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CHEMICAL NAMES AND ABBREVIATIONS

The common names of chemicals mentioned in this report, together with the
abbreviations used, their International Union for Pure and Applied Chemistry (IUPAC)
equivalent names and their Chemical Abstracts Service (CAS) registry numbers, where
available, are shown in the table below.

Common name IUPAC name CAS No.
1,10-Diazachrysene 1,10-Diazachrysene 218-21-3
1,2:3,4-Diepoxybutane 2-(Oxiran-2-yl)oxirane 1464-53-5
1,2-Dibromo-3-chloropropane 1,2-Dibromo-3-chloropropane 96-12-8
1,2-Dibromoethane 1,2-Dibromoethane 106-93-4
1,2-Dichloroethane 1,2-Dichloroethane 107-06-2
1,2-Epoxy-3-butene 2-Ethenyloxirane 930-22-3
1,3-Butadiene Buta-1,3-diene 106-99-0
1,4-Phenylenebis(methyl- 1,4-Bis(selenocyanatomethyl)benzene 85539-83-9
ene)selenocyanate (p-XSC)
1,6-Dinitropyrene 1,6-Dinitropyrene 42397-64-8
1,7-Phenanthroline 1,7-Phenanthroline 230-46-6
1,8-Dinitropyrene 1,8-Dinitropyrene 42397-65-9
10-Azabenzo(a)pyrene 10-Aza-benzo(def)chrysene 189-92-4
1 7-Bestradiol (8R,9S,13S,14S,17S)-13-Methyl- 50-28-2
6,7,8,9,11,12,14,15,16,17-decahydrocyclopenta(a)phenan-
threne-3,17-diol
1-Chloromethylpyrene 1-(Chloromethyl)pyrene 1086-00-6
1-Methylphenanthrene 1-Methylphenanthrene 832-69-9
1-Nitronaphthalene 1-Nitronaphthalene 86-57-7
2,3,7,8-Tetrachlorodibenzo-p- 2,3,7,8-Tetrachlorooxanthrene 1746-01-6
dioxin (TCDD)
2,4-Diaminotoluene 4-Methylbenzene-1,3-diamine 95-80-7
2,6-Diaminotoluene 2-Methylbenzene-1,3-diamine 823-40-5
2-Acetylaminofluorene (2-AAF) N-(9H-fluoren-2-yl)acetamide 53-96-3
2-Amino-1-methyl-6-phenyl- 1-Methyl-6-phenylimidazo(4,5-b)pyridin-2-amine 105650-23-5
imidazo(4,5-b)pyridine (PhIP)
2-Amino-3,4-dimethylimidazo(4,5-  3,4-Dimethylpyrido(3,2-e)benzimidazol-2-amine 77094-11-2
f)quinoline (MelQ)
2-Amino-3,8-dimethylimidazo(4,5-  3,8-Dimethylimidazo(5,4-h)quinoxalin-2-amine 77500-04-0
f)quinoxaline (MelQx)
2-Amino-3-methylimidazo(4,5- 3-Methylpyrido(3,2-e)benzimidazol-2-amine 76180-96-6
f)quinoline (1Q)
2-Nitronaphthalene 2-Nitronaphthalene 581-89-5
2-Nitro-p-phenylenediamine 2-Nitrobenzene-1,4-diamine 5307-14-2
3-Amino-1-methyl-5H-pyrido(4,3- 1-Methyl-5H-pyrido(4,5-b)indol-3-amine 62450-07-1
b)indole (Trp-P-2)
3-Chloro-4-(dichloromethyl)-5- 3-Chloro-4-(dichloromethyl)-5-hydroxy-5H-furan-2-one 77439-76-0
hydroxy-2(5H)-furanone (MX)
3-Fluoroquinoline 3-Fluoroquinoline 396-31-6
3H-1,2-dithiole-3-thione (D3T) Dithiole-3-thione 534-25-8
3-Methylcholanthrene 3-Methyl-1,2-dihydro-benzo(j)aceanthrylene 56-49-5
3-Nitrobenzanthrone 3-Nitro-7H-benz(de)anthracen-7-one 17117-34-9

Xiv



ENV/IM/MONO(2008XX

Common name IUPAC name CAS No.

