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C ha pter 1 

St ra teg i e s for Risk Assessment of Environmental Ca rcinogenic 

Fa ctor s t o Human Beings 

1. The F i r s t st rat egy : Ge notoxicity tes t s using human cells 

To know the impact of the en vi ronmental carci nogenic factors on human 

cancers, the first strategy we propose in this thesi s is the development of 

bioassay using human ce lls. 

Many ge notoxicity t ests were developed to estimate the risk of human 

cancer. These tests are classif ied roughly into bacterial assay , in vitro 

assay using anima l cells, in v ivo assay using experime ntal an ima ls , in vitro 

assay using cultured human cells and biomonitoring of human beings or 

epidemiolog ical studies . Ca rcinogen icity s tud ies in experimental animal s 

and epid emiological studies provide us the most reliable data for the risk 

assessment of human cancers . There are some re searchers who claim that 

most of the studies, except these two studies, are not us eful for ass essing 

the canc er r is k . Taking account of the numerous costs and the time 

consumption, however, many other researchers beg in to consider that the 

cancer risk should be estimated by the data of short - term genotoxicity 

tests. ldealy, the sensitive assay which can detect mutat ion s occur ing in 

tumor-related gene is be st for th i s purpose, however , wh ich has not been 

-1-



developed so far. The established tests available now are listed in table 1. 

The periods of time required to carry out these tests are roughly 1 year for 

the carcinogenicity tests, 1 month for the gene mutation assays, 1 week for 

the clastogenicity assays, and 2-3 days for DNA damage assays. 

Mec ha n i s ms of DNA s trand breaks 

l t has been shown that DNA strand breaks are induced by following 

three mechanisms. 

First, strand breaks occur directly by physical (ionizing radiation) 

and che mica I (reactive oxygen, bleomycin etc.) agents. The m aj o ri ty of 

these breaks are caused by breakage of phosphodiester linkages in one of the 

polynucleotide chains, and destruction of the deoxyribose ring can also 

result in interruptions of the deoxyribose-phosphate backbone. The precise 

molecular mechan isms of DNA strand breakage induced by ionizing radiation 

are various and complicated. They may involve direct ionization of the 

phosphodiester bond, or fragmentation reactions involving the bases or 

sugars, coupled with electron rearrangements that ultimately result in 

hydro lysis of lab i I i zed phosphodiester bonds(1). 

Second, strand breaks also occur by repair endonucleases. For 

example, ultraviolet light irradiation do not induce strand breakage directly, 

but produce crucial DNA damage "pyrimidine dimer". Living organisms have 

Table 1 Established studies for eva luation of human cancer risk 

Class e.!> of studies Animal Huma n 
in vit ro in vivo in vitro in ·v ivo 

DNA damage 

DNA strand break 0 0 0 tJ. 

unscheduled DNA synthesis (UDS) 0 0 0 tJ. 

DNA adducts (32P-postlabel) 0 0 0 0 

Clas togenicity 

chromosomal aberration 0 0 0 tJ. 

sister chromatid exchange (SCE) 0 0 0 tJ. 

micronucleus assay X 0 X tJ. 

Gene l\lutation 

APRT 0 0 X X 

using transgenic animals X 0 X X 

IIPRT X X 0 0 

Ca rc inogenicity 

focus formation assay 0 X tJ. X 

carcinogenicity study X 0 X X 

epidemiological study X X X 0 

0 ,·very useful, 0 f I ; use u , tJ. ; not useful because of low sensitivity X ; can not apply 
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enzymatic systems for removing this damage, i.e., DNA repair systems. The 

most general DNA repair system observed in nature is the DNAexcision 

repair which excises damaged or inappropriate nucleotides from DNA and 

replaces with the normal nu cl eotides. The excision repair endonucleases 

make an incision in DNA by catalyzing the hydrolysis of phosphodiester 

bonds at the site of damaged base(2). 

Third, DNA strand breaks are induced at the apoptotic cell death. 

The apoptosis is induced by developmental control signals, and can also be 

induced by toxic insults, particularly by DNA damage. In apoptotic cells, 

DNA fragmentation is occured by Ca2+ or Ca2+/Mg2+-dependent 

endonuclease(3,4). 

As mentioned above, DNA strand break may be a useful analytical 

parameter for assessing the exposure of the genetic material to genotoxic 

chemicals. 

2. The Second Strategy: Molecular Epidemiological Approach 

The crucial differences between normal cells and cancer cells at the 

molecular level stem from discrete changes in spec1f1c genes controlling 

pro I i fe ration and tissue homeostasis. Over 1 00 such cancer-related genes 

have been discovered, several of which are implicated in the natural history 

of human cancer because they are consistently found to be mutated in 

tumors. Analysis of mutations in tu mors is an exception ally usefu 1 too 1 in 

the epidemiology of human cancer. Although it is now clear that changes in 

specific DNA sequences in the cancer-related genes lead to cancer, the 

agents that induce these changes in humans are still much debated. 

Sequence changes in genes can be generated by both exposure to DNA 

damaging agents such as e I ectro phi I i c mutagens, and spontaneously fro m 

intracelluar biochemical and enzymatic processes. Each mutagen or 

mutagenic process produces mutagen-specific alterations as finger prints 

in DNA, with respect to the nature of the changes, the locations of the 

changes, and the frequencies of the alterations in the gene. An analysis of 

the spectrum of mutation is providing an empirical approach to the 

fundamental question: What causes genetic changes in cells? Data compiled 

on mutations have already revealed several examples of human tumors 

consistent with the fingerprints of DNA damage induced experimentally by 

known carcinogenic risk factors. For example, ultraviolet radiation leaves 
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the most distinctive fingerprint 1n DNA: unrepaired cytosine dimers induce 

tandem mutations, in which two adjacent cytosine residues are replaced by 

two thymine bases. These mutations occurs very rarely unless cells are 

exposed to ultraviolet radiation(5,6). Some of the mutations discovered in 

the p53 tumor suppressor gene of squamous-cell carcinomas in the skin in 

sun-exposed area we re in agreement with such tandem substitutions (7, 8), 

directly incriminating exposure to ultraviolet light. 

Use of supF, the E .coli Tyros ine Suppressor tRNA Gene, as a 

Mutagenic Target In Shuttle-Vector Plasmids 

To know the mutation spectrum of the carcinogens, the Escherichia coli 

tyrosine amber suppressor transfer RNA gene, supF has been used as a 

mutagenic target in the shuttle vector plasmids such as pZ189 and pS189( 

5,9-26). The anticodon in E coli tyros ine tRNA is GUA. In supFtRNA,a Gto 

C transversion mutation changes the anticodon to CUA which inserts 

tyrosine in to the (amber) chain termination (nonsense) cod on, UAG(27,28). 

supF thus functions as a suppressor tRNA enabling to read through of the 

UAG stop codon. 

The supF gene consists of the promoter region (base pairs 24-58), a 

precursor RNA region involved in RNA processing (base pairs 59-98), the 

suppressor tRNA sequence (base pairs 99-183) and a 3' flanking region (base 
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pairs 184-200) (Fig.1). The base pair number of the supF gene is that from 

the unique EcoRI site in pZ189 in this thesis. 

Bacterial strains possessing amber mutations can be used as indicator 

strains for measuring the function of the plasmids containing supF gene. 

Escherichia coli K12 strain KS40 and plasmid pKY241 were designed for 

easily screening the supF mutations contained in the shuttle vectors(29). 

KS40 is a nalidixic acid-resistant (gyrA) derivative of MBM7070 (lacZ (am) 

CA7070 lacY1 HsdR HsdM .J (araABC-Ieu) 7679 gaiU gaiK rpsL thi) , 

wh ich has been used for detection of the mutated pZ189(30). Plasmid 

pKY241 was constructed by Dr.Akasaka et al. and contains a chloramphenicol 

resistant marker and a gyrA(amber) gene. When KS40 containing pKY241 

(designated KS40/pKY241) is transformed with supF gene, nalidixic acid­

resistant GyrA prote in is produced both from the chromosomal gyrA gene 

and wild type GyrA protein from pKY241 because of the supp ression of gyrA 

amber mutation by supF. lt is known that the nalidixic acid-sensitive 

phenotype (wild type) is dominant over nalidixic acid-resistant 

phenotype(mutant type). Thus, KS40/pKY241 gives rise to nalidixic acid-

sensitive co lonies when it carr ies a active supFgene. E.coli KS40/pKY241 

cells carrying active supF suppressor tRNA are sensitive to nalidixic acid, 

whereas the cells carrying mutated supF form colonies on plates containing 

nalidixic acid, chloramphenicol and ampicillin. IPTG and X-gal were further 
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Fig. 1 Hypothetical secondary structure of a single strand ~N~ contai~in? the SUJ~F tRNA gene 
sequence (modified from ref. 9). Sites of single base substitutiOn arc mdtcatcd (circle). 
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added to confirm selection of the mutated supF gene. E. coli cells 

containing active supF gene produce blue colonies, whereas the cells having 

mutated supF gene produce wh ite or light blue colonies, because E.coli KS40 

has an amber mutation in the ,a-galactosidase gene lacZ. 

The possible targets of the supF gene 

The mutation spectrums in supF gene induced by many carcinogens have 

been explored by elegant earlier studies. Several classes of base 

substitution mutants have been described in the supF gene. Base 

substitution mutations that inactivate suppressor function have been found 

to include single base substitutions, tandem base substitutions, and 

multiple base substitutions. Table 2 lists the sites of sing le base 

substitution mutations that can inactivate supF function (5,9-26). The 

supF gene is a very sensitive target for mutagenic inactivation. All 6 

possible base-substitution mutations may be monitored and most sites can 

detect all possi b I e 3 base -substitutions. The extreme se n sit i vi ty of the 

supF gene to mutagenic inactivation, in conjunction with the sensitive 

KS40/p KY241 indicator assay, makes the supF gene a suit ab I e tag et for 

mutagenesis studies with shuttle-vector plasmids. 
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Table 2 S ing le base s u bstitutions tha t inact ivate su p F func tion Type of fypc of 
Position mutation Reference Position mutation Reference 

Type of Type of 
Position mutation Reference Position mutation Reference 117 CtoA 9,23 133 CtoT 9,11,19 

42 Tto C 9 104 G to C 9,10 118 CtoA 9,21 133 Cto G 5,9, 10,12-15,17,19-21,25 
43 G to A 9,11,19,26 105 G to A 9,24 118 C toT 12 134 Tto A 9,15,21 ,25,26 
t3 G to C 9 105 G toT 9' 10 118 C to G 9 134 Tto G 15,21 
45 TtoA 9 105 G to C 5,25 119 AtoG 9 134 TtoC 5,9, 19,21,24,25 
45 Tto C 9 1()() Tto A 9,21 

119 AtoC 9,21 135 A toT 5,9, 15,21,25,26 
4(> A toT 9 106 Tto G 9,21,25 120 A toT 5,9,12, 19,21 135 A to G 5,9,21,22,26 
4() A to G 9 106 T to C 9,21 120 A to G 5,9,19,21,22,24,25 135 A to C 9,15,19,21,26 
50 Tto A 9 107 T to A 24 120 AtoC 9,19 136 A toT 5,9, 10, l 5, 17,19,21 ,22,26 
50 Tto G 9 108 CtoA 25 121 A toT 15 136 AtoG 24 
50 Tto C 9 108 C toT 9,11' 14,19,23,24 

