtain an estimate of our degrees of 

freedom, p, as follows: 

-2 	1 	2 2 
ni so that the Var(2) 	2a' = i:i-r ; and 

/ 2 	2\ 	2 
al + 	0 2 	101 	02 1 	X 

x 1 . 2 	x2  .1  2 	(x112 	x 2 ) 	p 

Setting the variances of both sides of the above equation equal and 

following algebraic manipulations the estimate of p is 
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'-2 	..2 	2 

(

a1 	a 2  

X 1j 2 	xx; 1 :) 

(n 1 -1) (EX 1 2 ) 2 	(n2-1) (Ix22)2 

where 

aj = n-1 	 -
I ;= 	i ji) 

Doing the calculation for the 6TGr  data, I calculated a 

t-statistic of 2.52 and an estimate of p as 14. The probability of a 

t-statistic this large with equivalent lines (H 0 ) is 2.5 percent 

(two-tailed probability), therefore H 0  is rejected and I have 

concluded that there is a difference in the dose response of the two 

cell I ines, (t:ab1e of t probabi'l itie.s - Sne.decor and Cochran,, 1967).. 
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FIGURE LEGENDS 

Figure 1. Percent survival (normalized to control plating efficiency) 

of CHO-9. The error bars represent standard errors of the 

mean for 2 to 5 experiments per point. 

Figure 2. Expression time in CHO-9 of resistance to (a) 1.0 Lf/ml 

diptheria toxin, (b) Mg/ml 6—thioguanine and (d) 3mM ouabain 

following treatment with 4 x 10 6M 4NQO and (c) resistance 

to 3mM ouabain after 2.5 x 10 6M 4NQO. Background 

mutation frequencies have been subtracted as described in 

text. Error bars represent standard errors of the mean for 

two experiments. 

Figure 3. Mutation induction by 4NQO in CHO-9; (a) resistance to 3mM 

ouabain, (b) 1.0 Lf/ml diptheria toxin, and (c) 5 ug/ml 

6—thioguanine. Background mutation rates have been 

subtracted. The bars represent standard. errors of the mean 

for 2 to 3 experiments per point. 

Figure 4. (a), Percent survival (normalized to control plating 

efficiency) of 43-38 (open symbols) and CHO-9 (closed 

symbols). (b), 4NQO induced resistance to 5 Mg/rnl 

6—thioguanine in 43-3B (open symbols) and CHO-9 (closed 

symbols). 43-3B survival values are the means of 1 to 3 

experiments. 43-3B mutation induction represents results of 

a single experiment. (Further details of CHO-9 results are 

presented in Figures 1 and 3(c)). 
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Figure 5. Percent survival (normalized to control plating efficiency 

of CHO-9 cells treated at different times after mitotic 

selection with 2 x 10 6M 4NQO. The results of two 

experiments are presented. 

Figure 6. Mutation induction to resistance to (a) 3mM ouabain, (b) 1.0 

Lf/ml diptheria toxin and (c) 5 ug/ml 6—thioguanine in CHO-9 

cells treated at different times after mitotic selection 

with 2 x 10 6M 4NQO. Background mutation frequencies have 

been subtracted. The results of two experiments are 

presented. 

Figure 7. Percent survival (normalized to control plating efficiency) 

of CHO-9 cells treated with 4NQO during exponential growth 

(open symbols) and following growth arrest (closed symbols). 

The results of two experiments are presented for arrested 

sur:v4v:a.l and of 1. to  3 experiments for exponent taT survival. 

Figure 8. Percent survival (normalized to control plating efficiency) 

of 43-3B cells treated with 4NQO while in exponential growth 

(open symbols) and following growth arrest (closed symbols). 

The results of two experiments are presented for arrested 

survival and of 2 to 3 experiments for exponential survival. 
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