121 AtoG 24 136 A to C 9,12,14,19,21,23, 
53 G to A 16 108 C to G 9,25,26 122 G lOA 9,19,24 137 A toT 5,9,19 
59 C to A 26 109 Cto A 9, 10, 13,14,17,21 122 G toT 9, 13,19,21,23,24 137 A to G 9,10,21 
62 CtoT 26 109 CtoT 9, 19,24, 123 G to A 5,9-12,14,20,21 ,25,26 138 TtoC 24 
(>3 C to A 9 109 C to G 9, 10, 12,14,21,24 123 G toT 9,10,12-14,17,20,21 139 C to A 9,10,13,17,21,22 
65 G to A 9,12, 14 110 Cto A 9,13,18,19 

123 G to C 9, 10, 12,14,21 ,24,25 139 CtoT 9,19,24 
(>5 G toT 9 110 C toT 9 124 G to A 5,9 139 C to G 5,9, 10, 12, 14, 17,19,21,25 
65 G to C 12 110 C to G 19,23 124 G toT 26 140 TtoA 9,12,21 
70 G to A Chapter 3 of th is thesis Ill G to A 9,11,24 124 G toC 9, 10,12,21,23,25 140 Tto G 9,13,21 p- A toT 9 71 G to A 14 Ill G toT 18 ~:> 140 TtoC 18 
71 G to C 9 Ill G toC 14 

125 A to G 24 141 G to A 15,24 
77 G to A 9,19 ll2 A toT 9,10,17,18,21 126 G to A 9,24 141 G toT 9 
80 C to T 12 112 A to G 9,17,21 ,24,25 127 C to A 9,10,13,17,21,25 141 G to C 5,9, 13,21,25 
93 A to T 12, 14 112 A to C 5,9,2 1 127 C toT 24 143 C to A 9, 13 
99 G to T 12,14,21 113 G to A 9,11' 13,24 127 C to G 5,9,13,17,21 143 CtoG 9 
100 G to A 9 113 G toT 1 ()' 14 '21 '25 

128 A toT 18 144 G to A 9,24 
102 G to A 13 113 G toC 9,10,13,19,21 129 G to A 9,20,22 144 G toT lO, 17,21,24 
102 G toT 13 114 CtoG 9,14 129 G toT 9,17 144 G toC 5,9, lO, 12, 14,17,21 
102 G to C 10 115 G to A 9, 24 129 G to C 9' 1 0' 12-14' 17' 1 9' 21 '22 145 TtoC 24 
103 G to A 24 115 G toT 10 130 A to G 24 147 A toT 22 
103 G toT 9, 13 115 G to C 9, 13, 17,25 

132 T toG 9,24 148 T toC Akasaka et al. in press 
103 G toC 10 116 G to A 14 132 TtoC 9,21,24 149 C to A Akasaka et al. in press 
104 G to A 24 11 (> G toT 9,10,13, 133 Cto A 5' 9' 12) 13' 15' 1 7) 1 9) 21 ) 25 149 CtoT 14 
104 G toT 5 116 G to C 17,19 
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Type of Type of 3. Survey of this thesis 
Position mutation Reference Position mutation Reference 

149 C to G 5,22 164 G to C 5 , 9' 1 2- 1 4 . 1 7. 1 9' 21 '25 Chapter 2 concerns the application of the DNA strand breaks to short-term 

150 G to A 9,19,24 165 A toT 9,19,21 
150 G to C 9 165 A to G 5,24 genotoxicity test using human cells. The FADU assay has been used for this 
151 A to G 24 165 A to C 9, 13,19,21,23 
153 T to C 24,26 1 ()() A toT 15 purpose. 

154 T to A 9,19,22 166 A to G 24 Chapter 3 deals with genotoxicity of tap waters. The actual condition of 154 Tto G 9 167 T to A 24 
154 T to C' 24 167 TtoG 9 

genotoxic pollution of tap waters and the antigenotoxic factors of them 155 C to A 5,9, 10, 17,19-22,24 167 T to C 24 
155 C toT 5,9,1 1,13,14,17,19,21,23,26 168 C to A 5, 9, 10,12-15,17-21,23-25 

have been described. 

155 CtoG 21 168 CtoT 5,9-15,17-26 
156 G to A 5,9,11-14,19-26 168 C to G 5,9, 10, 14,17, 19,21,23,25 Chapter 4 concerns the mutation spectrum of 2-chloroacetaldehyde, the 
156 G toT 5,9, 10, 13, 17,19-22,25 169 CtoA 9,1 0, 13,17-19,21,25,26 
156 G to C 5,12,13,21,25 169 CtoT 5,9-12,14, 18,19,21-26 ultimate carcinogenic form of the vinyl chloride. 
157 A to G 24 169 CtoG 9,13,17,19 

158 A toT 9,21 170 TtoA 9 Chapter 5 deals with the mutation spectrum of acetaldehyde. The impact on 
158 A to G 24 170 TtoC 24 
158 A to C 9,19,21 171 TtoA 9,21,26 human cancers has been discussed. 
159 G to A 5,9-15, 17,19-23,25,26 171 Tto C 24 
159 G toT 5,9, 10,12-14,17,20-22,25,26 172 CtoA 5,9, 10, 12, 13,17,21,25 

159 G to C 9,12,17,19 172 C toT 5,9,14,21,24 
160 G to A 5,9,11-13,15,17,19,21,25 172 C to G 21,25 
160 G toT 5,9, 10,12-14,17,18,21,25 173 C to A 9,21 
160 G to C 12,13,21 173 C toT 26 
161 Tto A 5,9, 15,21 173 Cto G 21 

I(> 1 Tto G 5,21 174 C to A 9,10,13 
161 Tto C 5,9,21 ,24 174 C toT 24 
162 TtoA 9,13,15,21,23 175 C toT 5,9,19,24 
162 Tto G 9,13,21 176 CtoA 10 
162 Tto C 24 177 A toT 21,22 

163 CtoA 9,19,20 177 A to G 9,21 
1(>3 CtoT 9,19,24 177 AtoC 10 
163 C to G 9 178 CtoA 10,13 
164 G to A 23,24,26 179 CtoA 9,21 
164 G toT 5,9, 10,12-14,17,19,21,23-26 179 CtoT 9 

180 A toT 9 
180 A to G 24 
200 G toT 9 
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C ha pter 2 

FADU Ass ay for Eval uat io n of DNA Damage Ca used by 

Envi ronmental Mi c rop o llut a nts 

ABSTRACT 

FADU {Fiuorometric Analys is of DNA Unwinding) is one of the most simple 

and sensitive methods to detect DNA strand breaks . We modified the 

or iginal FADU protocol in this study, and tried to apply the method as a 

short-term test to detect DNA-damaging environmental agents, using an 

SV40-transformed human fibroblast cell line WI38 -VA 13 . DNA strand 

breaks induced by physical and chemical carcinogens such as r -rays , 

ultraviolet lig h t, MNNG, 4NQO, B(a)P were detected efficiently by using the 

modified protocol. We also tried to detect DNA strand breaks caused by the 

effluent of a waste water treatment plant. About 5.6 strand breaks per 1 os 

base pairs were induced when cells were exposed for 1 h to water sample 

which was concentrated 200 fold. We conclude that the FADU assay using 

V A 1 3 human f i b r o b I as t c e 11 s i s u se f u I f o r d et e c t i n g DNA dam a g i n g 

substances in the environmental water. 
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INTRODUCTION 

Many bioassays are used to detect and evaluate genotox icity of 

environmental micropollutants. To evaluate the risk to human health, it is 

important to use human cells for the bioassay. Although gene mutation or 

chromosomal aberration are useful parameters for risk assessment, ski 11 

and time consumption are needed for performing these tests. Since DNA 

strand breakage is easy to measure, and is induced by a variety of chemical 

and physical agents, and it may be useful as an analytical parameter for 

assessing the exposure of the genetic material to genotoxic chemicals (1 ). 

FADU (Fiuorometric Analysis of DNA Unwinding) is one of the most simple 

and sensitive methods to detect DNA strand breaks (2). We tried to apply 

this method as a short-term test to detect DNA-damaging en vi ron mental 

agents. 
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MATERIALS AND METHODS 

PRINCIPLE OF THE FADU ASSAY 

When double-stranded DNA is exposed to moderately alkaline solution , 

hydrogen bonds are broken and the 2 strands unwind. For relatively small 

DNA molecules, the rate of strand-unwinding is very rapid and reaches 

completion in less than 30 sec (3). By contrast, the very large DNA 

molecules present in mammalian cells may require hours of exposure to 

alkaline solution for complete unwinding (4). lt has been observed that the 

rate of unwinding of large DNA molecules in alkaline solution is increased 

by prior exposure of cells to ionizing radiation. This means that radiation ­

induced strand breaks are responsible for the mcreased rate of unwinding 

and, conversely, that an increased rate of DNA unwinding can be used as a 

sensitive measure of strand breaks (4-8). 

Earlier methods for detecting DNA unwinding in alkaline solution have 

required physical separation of single-stranded from double-stranded DNA 

using a hydroxyapatite column, nuclease digestion and precipitation, or 

filter binding (4-8). In addition, radiolabeling of cells was required for 

detection of the small amounts of DNA. In cases where radiolabeling was 

not feasible or to be avoided, sensitive fluorometric methods were 

substituted to per m it detection and quantitati on of DNA a tte r column or 

f i Iter separation (9 -1 2). Bi rn boi m and Jevcak developed a new method tor 
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monitoring DNA unwinding (2). The pr inciple of the procedure is as follows. 

The fluorescent dye, ethidium bromide, binds selectively to double­

stranded DNA 1n the presence of single-stranded DNA when short duplex 

regions in "single-stranded" DNA molecules are destabilized by alkali. 

Birnboim and Jevcak develop conditions applicable to crude extracts of 

mammalian cells under which the dye would show fluorescent enhancement 

p re f e re n t i a 11 y w i t h do u b I e -strand e d DNA w i t h I i t t I e i n t e r f e re n c e by RN A, 

other cell components, or single-stranded DNA. A cell suspension is divided 

equally among 3 sets of tubes. The contribution to fluorescence by 

components other than double-stranded DNA (including free dye) is 

estimated from a blank sample (B) in which the cell extract is first 

sonicated lightly and then treated with alkali under conditions which cause 

complete unwinding of low-molecular-weight double-stranded DNA. A 

second samp le is used tor estimating to ta I fluoresce nee (T), i.e., 

fluorescence dye to the presence of double-stranded DNA plus contaminants. 

The difference (T-B) provides an estimate of the amount of double-stranded 

DNA in the extracts. A third sample (P) is used to estimate the unwinding 

rate of the DNA. The crude cell extract is exposed to alkaline conditions 

sufficient to permit partial unwinding of the DNA, the degree of unwinding 

being related to the size of the DNA. The fluorescence of this sample less 

the fluorescence of the blank (P-B) provides an estimate of the amount of 
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double-stranded DNA remaining. Percent D 1 s g1ven by the relationship 

Percent D= ( P- B) I (T-B) "' 1 o 0 

Chemicals and Buffer Solutions 

Composition of the solutions used was as follows- Solution A: 0.54mM EDTA 

in PB8; solution B: 9M urea, 10 mM NaOH, 2.5 mM trans-1 ,2-

diaminocyclohexane-N,N,N',N' tetraacetic acid, 0.1% w.v sodium 

dodecylsulphate; solution C: 0.425 volume solution A in 0.575 volume 0.2N 

NaOH; solution D: 1 M glucose, 14mM mercaptoethanol; solution E: 2J,Jg / m 1 

ethidium bromide in 13.3 mM NaOH. 

Rat liver 9,000 x g supernatant fraction (89) was obtained from Oriental 

Yeast, Tokyo, Japan. Composition of the 89 -mix used in this study was as 

follows, 1 mM HEPE8 buffer pH 7.2, 1 mM MgCI2 , 6.6 mM KCI, 0.8 mM NADP, 1 

mM D-Giucose 6-phosphate, 4.4 o/o(v/v) of 89 (protein content; 22.78 mg/ml 

89) in serum free MEM. 

Ce ll s. 

8V40 transformed human fibroblast cell lines were used. A normal 

human cell line WI38-VA13 (13) was obtained from the American Type 

CuI tu re Collection ( Rock vi 11 e, MD). Cells we re cultured in Dulbecco's 

modified minimum essential medium (MEM) (Nikken, Kyoto, Japan) 
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supplemented with 10% fetal bovme serum (Hyclone, Logan, UT). 

r-rays Irradiat ion 

Human cells attached to a bottom of a tissue culture flask (75cm2, 

FALCON) were washed once with PBS, trypsinised, suspended in 5 ml of MEM 

(with 10% serum), and counted by a coultercounter. Cells were collected by 

centrifugation (500g, 5 m in), and resuspended by ice-cold Solution A (final 

cell concentration was ax1os cells/m!). The cell suspension was divided 

into polypropyrene vial (2 ml, CORNING) and aliquots of this suspension (1.4 

ml) were irradiated with various dose of r -ray by the SHIMADZU RM61 r-

ray irradiation apparatus (137Cs, 4 Gy/min). After irradiation, the cell 

suspensions are maintained at 0 CC to prevent rejoining of DNA strand 

breaks, and the FADU assay was done as quickly as possible. 

UV Irradiation, Chemical Treatment 

Cells (1 .1 x 1 os 1 dishes) we re plated on cuI tu re dishes, and incubated in a 

~incubator for one night. Cells were washed with PBS and immediately 

irradiated by various dose of UV light (254 nm). After irradiation, cells 

we re incubated for 3 h in MEM containing 10% serum, 1 0 JJ. M arab i nofu ranosyl 

cytosine (araC) and 2mM hydroxyurea at 37CC in a~ incubator. 

Test chemicals were dissolved in 5 ml of serum-free MEM and exposed 
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to cells for 1 h in a~ incubator. If the S9-mlx activation was required, 

the chemicals were dissolved in S9-mix instead of the serum-free MEM. At 

this time, if the test chemical was dissolved in DMSO, final concentration 

of DMSO should not exceed 1 %. After exposure, each plates were washed 

with PBS, and cells were incubated for 3 h in MEM containing 10% serum, 

10 JJ. M araC and 2mM hydroxyurea at 37CC in a~ incubator. Cells were 

washed with PBS, trypsinised, centrifuged and redissolved in 1.5 ml of 

solution A, and the FADU assay was carried out to estimate DNA strand 

breaks. 

FADU assay 

Cells were suspended at approximately 8 x 1 os cells/m I in solution A and 

kept on ice. Aliquots (0.2ml) were placed into 2 sets of three15ml 

polystyrene tubes each labeled T, B or P, and according to treatment, in 

duplicate. Solution B (0.2ml) was added to all tubes wh ich were incubated 

for 10 minutes on ice to ensure cell lysis and chromatin disruption. 

Solut ion D (0.4ml) was added wit h mixing to the tubes labeled T to prevent 

DNA unwinding. Solution C (0.2ml) was gently dispersed into all the tubes 

which were kept on ice for 30 minutes to initiate unwinding. The tubes 

labeled B were sonicated to ensure comp lete disruption of the DNA before 

all tubes were transferred to a water bath at 60 CC for 60 minutes for DNA 

-25-



unwinding under alkaline conditions (pH12.8). The tubes labeled P were 

transferred to a water bath at 28 "C for 45 minutes. DNA unwinding 

reaction in the tubes labeled P and B was arrested by the addition of 0.4 ml 

of solution D to bring the pH to 11.1. Solution E (1.5ml) was added to all 

tubes and the fluorescence was measured by a SHIMADZU RF-5000 

spectrofluorometer (excitation, 520nm; analyzer, 590nm). 

The percentage of double stranded (ds) DNA was determined from the 

fluoresce nee of the tubes labeled B (background fluorescence), T (tot a I 

fluorescence due to ds DNA and contaminants) and P (ds DNA remaining 

following unwinding in alkali) from the fillowing equation: 

%ds DNA = (P-B)I(T-B)X100 

Concentration of a Water Sample 

We took a effluent of a municipal waste water treatment plant of 0-

City at 22 February 1993. Water sample was contained in a plastic bottle 

in the amount of 20 liter. After being brought back to our laboratory, water 

sample was filtrated by a cellulose filter (5A, ADVANTEC) and adjusted to 

pH 2 with H2S04 and was passed through the Sep-Pak C18 cartridge at room 

temperature. The volume of water passed through per one cartridge was 5 

liter and the filtration rate was 4 ml/min. When adsorption was 

completed, 2 ml of pure water was passed through the cartridge to wash the 
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resins and remaining water was purged away from the cartridge by 

introducing nitrogen gas. Elution was conducted with diethyl ether by 

passing through the cartndge. Eluted samples were dned with sodrum 

sulfate and were distilled by a rotary evaporator. Dimethyl sulfoxide 

(DMSO) was used as redissolving solution for residues of distillation. 

RESULTS 

Fig. 1 shows dose-response curve of DNA strand breaks induced by 137Cs 

r -rays. 6D represents the difference between the percent D of 

unirradiated cells and irradiated cells. There are some reports about the 

number of DNA strand breaks induced in mammalian ce lis by r- rays 

irradiation (14-16). According to Loon et al (16) (2.5 >.. 10 · 10 single strand 

breaks I Gy I dalton). 1 Gy of r -rays induce one DNA strand break per 107 

base pai r , and the ho ri zontal axis o f Fig. 1 represents the number of DNA 

strand breaks per 107 base pairs. Therefore, we use this Fig. 1 as a 

calibration curve of DNA strand breaks. 

Different from ionizing radiation, many chemical carcinogens do not 

break DNA directly but form DNA base adducts. In this case, DNA strand 

breaks are induced when these adducts are removed by repair end on ucleases 

in cells, but these strand breaks are rejoined rapidly. After exposure to 

these carcinogens, we incubated cells for 3 h in medium containing araC and 
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Fig. 1 Dose-response curve of DNA strand breaks induced by 137Cs r -rays. 6. D represents the 
difference between the percent D of unirradiated cells and irradiated cells. We can use this figure as a 
calibration curve of DNA strand breaks. TI1e horizontal axis of this figure represents the number of 
DNA strand breaks per 107 base pairs. 
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~ig. 2 DNA strand breaks induced by physical and chemical carcinogens, that is, (a): ultraviolet 
light, (b): 4NQO, (c): MNNG, (d): B(a)P. B(a)P was activated with S9-mix before exposed to 
human cells. 
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hydroxyurea to prevent the rejoining of DNA strand breaks. Fig . 2 shows DISCUSSION 

the DNA strand breaks induced by UV-Ii ght , 4NQO, MNNG and B(a)P. Dose We tried to apply the FADU to short -te rm bioassay . We used SV40-

dependent increase in DNA strand breaks was observed in all the cases. transformed human fibrob last cell line WI38-VA13 which is easy to 

We concentrated the effluent of 0-City waste water treatment maintain, and we modified the original protocol as described Birnboim and 

plant. Human cells were exposed to the sample for 1 hand incubated in Jevcak (2). The number of ce lis we used for each exp en ment is 1 11 0 of that 

medium containing araC and hydroxyurea for 3 h. Fig. 3 shows the res u It of of original protocol, and the concentration of ethidium bromide in the 

FADU assay. Dose dependent increase in DNA strand breaks was observed. solution E (6.7 .ug/ml at the original protocol) is reduced to 2 tL g / ml , and 

The number of induced DNA strand breaks was 0.56 per 107 base pairs when the time and temperature of incubation are changed. 

the water sample was concentrated 200 fold. We could detect DNA strand breaks induced by UV light, MNNG, 4NQO and 

B(a)P efficiently by using the modified protocol. The strand rejoining 

1.0 .-----------~ 
inhibiter, araC and hydroxyurea, are necessary for the sensitive detection of 

~ 0.8 .0 
the DNA strand breaks, because no increase in DNA strand breaks was 

,_ 

0 observed when cells were incubated in the normal medium for 3 h after 6 
rl ...._ 0.6 
(/) J/m2 UV-irradiation (data not shown). In these cases, the number of strand 
~ 

"' Cl) 
'-' 
~ 0.4 0 0 
'"d 
~ 

breaks is almost the equal to the number of DNA adducts repaired. We 

should be noted that the number of strand breaks we observed did not 

"' 1-< ........ 
C/) 0.2 include the number of remaining DNA adducts which are not repaired. 

Strand breaks are also induced by the treated sewage of 0. City. We 
(). () ;--,---,---.---,-...-o.r----.-----l 

0 50 100 150 200 concentrated hydrophobic organisms selectively from the effluent of waste 

Concentration ractor 
water treatment plant. Hydrophobic organisms easily pass through the c e 11 

Fig. 3 DNA strand breaks induced by the effluent of 0 city waste water treatment plant. 
membrane, and tend to accumulate in the food chain. If these hydrophobic 
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organisms accumulate in cells of aquatic animals, serious DNA damage wi 11 

occur in these animals. 
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Chapter 3 

Detection and Quantification of DNA Strand Breaks i n Human Cells 

Induced by Contaminants in Japanese Tap Waters. 

ABSTRACT 

Activity of organic materials co ntam i nati ng in tap water to induce DNA 

damage in human cells was investigated. Tap water samples were 

concentrated using the Sep-pak C18 , the CSP800 and the blue rayon and DNA 

strand breaks induced in human cells were measured by FADU assay. The 

tap water samples of Osaka City, concentrated by the Sep-pak C1s or the 

CSP800, induced dose dependent increase in DNA starnd breaks in human 

cells. Rat liver S9 fraction or glutathione or boiling inactivated the DNA 

toxicity of tap water samples. 
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INTRODUCTION 

Lake Biwa and the Yodo River have a large basin area (7 ,281 km2) with 

the highly developed water complex where about 14 million people live. The 

Lake Biwa where the Yodo River flows out is a large natural reservoir with 

relatively good water quality for the purpose of drinking as well as much 

other uti I i zati on. However, in the middle of the basin, many urban and 

industrial wastewater and agricultural flumes flows into the river. Big 

cities such as Osaka and Kobe are located further downstream, and the 

cities take water from the Yodo River as a source of municipal water supply 

(Fig. 1). Our recent study using the Bacillus subtilis rec-assay showed 

that DNA damaging potential of contaminants in the river water increased 

as the river goes down (1), and these DNA toxic substances may contaminate 

drinking water. lt is important to know the genotoxic effects of 

substances containing in tap water on human cells for estimation of the 

cancer risk to human beings. 

MATERIALS AND METHODS 

Concentration of Water Samples with Sep-Pak C18 Cartridge 

Water samples (20 liters) were collected in plastic bottles. After 

taking the samples back to our laboratory, the water samples were adjusted 
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to pH 2 with H2S04 and were passed through the Sep-Pak C1s cartridge 

(MILLIPORE, Milford, MA} (5 liters per cartridge) at room temperature at the 

flow rate of 4 ml / min. When adsorption was completed, 2 ml of pure 

water was passed through the cartridge to wash the resins and remaining 

water was purged away from the cartridge by introducing nitrogen gas. 

The adsorbed substance was eluted with 20 ml of diethyl ether by passing 

through the cartridge. Sodium sulfate was added to the eluted sample to 

dehydrate and the sample was distilled by a rotary evaporator. The residue 

was red1ssolved in 0.4 ml dimethyl sulfoxide (DMSO). 

Concentration of water sa mples with CSP800 re s in 

The samp le water were pretreated as described in the Sep-pak method. 

The water was passed through the glass column (15mm0 X BOmm) 

containing 3 m I of ion exchange resin CSPBOO (MITSUBISHI KASEI, Tokyo, 

Japan) at room temperature. Ten liters of water was passed through per 

column at the filtration rate of 4 ml/min. When adsorption was 

completed, remaining water was purged away from the cartridge by 

in trod uci ng nitrogen gas. The adsorbed substance was eluted with 2 0 m I of 

methanol by passing through the column. The eluted sample was distilled 

by a rotary evaporator. The residue was redissolved in 0.2 ml of dimethyl 

sulfoxide (OMSO). 
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Concentration of Polyaromatic Substances with Blue Rayon 

Before the sample water was applied to the column, free available 

chlorine in the water was neutralized with sod1um sulfite. The neutralized 

water (1 0 liters) was passed through a glass column (15mm 0 x BOmm) with 

the Blue Rayon (1 g) (FUNAKOSHI, Tokyo, Japan) at room temperature. When 

adsorption was completed, the Blue Rayon was washed once with pure water 

and excess moisture was removed with a paper towel. The absorbed 

substance in the Blue Rayon was then extracted with 200 ml of methanol­

cone. ammonium water (50 : 1, v/ v) with shaking for 30 min. The extraction 

was repeated once, and the solutions extracted each time were combined 

and dried with a rotary evaporator at 40 OC. The residue was redissolved 

with 0.2 ml of DMSO. 

Chemica l s , Buffer Solutions and Cells 

Composition of the solutions used was as follows. Solution A: 0.54mM EDTA 

in PBS; solution B: 9M urea, 10 mM NaOH, 2.5 mM trans-1 ,2-

diaminocyclohexane-N,N,N',N' tetraacetic acid, 0.1% w.v sodium 

dodecylsulphate; solution C: Mixture of 0.425 volume solution A and 0.575 

volume 0.2N NaOH; solution 0: 1 M glucose, 14mM mercaptoethanol; solution 

E: 2J.ig/ml ethidium bromide in 13.3 mM NaOH. 

Rat liver 9,000 x g supernatant fraction (S9) was obtained from Oriental 
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Yeast, Tokyo, Japan. Composition of the S9-mix used in this study was as 

follows, 1 mM HEPES buffer pH 7.2, 1 mM MgCI2, 6.6 mM KCI, 0.8 mM NADP, 1 

mM D-Giucose 6-phosphate, 4.4 % (v/v) of S9 (protein content; 22.7 8 m g /m I 

S9) in serum free MEM. 

SV40 transformed human fibroblast cell lines was used. A normal 

human cell line WI -3 8 -VA13 was obtained from the American Type Culture 

Collection, Aockv ille, MD. The cells were cultured in Dulbecco 's modified 

minimum essential medium (Nikken, Kyoto , Japan) supplemented with 10% 

fetal bovine serum (Hyclone, Logan, UT). 

FADU A ssay 

Cells (1 .1 X 1 06) we re plated on 1 00 mm tissue cuI tu re dishes (IWAKI 

GLASS, Tokyo, Japan) and cultured in Oulbecco 's modified minimum essential 

medium (MEM) (Nissui, Tokyo, Japan) supplemented with 10% feta l bovine 

serum (Hyclone, Logan, UT) for 18 hour at 37CC in a~ incubator. Each 

plates were washed once with Oulbecco's modified phosphate buffered salt.s 

solution (PBS) and the cells were exposed for 1 h to various concentration 

of samples in a serum free MEM at 37 CC in a~ incubator. If the S9-mix 

activation was required , the chemicals were dissolved in S9-mix instead of 

the serum-free MEM. After exposure, each plates were washed once with 

PBS, and the cells were incubated for 3 h in MEM containing 10% serum, 
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1 OJ.1M arabinofuranosyl cytosine and 2 mM hydroxyurea at 37CC in a~ 

incubator. Cells were washed with PBS, trypsintsed, centrifuged and 

resuspended in 1.5 ml of solution A (8A.105cells/ml), and the FADU was 

carried out to estimate DNA strand breaks as described 1n Chapter 2. 

Aliquots (0.2ml) of the cell suspension were placed into 2 sets of 

three 15ml polystyrene tubes each labeled T, s or P, and according to 

treatment, in duplicate. Solution B (0.2ml) was added to all tubes which 

were incubated for 10 minutes on ice to ensure cell lysis and chromatin 

disruption. Solution D {0.4ml) was added with mixing to the tubes labeled T 

to prevent DNA unwinding. Solution C {0.2ml) was gently dispersed into all 

the tubes which were kept on ice for 30 minutes to initiate unwinding. The 

tubes labeled B were sonicated to ensure complete disruption of the DNA 

before all tubes were transferred to a water bath at 60 cc for 60 minutes 

for DNA unwinding under alkaline conditions (pH12.8). The tubes labeled p 

were transferred to a water bath at 28 CC for 45 minutes. DNA unwinding 

reaction in the tubes labeled P and B was arrested by the addition of 0.4 ml 

of solution Dto bring the pH to 11.1. Solution E(1.5ml) was added to all 

tubes and the fluorescence was measured by a SHIMADZU AF-5000 

spectrofluorometer (excitation, 520nm; analyzer, 590nm). 

The percentage of double stranded (ds) DNA was determined from the 

fluorescence of the tubes labeled B (background fluorescence), T (total 
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fluorescence due to ds DNA and contaminants) and P (ds DNA remaining 

following unwinding in alkali ) from the fillowing equation: 

% ds DNA = (P -B) / (T -B) X1 00 

Ames Sal m one l la / mic r osome assay 

The bacterial strain used in the Ames Salmonella /microsome assay was 

S.typhimurium TA100. The assay was carried out by the liquid 

preincubation procedure (3). 

E.co li Re p a ir T es t 

The E. coli strains used in this assay were WP2 (wild type) and its repair­

deficient derivertives WP2uvrA (uvrA· ), ZA60 (recA· ) and WP100 (uvrA· 

,recA·). The assay was carried out as described by nunoshiba et al (4). 

Briefly, Overnight culture of E.coli cel ls was diluted 1/10 with LB medium 

followed by further incubation for 3 h with gentle shaking. Cells were 

washed, resuspended in M9 buffer containing the tap water extract, and 

incubated for 60 min at 37 OC with gentle shaking. Viability was 

determined by colony formation on LB plates. 
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RESULTS 

Ge n otox icity of Tap Waters of Osaka City 

The points and dates of sampling and methods of concentration were 

listed in table 1. This research was done from May 1993 to July 1994. 

The genotoxicity of tap water of Osaka City (May 1993, concentrated by the 

Sep-pak method) to bacteria or human cells was tested by Ames assay, 

E. coli repair-test and the FADU methods (Fig.2). Fig. 2(a) shows the result 

of the Ames assay. When the strain TA100 was treated with the 

concentrate of tap water of Osaka City, without S9 mix, dose-dependent 

increase of mutation rate was observed, but when the sample was activated 

by S 9- mix, no increase of mutation rate was observed. Fig. 2(b) shows the 

result of the E. coli repair test. In comparison with the strain WP2 (wild 

type). the strain WP2-uvrA (uvrA deficient) and ZA60(recA deficient) were 

s l ight ly sens itive, and the strain WP100(uvrA, recA double deficient) was 

extremely sensitive to the concentrate of tap water of Osaka City. Fig. 2(c) 

shows the result of the FADU assay. When human cells were exposed to the 

sample for 1 hour, and incubated with medium containing araC and HU for 3 

hour, DNA strand breaks we re induced dose-dependently. These res u Its 

suggest that the tap water sa m pie is genotoxic both in human and bacterial 

cells. 
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Table I Sampling points and concentration methods of tap waters 

Date Points M ethods 

12April 1993 Osaka City 1 Sep-pak C1s 

1 May 1993 Osaka City J Sep-pak C1s 

21 June 1993 Osaka City 1 Sep-pak Cts 

21 June 1993 Kyoto City l Sep-pak Cts 

23 June 1993 Kyoto City (groundwater) I Sep-pak Cts 

18 October 1993 Osaka City 
-

Sep-pak C1g, Blue Rayon l 
20 Jul y 1994 Osaka City I CSP800, Blue Rayon 

Lake Biwa 
Kyoto Oiwako Sosui 
City 

Kalsura River was te 

Osaka 
Bay 

~ 

Kizu River 

Osak' City 

Fig. 1 The basin area of Lake Biwa and the Yodo River. 
0 : Wastewater treatment plant 

0 : lntake points for the municipal water supply 
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Fig. 2 Genotoxicity tests of tap water of Osaka City (May 1993). 
Water sample was concentrated by the Sep-pak CJ& method. 

(a) Results of the Ames assay; Salmonella typhimurium TA lOO was exposed to the water sample 
with (e ) or without ( 0) S9 mix. 

(b) E.coli Repair test; The E. coli strains used in this test are 0 :WP2 (wild type), 0: WP2-uvrA 

(uvrA deficient), 6 : ZA60 (recA deficient), e : WPIOO (uvrA, recA double deficient). 
(c) Result of the FADU assay. 

The E. coli Repair test and the FADU assay were carried out without S9 mix. 
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Fig. 4 The seasonal change of DNA strand breaks induced by tap waters of Osaka City. Water 
samples were concentrated 500 fold by the Scp-pak Cl8 method (May, June, October 1993) and 300 

fold by the CSP800 method (July 1994). 
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We compare the DNA strand breaks induced by the Sep-pak conce ntrate 

of tap waters of Osaka Ci ty (21 June 1993). Kyoto Ci ty (21 June 1993) and 

ground water of Kyoto City {23 June 1993). The tap water of Osaka City had 

very high potential to induce DNA strand breaks compared to the tap water 

or ground water of Kyoto City which locates 30 km upstream from the Osaka 

City along the Yodo River. About 4.7 strand breaks per 107 base pairs were 

induced when cells were exposed to the 500 folds -concentrated water 

sample of Osaka City. 

Fig.4 shows the strand breaks Induced by tap waters of Osaka City, 

which were taken on different days and concentrated by Sep -pak or CSP800 

methods. The numbers of induced strand breaks were changed by the day of 

sampling, but all the samples induced strand breaks more than 2-fold of 

those of the blank sample . 

Contribution of the Polyaromatic Substances to the DNA D am aging 

Activity of Tap Waters. 

We concentrated pol y a romatic substances selectively using the blue-rayon. 

Fig. 5 shows the DNA strand breaks induced by tap waters of Osaka City 

which were concentrated by this method. The sample water which was 

taken on 18 October 1 993 induces DNA strand breaks dose-dependently with 

or without S9 mix, but the sample which was taken on 20 July 1994 did not 
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show dose-dependent increase in DNA strand breaks with or without 89 mix. 

Detoxicate Factors against the DNA Damaging Agents in the Tap 

Water 

To investigate the influence of 89 mix activation on induction of strand 

breaks, we took tap water of Osaka city on 18 October 1993 and 

concentrated the sample using the 8ep -pak method, and DNA strand breaks 

were measured by the FADU method with or without 89 mix activation (Fig. 

6). The sample induced dose-dependent increase in DNA strand breaks when 

cells were treated without 89 mix activation , but the potential to induce 

DNA strand breaks was completely vanished when cells were treated w ith 

the 89 mix. 

To investigate the antigenotoxic activity of glutathione, the tap water 

sample (20 July 1994, Osaka City, concentrated by C8P800 method) was 

preincubated with 0.033mM or 0.33mM of glutathione for 10 min at 37 OC in 

the serum-free MEM prior to exposure of human cells, and DNA strand breaks 

were measured (Fig. 7). The number of the DNA strand breaks induced by the 

tap water sample was reduced by preincubation with glutathione. 

Influence of Boil 

The tap water sample (21 June 1993, Osaka City) was boiled for 1 min in 
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Fig. 8 Influence of boil. The tap water sample (June 1993, Osaka City) was boiled for l min 
(closed circle) or untreated (open circle) before it was concentrated by the Sep-pak C 18 method. The 
FADU assay was carried out without S9-mix activation. 
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an aluminum kettle on a gas range, and concentrated by the Sep-pak method. 

DNA strand breaks measured by the FADU method were shown in Fig. 8. 

The potential to induce DNA strand breaks was dramatically reduced when 

water sample was boiled. 

DISCUSSION 

The tap water of Osaka City have potencial to induce DNA strand breaks 

in human cells, although the extracts studied may not be completely 

rep re se ntative of the substances found in eh lori nated water because the 

methods used to extract organic material fro m water were somewhat 

selective and would not result in equal concentration of all components; in 

parti cuI ar, vola ti I e substances may be lost. 

The high DNA damaging activity of tap water of Osaka City compared to the 

that of Kyoto City may reflect the genotoxicity of the source of municipal 

water supply. This result is not contradictory to our previous findings(1). 

The water source of Kyoto City is transported directly from the Lake Biwa 

through the Biwako-Sosui channel, which is about 20 kilometer length open 

channel, and no waste flows in this channel, while the intake point for the 

water supply of Osaka City locates downstream the Yodo River, where many 

pollution sources flow in, that are treated sewage, industrial and 
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agricultural waste, and urban run off from most areas of Kyoto City. 

Glutathione and rat l1ver S9 fraction reduce the potencial to induce 

DNA strand breaks of the tap water sample. lt has been reported that 

Glutathione and rat liver S9 fraction reduce the mutagenicity of 3-Chrolo-

4-(dichrolomethyl)-5-hydroxy-2(5H)-furanone (MX), which is estimated to 

account for about one-half to one-third of the total bacterial mutagenicity 

of the chlorinated tap water (5,6). These reports and our experiment did 

not clarify the contribution of MXon genotoxicity of tap waters, but one of 

the substances which cause DNA damage in human cells may be MX. Anyway, 

the genotoxic substnces containing in tap water may be inactivated by 

enzymes and glutathione in the human body. 

Our data suggest that the human risk is also reduced when tap water is 

boiled. lt is not due to the evaporation of low boiling point DNA damaging 

substances, because low boiling point substances are excluded during the 

process of Sep-pak method. lt may be due to the heat denature or 

decomposition of the DNA damaging substances. 

Our data directly demonstrate that the organic materials containing in 

tap water induce DNA damage in human cells, but mutagenicity and 

carcinogenicity is still unclear. Further study is necessary to estimate 

the actual risk of tap water to human health. 
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Chapter 4 

Molecular analysis of mutations induced by 2-chloroacetaldehyde, 

the ultimate carcinogenic form of vinyl chloride , in human ce ll s 

using the improved shuttle vector sys tem . 

Abstract 

Vinyl chloride (VC) is a carcinogen which is associated with 

induction of cancers in liver, brain, lung and haematolymphopoietic system. 

To study the VC mutagenesis at the molecular level in human cells, we 

treated the shuttle vector plasmid pMY189 with chloroacetaldehyde (CAA), 

the ultimate carcinogenic form of VC, and transfected the plasmid to human 

fibroblast cel l lines. The plasmids pMY189 were constructed by 

modification of the plasmid pZ189 to be able to apply to the fluorecence dye 

primer cycle sequencing method. The plasmids containing mutations in the 

supFgene were detected with the indicator bacteria system, KS40/ pKY241 , 

and the mutations were determined by the automatic DNA sequencer. Base 

sequence analysis of 109 mutant plasmids showed that the major type of 

base substitution mutations were the G:C to A:T transitions and most of the 

remaining mutations were G:C to T:A transversions and A:T to G:C 
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transitions. 73% of single base substitutions were located at G:C pairs in 

5 ' -AAGG -3 ' or 5'-CCTT-3' sequences, suggesting that these sequences are 

the major target of mutations, mainly, G:C to A:T transitions. This 

sequence specificity may be extrapolated to the estimation of contribution 

of VC to carcinogenesis in human beings. 
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Introduction 

Vinyl chloride (VC) is one of the widely used raw materials in the 

polymer industries. Many epidemiological studies and case reports have 

demonstrated that VC is associated with induction of cancers in liver 
' 

brain, lung and the haematolymphopoietic system. The IARC working group 

classified VC as belonging to Group 1 (1 ,2), which represents the substances 

with carcinogenicity supported by sufficient evidence. 

VC is metabolized by the cytochrome P450-dependent monooxygenases 

to 2-chloroethylene oxide, and then rapidly converted to 2-

chloroacetaldehyde (CAA) in mammalian livers (3). CAA reacts with DNA 

bases in vitro, resulting in producion of four known cyclic adducts: 1,M­

ethenoade nine (EA), 3, M· ethenocytocin e ( EC), f'.fl ,3-ethe nog uan i ne (N2 ,3- EG), 

and 1 ,f'..e-ethenoguanine(1 ,N2-EG) (4). These cyclic adducts were detected in 

liver DNA in rats following exposure to VC (5,6), and have been shown to 

cause mutations (7 -13). 

Recently, mutations in ras genes invo I vi ng G:C to A:T tr an s iti on s in 

the second nucleotide at codon 13 in the c-Ki-ras-2 gene were detected in 

liver angiosarcomas in VC plant workers (14). This type of mutation could 

be specific to VC since the same type of mutation was found in bacteria 

exposed to VC (9,10,11,12,13,15). We intend to confirm whether this VC 

specific mutation arises in human cells. 
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The shuttle vector plasmids , pZ189 (16) and its der ivatives pS189 

(17) and pYZ289 (18) have been widely used in assessing the carcinogen­

induced mutations in mammalian cells. Each type of the plasmid carries a 

bacterial suppressor tRNA gene, supF, as a target gene for mutagenesis. 

ThesupF gene is small enough ( 1 76 base pairs) to fac i I ita t e rapid sequence 

analysis in many samples. We constructed a new shuttle vector plasmid, 

pMY189, by modification of the plasmid pZ189 to make the plasmid sequence 

sutable for the fluorecence dye primer cycle sequencing method. 

We treated the shuttl e vector plasmid pMY189 with CAA, the 

ultimate carcinogenic form of VC, and transfected the plasmids to human 

fibroblast cells. The plasmids containing mutations in the supFgene were 

detected with the indicator bacteria system developed by Akasaka et al. 

(19). and the mutations were analyzed by the automatic DNA sequencing. 

- 58-

Mater ials and Methods 

Chemicals 

2-Chloroacetaldehyde(CAA). ampicillin, chloramphenicol, nalidixic 

acid, Isopropyl- .8 -D-thiogalactoside (IPTG) and 5 -bromo-4-chloro -3 -

indoyl- .8 -D-garactoside (X-gal ) were obtained from Wako Chemicals (Osaka, 

Japan). Re stricti on endonucleases and other enzymes tor the mo 1 ecu 1 ar 

cloning were obtained from Takara Shuzo (Kyoto, Japan). QIAGEN plasmid-

kit and Wizard™ Minipreps DNA Purification Systems were purchased fro m 

OIAGEN Inc. (Chatsworth,CA, USA) and Promega (Madison, Wl, USA), 

respectively. 

Ce ll s. 

SV40 transformed human fibroblast cell lines were used. A normal 

human cell line WI38-VA13 (20) was obtained from the American Type 

Culture Collection ( Rockville, MD). DNA repair deficient XP20S(SV) cells 

were previously established by us from a Japanese group A XP patient (21 ). 

All cells were cultured in Dulbecco's modified minimum essential medium 

(Ni kken, Kyoto, Japan) supplemented with 10% fe ta I bovine serum (Hyclone, 

Logan, UT). 
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Plasmid Construction. 

Th e sh utt l e vector p lasm id pZ189 was mod if ied to be d i re c tly app li ed 

to the dye pr i mer cycle sequencing method fo ll owed by automatic DNA 

sequencing by 370A DNA sequencer (Applied B iosystems, Foster, CA, USA) . 

Two 42 - mer oligonucleotides were synthesized by 3808 DNA synthesizer 

(Applied Biosys tems). One containes the sequence of the -21 M13 

fluore scent dye -1 ab elled universal prim er (5' -TGTAAAACGACGGCCAGT -3 ') 

which is the commercially available (Applied Biosystems) (5 ' -

GACGAATTCTGTAAAACGACGGCCAGTGAGCTCGAATTCTTG-3') . The other is 

its complimentary sequences, (5 '-

CAAGAA TTCGAGCTCACTGGCCGTCGTTTT ACAGAA TTCGTC-3') . Both 

oligomers conta in EcoRI restriction sequences (5'-GAATTC-3 ') at their 5 ' -

and 3 '- ends and a Sa cl re stricti on sequence (5'-GAGCTC-3 ') . Twenty ,u g 

each of these oligomers were annealed by heating and cooling in solution of 

750 mM NaCI and 75mM Na3 citrate. After ethanol precipitation, the 

annealed fraction (double strand DNA) was digested with EcoRI, and inserted 

into the EcoRI site of pZ189 with T4 DNA ligase. The direction of the 

inserted oligomer was confi rmed by Sacl digestion and DNA sequencing. 

The modified pZ189 was named pMY189 (Fig. 1.) . 
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5'-GACGAATTCTGTAAAACGACGGCCAGTGAGCTCGAATTCTTG-3' 

3'-CTGCTTAAGACATTTIGCTGCCGGTCACTCGAGCTTAAGAAC-5' 

dig ested by EcoRI 

5'-AA TTCTGT AAAACGACGGCCAGTGAGCTCG 

GACA ITTIGCTGCCGGTCACTCGAGCTT AA 5 

SV40 ori 

pZ189 

5. 5 Kb 

0 
pMY189 

p0R3 2 7 orr 

T ant1gen 

Fig. 1. Construction and the structure of the shuttle vector plasmid pMY 189. Two 42 mer 
oligonucleotidcs, one contained a sequence of -2 1 M13 5'-tluorescent dye-labelled universal primc1 
for the automatic DNA sequencing, were annealed and digested by EcoRI, and ligated into the EcoRI 
site of the pZ189 . 
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Bacterial strains prec ip itat ion of the p lasm ids to re move the nonreacted excess CAA and the 
I 

The i nd 1 cato rE. coli stra in KS40/pKY241 (1 9) was k1 nd ly supp li ed fro m plasm ids we re red isso lved in 0 .5 m I of TE b uffer (pHB) . 

Dr. S. Akasaka, Division of Industrial Health, Osaka Prefectural Inst i tute of The human ce l ls , WI38-VA13 or XP20S (SV) we re tryps inized , washed , 

Public Health, Osaka, Japan. KS40 is a na l id i x ic ac id - res istant (gyrA ) and suspended in Dulbecco's phosphate -buffered sal ine (PBS) solution (pH 

derivative of MBM7070 (lacZ (am) CA7070 lacY1 HsdR HsdM .J (araABC- 7.4-7.6). Cells (2 X 107 ) plus 14 .4 ,u g CAA- treated pMY189 in PBS solution 

teu)7679 ga/U ga/K rpsL thi) (22}, which has been used for detection of tl1e (0.2 ml) were placed in an electroporation chamber (electrodes 0.3 cm 

mutated pZ189 . Plasmid pKY241 was constructed by Dr.Akasaka et al (1 9} apart) (PDS, Inc., Madison, Wl) and the cells were transfected with the 

and contains a chloramphenicol resistant marker and a gyrA(amber) gene. plasmids by electric pulses (600 V, 5 times). The cells were plated in five 

E.coli KS40/ pKY241 cells carrying active supF suppressor tRNA are 1 0-cm dishes and incubated at 37 "C for 72 h in a~ incubator. 

sensitive to nalidixic acid, whereas the cel ls carry ing mutated supF form 

colonies on plates containing nalidixic acid, chloramphen icol and ampicillin. Plasmid Recovery , Selection of Mutated supF, and DNA Sequencing. 

IPTG and X-gal were further added to confirm selection of the mutated Plasmids were extracted from the cells using Wizard™ Minipreps DNA 

supFgene. E.coli cells containing active supF gene produce blue colonies, Purification Systems (Promega, Madison, Wl, USA}. The purified plasmids 

whereas the cel ls having mutated supF gene produce white or l ight blue were digested with the restriction endonuclease Dpnl (Boeringer-

colonies. Yamanouchi, Tokyo, Japan) to eliminate the nonreplicated plasmids which 

retain the bacterial methylation pattern. 

Treatment of PI as mid s wit h C AA and T ran s f e c t ion to Human C e 11 s. Plasmid DNA was introduced into the indicator bacteria KS40/ pKY241 

Pure stocks of pMY189 were prepared by using the QIAGEN plasmid by the electro transformation apparatus E.coli Pulser (Biorad, CA. , USA). 

p u ri fi cation kit. The plasmids ( 40 ,u g) we re treated w i th various The bacteria were plated on LB agar plates containing nalidix ic ac id, 

concentrations of CAA in 0.3 M sodium acetate in total volume of 0.5 ml. ampicillin, chloramphenicol at concentrations of 50 ,u g / ml, 150 ,u g / ml and 

The reaction was allowed to proceed for 1 hour at 37 "C followed by ethanol 30 ,ug/ml, respectively, supplemented with IPTG and X-gal to select the 
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plasmids containing the mutated supF genes. A part of the bacteria was 

also p lated on LB agar plates containing ampicillin and chloramphenicol to 

measure the total number of transformants. After 24h incubation at 37 CC, 

colonies were counted and mutation frequencies were calculated. 

Mutated plasmids we re extracted and p u ri fi ed fro m the overnight 

culture with the Wizard Minipreps Purification System (Promega) and the 

base sequences of the supF gene of the plasmids were determined with the 

-21 M13 primer and Dye - Primer Cycle Sequencing reagent Kit using 370A 

automatic DNA sequencer (Applied Biosystems). 

R esu lts 

Plasmid Mutagenesis . 

CAA treatment of the pMY189 plasmids increased the 

frequency of mutation insupFgene in both repair -proficient and repair 

deficient cells (Table 1). The background plasmid mutation frequency was 

2.2 and 1.4 x 1Q -4 with VA13 and XP-A cells, respectively . The mutation 

frequency increased similarly in both cell lines following treatment of the 

plasmid with CAA; about 7- and 40-fold increase with 0.13M and 0.51M CAA, 

respectively. 

Base Sequence Analysis 

Analysis of 109 supF mutant plasmids transfected to the repair 

proficient cel ls was carried out by the nucleotide sequencing. Base 

sequence changes in plasmids were classified as single base substitutions , 

tandem base substitutions, multiple base substitutions (2 s base 

substitutions more than 3 bases apart), frameshifts (single base insertions 

or deletions). and large deletions (Table 2). Large deletions (average 

deletion size, 113 base pairs; range, 26 to 184 base pairs) were found in 

10% of the plasmids, and 12% of the plasmids contained the multiple base 

substitutions. The tandem base substitutions and the frameshift mutations 
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Table 2. Types of mutations in the sunF gene in 2-chloroacetaldehyde 
treated shuttle vector prasmids pMYI89 propagated in human fibrobrast 

cells WI38 VA13 

Type of mutation No. % of total 

Base substitution 
single base substitution 79 72.5 
tandem base substitution 1 0.9 
multiple base substitution 14 11.9 

Frameshift 
single base insert ion 0 0.0 
single base dele lion 1 0.9 

Deletion over 3bp 12 10.1 

Others 2 1.8 

Total 109 100 
-----

Table 3. Types of 2-chloroacetaldehyde induced single base substitutions 
in the supF gene in shuttle vector plasmids pMYI89 propagated in human 
fibrobrast cells WI38-VA13 

No. of mutants 
Type of mutation No. (%) of mutants /target site'(%) 

Substitution of G:C 71 (89.9) 1 . 291 (86.3) 
G:C to A:T 43 (54.4) 0.782 (52.3) 
G:C to T:A 23 ( 29. 1) 0.418 (27.9) 
G:C to C:G 5 ( 6. 3) 0.091 ( 6.1) 

Substitution of A:T 8 (10.1) 0.205 (13.7) 
A:T to G:C 7 ( 8.9) 0.179 ( 12.0) 
A:T to T:A 1 ( 1. 3) 0.026 ( 1. 7) 
A:T to C:G 0 ( 0.0) 0 ( 0. 0) 

Total 79 ( 100) I. 496 (100) 

•Numbers of targets of the single base substitution mutations in the supF gene 
are 55 at G:C pairs and 39 at A:T pairs. 
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were scarce. The rest (73%) contained the single base substitutions. 

Among the mutant plasmids with single base substitutions, 90% 

were the substitutions of G:C base pair (Table 3). The most frequent type 

of the base substitution mutation was G:C to A:T transition (54%}. Other 

types of the base substitutions were G:C to T:A transversion (29%), G:C to 

C:G transversion (6%), A:T to G:C transition (9%} and A:T to T:A transversion 

(1 %}. No single base A:T to C:G transversion was detected. Figure 2 

shows the possible targets of the single base substitutions which 

inactivate the suppressor function in the supFgene, compiled from the 

previous reports (16, 17, 23-39}. Among the possible 94 tag et sites in the 

supF gene, 55 sites are present in G:C base pairs and 39 sites are present in 

A:T base pairs. Proportion of the base substitution at G:C base pairs is 

higher than that at A:Tbase pairs, even the ratio of G:C to A:T was 

normalized (Table 3). 

Mutation Spectra . 

Distribution of the single base substitutions, and tandem or 

multiple base substitutions in the supFgene with the repair proficient cell 

is shown in Fig. 2. Eight sites (123,133,134,156,159,160,168 and 169} had 

four or more single base substitutions. Most of the single base 

substitutions (91 %) were produced at these hotspots. Seven of the 8 
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Fig. 2. Locations of the single (A), and tandem and multiple (B) base substitution mutations found in 
the supF suppressor tRNA gene in CM-treated plasmids pMY UN propagated in Wl3H-VAlJ cells. 
Each letter represents a single base substitution mutation found in an independent plasmid (A). 
Tandem and multiple base substitutions occuring in a clone arc underlined (B). The possible tmgcts 
of the single base substitutions which inactivate the suppressor function arc as follows (Position 
(Reference)) : 42(16), 43(16,39), 45(16), 46( 16), 50( L 6, 38), 53(28), 59(39), 62(39), 63( 16 ), 
65(16,24,26), 70(our data), 71(16,26), 77(16,31), 80(24), 93(24,26), 99(24,26,34), 100(16), 
1 02( 16, 17,25), 103(16, 17 ,25,37), 104(16, 17,33,37), 1 05(16, l7,37,33,3H), 106( 16,34,3H), 
I 07(37), 1 OH( 16,23,26,31,36-39), 109( 16, 17,24-26,29,31,33,34,37), 11 0( 16,25,30,31 ,36), 
111 (16,23,26,30,37), 112(16, 17,29,30,33,34,37,38), 113(16, 17,23,25,26,31,34,37,38), 
114(16,26), 115(16, 17,25,29,37,38), 116(1 6, 17,25,26,29,31 ), 117(16,36), 118( 16,24,34), 
119(16,34), 120(16,24,31,33-35,37,38), 121(27,37), 122(16,25,3 1,34,36,37), 123(16,17,23-
26,32-34,37-39), 124( 16, 17,24,33,34,36,38,39), 125(16,37), 126(16,37), 
127(16, 17,25,29,33,34,37,38), 128(30), 129(16, 17,24-26,31 ,32,34,35), 130(37), 132( 16,34,37), 
133(16, 17,24-27,29,31-34,38), 134(16,27 ,31 ,33,34,37-39), 135(16,27,31 ,33-35,38,39), 
136(16, 17,24,26,27,29,31 ,33-37,39), 137(16, 17,31 ,33,34), 138(37), 139(16, 17,24-26,29,33-
35,37 ,38), t 40(16,24,25,30,34 ), t 41 (16,25,33,34,37 ,38), 143( 16,25), 
144(16,17,24,26,29,33,34,37), 145(37), 147(35), 148(Akasaka et al., in press), 149(26,33,35), 
150(16,31,37), 151(37), 153(37,39), 154( 16,31,35,37), 155(16, 17,23,25,26,29,31-37,39), 
156(16, 17 ,23-26,31-39), 157(37), 158( 16,31 ,34,37), 159(16, 17,23-26,29,31-39), 160( 16,17,23-
27,29,30,31 ,33,34,38), 161(16,27,33,34,37), 162(16,25,27,34,36,37), 163( 16,31 ,32,37), 
164(16, 17,24-26,29,31 ,33,34,36,37 ,39), 165(16,25,31 ,33,34,36,37), 166(27,37), 167( 16,37), 
168(16, 17,23-27,29-39), 169(16, 17,23-26,29-31,33-39), 170(37), 171 (16,34,37,39), 
172(16, 17,24-26,29,33,34,37 ,38), 173( 16,34,39), 174( 16, L 7 ,25,37), 175( 16,31 ,33,37), 176( 17), 
177(16,17,34,35), 178(17,25), 179(16,34), 180(37),200(16). Tnesupl· promoter!>cqucnccstarts 
at base pair 24, the prc-RNA sequence starts at base pair 59 ,the tRNA coding sequence starts at base 

pair 99 and lhe 3' flanking region starts a~ base pair 184 and end<, at base p< i 200. 
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hotspots were located at G:C base pairs. Five G:C to A:T or G:C to T:A 

hotspots (123,159,160,168 and169) are located at G:Cbase pairs in 5'-

AAGG-3' sequences. 
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Discussion 

Plasmids pMY189 treated with 2-chloroacetaldehyde (CAA) yielded 

the same frequency of mutations when they were propagated in XP-A and 

normal cells, suggesting that the DNA damage induced by CAA is not 

repaired by the nucleotide excision repair passway in human cells. This 

was supported by the preliminary experiment indicating that the survival of 

E. coli MBM7070 (w i Id type) and KY 46 (uvr A) transformed by the CAA-treate d 

pMY189 plasmids were same (data not shown). CAA induced DNA adducts 

were reported to be repaired by a human 3-methyladenine DNA glycosilase 

( 40, 41). suggesting that DNA repair other than the nucleotide excision type 

may be involved. 

Mutation spectra of the single base substitutions showed a marked 

feature. Among 79 single base substitutions, 72 (91%} were located in the 

eight mutational hotspots, even though there are 115 possible mutation 

target sites in the supFgene. There are tour 5'-AAGG-3' or 5'-CCTT-3' 

sequences in the supFgene (positions 68 -7 1,120-123,157-160 and 168 -

171). Fifty eight out of 79 (73%) single base substitutions were located at 

G:C pairs in these 5'-AAGG-3' or 5'-CCTT-3 ' sequences. This suggests that 

G:C pairs in 5'-AAGG-3' or 5'-CCTT-3' sequences are the major mutational 

targets by CAA. The possibility that we isolated sibling mutants is not 

likely, because we took 109 colonies out of about 3000 mutant colonies, and 
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no identical mutation was found in the tandem and multiple base 

substitutions, frameshifts and deletion mutations. 

G:C to A:T transition mutation is predominant (50.9%}, supportin!g 

the previous findings that chloroethylene oxide-treated E.coli (15} and CA.A­

treated gapped duplex M13 DNA (13} sustained mainly G:C to A:T transitions. 

The adducts which can cause mutations in G:C base pairs would be the 

3, M -ethenocytocine(EC) and the f\e ,3-ethenoguan ine(N2 ,3-EG). The N2,3-EG 

: T mismatch caused G:C to A:T transition in an in vitro DNA replication 

ex p er i m en t ( 8) . S i t e s p e c i f i c a 11 y i n corporate d N2 , 3-E G i n t h e M 1 3 do ubI E! 

strand DNA induced Gto A transitions (11}, and site specifically 

incorporated EC in the M13 single strand DNA (9) or gapped duplex DNA 

(1 O, 12} induced mainly C toT mutations. These reports and our experiment 

could not clarify which adduct is the major contributor to mutations in 

human cells, but both EC and N2,3-EG can induce G:C to A:T transitions. 

The previously published data of the mutations in G:C base pairs 

induced by CAA or its related cyclic adducts are summarized in Table 4. 

Compared with other studies using M13 phage, our results shows relatively 

high frequency of G:C to T:A transversion mutations. lt may reflect the 

different mechanism of the mutation fixation in E.coli and human cells, 

since the similar difference was observed in UV-induced mutations in M13 

and human cells (33,42}. 
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The published data of the mutations in A:T base pairs induced by 

CAA or its related cyclic adducts are summarized in Table 5. The 

predominance of A:T to G:C transition mutations in our data supported the 

previous findings that site-specifically incorporated EA and 4-amino - 5 -

(imidazole-2-yl)imidazole ( /3} in single strand M13 DNA induced mainly A:T 

to G:Ctransition(9) in E.coli. The data from mutations of CAA- treated 

M13 gapped duplex DNA replicated in E.coli, however, showed the 

predominance of A:T to T:A transversions (13). In addition to the 

difference of the mechanism of mutation fixation in E. coli and human cells, 

the contradicting results with M13 may be due to the difference in the sites 

of the adducts produced in DNA. The adducts are located in the sing 1 e 

stranded region of the gap in the gapped duplex DNA. 

The shuttle vector plasmid pMY189 designed to be applied to the 

fluorescent dye primer cycle sequencing by an automat ic DNA sequencer, 

made the analysis of the nucleotide sequences of the mutant supF genes 

easier and faster than the conventional radioisotope labelling and 

autoradiography method. This method also made the analysis more 

accurate than the dye deoxy terminator cycle sequencing method using the 

automatic DNA sequencer we previously used (33). 

In conclusion, we found that about a half of the CAA-induced 

mutations were G:C to A:T transitions and that the most of the remaining 
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Table 4. Types of G:C base substitution mutations induced by the 2-chloroacetaldehyde 
or its related cyclic adducts, in comparison with other studies. 

G:C to A:T 

G:C to T:A 

G:C to C:G 

I base deletion 

Total 

EGa 
M13 dsDNA 

in E.coli 

134(99.3) 

0( 0) 

1 ( 0.7) 

0 ( ()) 

135(1 00%) 

No. (%) of mutants 

ECh 
Ml3 ssDNA 

in E.coli 

31(56.4) 

12(21.R) 

0 ( 0) 

12(21.R) 

55(100%) 

ECc 
Ml3 gdDNA 

in E.coli 

(64.0) 

(10.9) 

( 0) 

(25.0) 

(100%) 

CAA treatedd 
Ml3 gdDNA 

in E. coli 

80(72.1) 

20(1R.O) 

11( 9.9) 

0 ( 0) 

111(100%) 

Our Datac 

62(64J>) 

29(30.2) 

5( :5.2) 

0 ( 0) 

96(100%) 

acheng,K.C. et al.( 11 ); Site-specifically incorporated .N2,3-ethenoguanine (5'-GG(EG)AAA-3') in 
double strand M 130NA was replicated in E. coli cells. 
hBasu,A.K. et <11.(9); Site-specifically incorporated J,N4-ethenocytosine (5'-TAG(EC)GGG-3') i111 
single strand M 13DNA was replicated in E. coli cells. 
cpaJejwala,V.A. et ai.(IO); Site-specifically incorporated 3,N4-ethenocytosine (5'-TT(EC)TT-3') in 
gapped duplex MlJDNA was replicated in E.coli cells. Mutation was analyzed by the multiplex 
sequence analysis. 
dJacobson,J .S. et al.(l3); The CAA treated gapped duplex M13DNA was replicated in UV-irradiated 
E. coli cells. 
coata contains all single, tandem and multiple base substitutions. 
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Table 5 Types of t~e A:T base .substitution mutations induced by the 2-chloroacetaldehydc or its 
related cycltc adducts, m comparison with other studies. 

No. (%) ot mutants 
EA a fib CAA treated.: 
M13ss0NA M13 ssDNA M13 gdDNA Our Oatad 
in E. coli in E.coli in £.coli 

A:TtoG:C 17(56.7) 11(68.8) 4(17.4) 10(76.9) 

A:Tto T:A 5( 16.7) 2(12.5) 18(78.3) 2( 15.4) 

A:Tto C:G 8(26.7) 3(18.8) 1(4.3) 1( 7.7) 

Total 30(100%) 16(100%) 23(1 00%) 13(100%) 

a~asu,A.K. et al.(9); Site-specifically incorporated 1 ,N 6-ethenoadenine (5'-GCT(EA)GC-3') in 
smgle strand MlJDNA was replicated in E. coli cells. 

bBasu,A.K. et al.(9); Site-specifically incorporated 4-amino-5-(imidazol-2-yl)imidazole( ,8) 

(5'-GCT( ,B)GC-3') in single strand Ml30NA was replicated in E. coli cells. 
cJacobson,J.S. et al.(13); The CAA treated gapped duplex M 130NA was replicated in UV-irradiated 
E.coli cells. 

<lOata contains all single, tandem and multiple base substitutions. 
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mutations were G:C to T:A transversions and A:T to G:C transitions in the 

shuttle vector plasmid pMY189 propagated in human cells. G:C pairs in 5 '­

AAGG-3 ' or 5'-CCTT-3' sequences are the major target of mutations, mainly, 

G:C to A:T transitions. This sequence specificity can be extrapolated to the 

estimation of contribution of VC to carcinogenesis in human beings. 
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Chapte r 5 

Specific Tandem CC-+ A A Base S ub sti tu t i o n s Induc e d by A c eta ldehyd e 

A BSTRACT 

Acetaldehyde is present in tobacco smoke and is produced by the oxydatio n 

of ethanol and is confirmed to cause cancers in the respiratory organs in 

animals(1 ). Base sequence analyses of 1 02 mutant supF suppressor tRNA gene 

induced by acetaldehyde revealed that 63 %of the mutated supF genes had 

tandem base substitutions. The most predominant type of the mutations are CC 

-+ AA (GG -+ TT) transversions, which have rarely been reported previously. As 

the treatment with acetaldehyde yields very specific CC-+ AA tandem base 

substitutions in DNA, the base changes may be used as a probe to identify 

acetaldehyde as the causal agent in human tumors. 
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INTROD UCTI ON 

Acetaldehyde is one of the most commonl y used organic substances in industry 

as the raw material for the products such as acetic acid, dyes, photographic 

chemicals, antioxidants, plastics and synthetic rubber (2). Presence of 

acetaldehyde in many foods and automotive exhaust gases has been detected(1 ) · 

Cigarette smoke contains 0.8-1 .4 mg acetaldehyde as the major component(3). 

Human exposure to acetaldehyde may also be common as it is produced by the 

oxydation of ethanol. Acetaldehyde produces interstrand cross-links in calf­

thymus DNA in vitro (4), and induces sister-chromatid-exchanges in bone­

marro w cells in rodents(5,6) exposed in vivo and in cultured human 

lym p hocytes(?}. I t also induces eh romosomal aberrations in rat embryos( B), 

and mutations in cultured human skin fibroblasts(9). Inhalation of acetaldehyde 

causes adenocarcinomas and squamous-cell carcinomas in the nasal mucosa in 

rats and lary ngea l carcinomas in hamsters( 1 ). 

RESULTS AND DISCUSSION 

The shuttle vector plasmid pMY189, previously constructed by us 

(man usc r ipt sub mitted), was exposed to va rious concent rat ions of acetaldehyde. 

The plasmid has the supF suppressor tRNA gene as an indicator of mutation and 

can replicate in both human and Escherichia coli cells. Aceta Id ehyd e- treated 

shuttle vector plasmids were transfected into the human fibroblast cells 
' 
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fig. I. a, Survival of acetaldehyde-treated pMY 189 replicated in WI3R-VA 13 cells. The relati\'G 
number of ampicillin and chloramphenicol-resistant bacterial colonies obtained after repair and 
replication of acetaldehyde-treated pMY189 in the cells followed by transformation of the indicator 
E.coli is shown. b, The frequencies of acetaldehyde-induced mutations in pMY 189 replicated in 
Wl3R-VA13 cells. The frequency was calculated by the number of white bacterial colonies on Ll3 
agar plates containing ampicillin, chloramphenicol , nalidixic acid . IPTG and X-gal di\'ided by the 
number of bacterial colonies on plates containing ampicillin and chroramphenicol. 

METIIODS. Plasmids pMY189 (80 /..1. glml in TE buffer (tOm M tris, 1 mM EDTA)) were treated with 

various concentrations of acetaldehyde. The reaction was allowed to proceed at 370C for 1 hour 
followed hy ethanol precipitation of the plasmids to remove nonreacted excess acetaldehyde. and the 

plasmids were redissolved in TE buffer (p! IR) . The human cells (W138-VA13) (2 X 107) were 

transfected with the 14.4 /..1. g acetaldehyde-treated pMY189 by electric pulses. The cells were 

incubated at 370C for 72 h in a C02 incubator. The plasmid was extracted from the cells and 
digc,,.ted with the restriction endonuclease Dpnl to eliminate nonreplicated input plasmids with the 
bacterial methylation pattern. Plasmid DNA was introduced into the indicator bacteria E. coli 
KS40/pKY241(23) by clectro transformation. 1l1e bacteria were plated on LB agar plates containing 

nalidixic acid, ampicillin. chloramphenicol at concentrations of 50 f-L g!ml, 150 /..1. glml and 30 /..1. g/rnl, 
respectively, supplemented with IPTG and X-gal. Plasmids with the mutated supF genes make 
E.coli cells resistant to nalidixic acid, while the cells cmrying plasmids with the unmutated supf 
genes cannot grow in the presence of nalidixic acid. IPTG and X-gal further confirm the selection of 
the mutated supF gene by color of the colonies. A part of the bacteria was also plated on plates 
containing ampicillin and chloramphenicol to measure the fraction of the transformants. 
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Table 1 Classes of mutations induced in acetaldehyde-treated pMY 189'~- . 

Class of mutation 

Plasmids which have 

Single base substitution 

2 base substitutions more than 3 bases apart 

Tandem base substitution 

One tandem base substitution 

Two tandem base substitutions 

No. (%) of pla'>mids 

24 (23.5) 

8 ( 7.8) 

One tandem base substitution and one base substitution 

53 (52.0) 

3 ( 2.9) 

7 ( (L9) 

One tandem base substitution and dclesion 

Frameshift 

Delesion more than 2 base pairs 

Insertion more than 2 base pairs 

Independent plasmids sequenccd 

1 ( 1.0) 

() ( 0.0) 

5 ( 4.9) 

1 ( 1.0) 

102 ( tOO) 

*Fourteen and 88 mutant plasmids were analyzed from 109 and 721 mutant clones of pM Y1 R9 

obtained with treatment of 2M and 1 M of acetaldehyde respectively. 
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TTTGATATGATGCGCCCCGCTTCCCGATAAGGGAGCAGGCCAGTAAAAGCATTACCTGTGG 
AA T A TT 

I I 0 I 2 0 l 3 0 I 4 0 I 50 

TT 
AT 

I 6 0 
1 I I I I I 

TGGGGTTCCCG AGCGGCC AAAGGGAG CAGA CTCT AAA TCTGCCG TCAT CGAC TT CG AAGG 
TT AA C TC A TTC AA CT A TT TT AA AA 

TT AA T TT TT AA C A q A IJ GA TT 
TT AA TT AT AA T TT C TT 

TT AT CT C AA C TT 
TT AT CAA AA TT 
- AA T AT C 

AA AT 
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AA 
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AA 
H 
TA 
TA 
AG 
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G 
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TTCGAATCCTTCCCCCACCACCATCACTTTCAAAAGTCCG 
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T A'J: G A 
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Fig. 2. Location of base substitution mutations found in the supF gene. Each letter represents a 
base substitution. Tandem buse substitution mutations ure underlined. Mutated plasmids were 
purified and the sequences of the supF gene were detennined with the -21 M13 primer and the Dye­
Primer Cycle Sequencing reagent Kit using a 370/\ automatic DNA sequenccr (Applied Biosystcms). 
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followed by incubation for 3 days to allow repair , mutation fixation , and 

replication. The plasmids were extracted and transfected to the indicator E.coli 

strain to detect acetaldehyde-induced mutations and plasmid survival. 

The acetaldehyde-treatment of pMY189 caused a dose-dependent 

reduction of the ampicillin -resistant bacterial colonies, and a dose-dependent 

increase in the mutation frequency of the supF gene (Fig. 1). Base sequence 

analysis of 1 02 mutant supF genes (Table 1) revealed that 63 %of mutated 

plasmids had tandem base substitutions, which has scarcely been reported to be 

induced by other mutagens except ultraviolet light(1 0) and reactive oxygens(11 ). 

Distribution of the base substitutions in the supFgene is shown in Fig . 2. The 

tandem base substitutions are present in various sites throughout the gene with 

a clean hot spot involving the base 109. The types of base substitutions are 

listed in Tab le 2. Eighty percent of the tandem base substitutions are located at 

CC (GG) sites, 13 %are located at 5'-GC-3' sites and 5 %are at 5' -CG-3' sites. 

The most predominant ty pe of the mutations is CC .... AA (GG .... TT} (59.7%) 

transversions, which have rarely been reported with other mutagens previously, 

with an exception of cis-diamminedichloroplatinum(ll) (12). In the base 

substitutions except the tandem base substitutions, 96% took place at G:C base 

pairs, G:C .... T:A (46.8%) and G:C .... C:G (38.3%) transversion mutations being the 

major types of the mutations. 

As the treatment with acetaldehyde causes very specific base changes in 
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Table 2 Types of tandem and other base substitution mutations induced in acetaldehyde-treated 

pMY1R9 

Type of mutation 

Tandem base substitutions 

CC - M ( G G - 'IT) 

CC - Tf ( G G - AA ) 

CC -TA( GG- TA) 

CC - AT ( G G - AT) 

CC - AG ( GG - CT) 

GC- M( GC-IT) 

GC-AT 

CG - TC ( CG - GA) 

CG - TT ( CG - M) 

TC- M( GA- Tf) 

No.(%) of 

base substitutions 

67 ( I 00) 

40 (59.7) 

2 ( 3.0) 

2 ( 3.0) 

6( 9.0) 

3 ( 4.5) 

7 (10.4) 

2 ( 3.0) 

2 ( 3.0) 

1 ( 1.5) 

1 ( 1.5) 

CCC- GCA (GGG -TGC) 1 ( 1.5) 

Type of mutation 

Other base substitutions 

e-T (G- A) 

e-A (G -T) 

c-G (G-C) 

T-C (A- G) 

T-A (A-T) 

T-G (A- C) 
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No.(%) of 

base substitutions 

47 ( 100) 

5 (10.6) 

22 (46.R) 

18 (38.3) 

() 

1 ( 2.1) 

1 ( 2.1) 

DNA, the base sequence change may be used as a probe to identify acetaldehyde 

as the causal agent in human tumors. Seventy percent of human tumors have 

been shown to contain mutations in the p53 gene(13), and the specificity in types 

of mutations in this gene could be related to the causal environmental agents, 

such as sunlight UV to CC-+ TT tandem double mutations in skin tumors(1 0,14-

16), and afratoxin 81 to G-+T transversions in liver tumors(17,18). Only one CC 

-+ AA(19} tandem base substitution was found in the analyses of 541 base 

substitutions in the p53 gene in human cancer in various organs, by our survey of 

41 I i te rat u res . Among other types of changes, one CC-+ TT (20) and one 

CG-+AA(21) tandem base substitutions were the only ones similar to what found 

in this report. This strongly suggests that the tandem base substitutions are 

very rare, and if detected, may represent the specific cause responsible for such 

changes. Two of these tandem base substitutions were found in lung(19,20) and 

the remaining one was in esophagus(21), and could be related to the smoking and 

the alcoholic baverage, although no d etai Is concerning the smoking or drinking 

history of the subjects concerned were given. Another possible agent 

responsible for the tandem base substitution is reactive oxygens(11), with 

frequent CC-+ TT changes , but never with CC-+AA changes, and the specificity was 

not so high as with acetaldehyde. The CC-+AA tandem base substitutions, 

coupled with the epidemiological survey of the smokers and drinkers may reveal 

the burden due to acetaldehyde. 
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Chapter 6 

Conclusion of This Thesis 

Measu r ement of DNA st r and breaks by FADU me t hod 

We tried to apply FADU method as a short-term test to detect DNA-

damaging environmental agents, using an SV40-transformed human 

fibroblast cells. We can quantify the number of DNA strand breaks using the 

dose-response curve of r -rays as a calibration curve of DNA strand breaks 

(Fig. 1 of Chapter 2). DNA strand breaks are induced by three mechanisms. 

The first mechanism is the direct breakage of phospodiester linkages of DNA 

induced by such as r -rays, reactive oxygens and some anticancer drugs like 

bleomycin. The second, DNA breakage is induced by DNA repair 

endonucleases. The third mechanism is the apoptotic cell death. We tried to 

detect DNA strand breaks caused by DNA repair endonucleases as we 11 as thH 

direct breakage and apoptotic DNA fragmentation, for many DNA damaging 

agent does not induce strand breaks directly. We used DNA polymerase 

inhibitor araC and hydroxyurea to prevent strand rejoining for sensitization 

of th1s assay (Fig. 1). We can detect DNA strand breaks induced by physical 

and chemical carcinogens such as r -rays, UV light, MNNG, 4NOO, B(a)P 

efficiently by using araC and hydroxyurea. 

We applied thIS method to evaluate the DNA damage in human ce lis 
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Fig. 1 Use of DNA polymerase inhibitor araC and hydroxyurea for sensitization of the FADU assay. 
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induced by contaminants in tap water. We compared DNA damage induced bV 

the tap water of Kyoto City and Osaka City. The tap water of Osaka City 

showed much higher potential to induce DNA damage in human cells than tap 

water of Kyoto City. This may reflect the water quality of the source of 

mun1c1pal water supply. Th1s result IS not contradictory to our previous 

findings, using the Bacillus subtilis rec-assay, that DNA damaging potential 

of contaminants in the Yodo River increased as the river goes down. Rat 

liver S9 fraction and glutathione and boiling of the tap water reduce the 

DNA damaging potential. These result suggest that the risk of tap water to 

human beings is reduced by boiling of water for cooking or making tea, and 

the risk is further reduced by enzymes and glutathione in the human body. 

Although the FADU method is useful to evaluate DNA damage in human 

cells, there are some limitations and dilemmas when we use this method for 

risk assessmen t. First, we can not detect DNA strand breaks induced by DN.A 

crosslinking agents such as mitomycin Cor cis-diamminedichloro­

platinum(ll), because DNA interstrand crosslinks inhibit alkaline unwinding 

of double-strand DNA. Second, we can not detect DNA damages if these 

damages are not repaired in human cells. So we can not extend the results 

of this assay directly, to evaluation of mutagenici ty or carcinogenicity to 

human beings. For example, very strong mutagens IQ, MeiQ and MeiQx does 

not induce DNA strand breaks in human cells (data not shown). lt is 
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necessary to combine the FADU assay with other assays of gene mutation, 

clastogenicity and promotion activity in human cells to evaluate the actural 

cancer risk to human beings. 

Mutation spectrum of the 2-chloroacetaldehyde and acetaldehyde. 

We analyze the mutation spectrum induced by two aldehydes, 2-

chloroacetaldehyde and acetaldehyde. Both aldehydes are thought to be 

related to human cancers. The 2-chloroacetaldehyde is the structurally 

similar compound of acetaldehyde, only one hydrogen atom in the methyl 

group of acetaldehyde is took place to the chlorine atom (Fig. 2). 2 -

chloroacetaldehyde mainly induce G:C to A:T transition at G:C pairs in 5 '­

AAGG-3' or 5'-CCTT-3' sequences. Acetaldehyde shows quite different 

pattern of mutations from 2-chloroacetaldehyde. Sixty-three percent of 

mutations acetaldehyde induced are the tandem m uta tio n s, wh i 1 e, 2 -

chloroacetaldehyde-induced tandem mutation is only 0.9 percent (Fig. 3). 

Although we do not know the structure of acetaldehyde-induced DNA 

damages which read to tandem mutations, they are probably the dimers of 

guanine or cytocine bases. lt is well known that aldehydes form crosslinks 

between amino groups of DNA. The possible structures of the acetaldehyde­

induced DNA lesions are indicated in Fig. 4. A carbonyl group in 

acetaldehyde can bind to an amino group of guanine or cytocine and make a 
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crosslink between the adjacent two bases. it is important to elucidate the 

mechanisms of induction of tandem mutations in order to estimate the 

cancer risk of exposure of acetaldehyde to human beings. 

In conclusion, 2-ch loroacetald e hyd e and acetaldehyde show es ve ry 

specific mutation spectrum, and these spectrum may be used as a probe t o 

identi f y these aldehydes as the causal agent in human tum ors. 

2-chloroacetaldehydc Acctalclchyclc 

Fig.2 The structure of the 2-chloroacetoaldehyde and the acetaldehyde. 
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Fig.3 Types of the mutat ions induced by the 2-chloroacctaldehydc and the acetaldehyde. 
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a b 

c 

fo'ig.4 The possible structure of the acetaldehyde-induced DNA lesions. a, dimmer of the cytosine. 
b, dimmer of the guanine. C, guanine-cytosine heteroclimmer. 
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