4-(Methylnitrosamino)-1-(3- N-Methyl-N-(4-oxo0-4-pyridin-3-ylbutyl)nitrous amide 64091-91-4

pyridyl)-1-butanone (NNK)

4,10-Diazachrysene 4,10-Diazachrysene 218-34-8

4-Acetylaminofluorene (4-AAF) N-(9H-Fluoren-4-yl)acetamide 28322-02-3

4-Aminobiphenyl 4-Phenylaniline 92-67-1

4-Chloro-o-phenylenediamine 4-Chlorobenzene-1,2-diamine 95-83-0

4-Hydroxybiphenyl 4-Phenylphenol 92-69-3

4-Monochlorobiphenyl 1-Chloro-4-phenylbenzene 2051-62-9

4-Nitroquinoline-1-oxide (4-NQO)  4-Nitro-1-oxidoquinolin-1-ium 56-57-5

5-(2-Chloroethyl)-2Njleoxyuridine 5-(2-Chloroethyl)-1-((2R,4S,5R)-4-hydroxy-5- 90301-59-0

(CEDU) (hydroxymethyl)oxolan-2-yl)pyrimidine-2,4-dione

5-(p-Dimethylaminophenyl- 4-(1,3-Benzothiazol-5-yldiazenyl)-N,N-dimethylaniline 18463-90-6

azo)benzothiazole

5,9-Dimethyldibenzo(c,g)carbazole 5,9-Dimethyl-7H-dibenzo(c,g)carbazole 88193-04-8

(DMDBC)

5-Bromo-2 -Ngoxyuridine (BrdU) 5-Bromo-1-((2R,4S,5R)-4-hydroxy-5-(hydroxy- 59-14-3
methyl)oxolan-2-yl)pyrimidine-2,4-dione

5-Fluoroquinoline 5-Fluoroquinoline 394-69-4

6-(p-Dimethylaminophenyl- 4-(1,3-Benzothiazol-6-yldiazenyl)-N,N-dimethylaniline 18463-85-9

azo)benzothiazole

6,11-Dimethylbenzo(b)naph- 6,11-Dimethylnaphtho(3,2-b)(1)benzothiole 32362-68-8

tho(2,3-d)thiophene

6-Nitrochrysene 6-Nitrochrysene 7496-02-8

7,12-Dimethylbenzanthracene 7,12-Dimethylbenzo(b)phenanthrene 57-97-6

(7,12-DMBA)

7H-Dibenzo(c,g)carbazole (DBC)  7H-Dibenzo(c,g)carbazole 194-59-2

7-Methoxy-2-nitronaphtho(2,1- 7-Methoxy-2-nitrobenzo(e)(1)benzoxole 75965-74-1

b)furan (R7000)

8-Methoxypsoralen 9-Methoxyfuro(3,2-g)chromen-7-one 298-81-7

87-966 87-966 nd

A-alpha-C 9H-Pyrido(6,5-b)indol-2-amine 26148-68-5

Acetaminophen N-(4-Hydroxyphenyl)acetamide 103-90-2

Acetic acid Acetic acid 64-19-7

Acetone Propan-2-one 67-64-1

Acrylamide Prop-2-enamide 79-06-1

Acrylonitrile Prop-2-enenitrile 107-13-1

Adozelesin (7bR,8aS)-N-(2-((4,5,8,8a-Tetrahydro-7-methyl-4- 110314-48-2
oxocyclopropa(c)pyrrolo(3,2-e)indol-2(1H)-
yl)carbonyl)indol-5-yl)-2-benzofurancarboxamide

Aflatoxin B1 2, 3, 6 aTétraBydr&}4-methoxycyclo- 1162-65-8
penta(c)fur o( 2h)hrotnéle-4,115ipneur o

Agaritine (2S)-2-Amino-5-(2-(4-(hydroxymethyl)phenyl)hydrazinyl)-5- 2757-90-6
oxopentanoic acid

all-trans-Retinol (2E,4E,6E,8E)-3,7-Dimethyl-9-(2,6,6-trimethyl-1-cyclo- 68-26-8
hexenyl)nona-2,4,6,8-tetraen-1-ol

alpha-Chaconine beta-D-Glucopyranoside, (3beta)-solanid-5-en-3-yl O-6- 20562-03-2
deoxy-alpha-L-mannopyranosyl-(1-2)-O-(6-deoxy-alpha-L-
mannopyranosyl-(1-4))-

alpha-Hydroxytamoxifen (E)-4-(4-(2-Dimethylaminoethoxy)phenyl)-3,4- 97151-02-5
di(phenyl)but-3-en-2-ol

alpha-Solanine Solanid-5-en-3-yl 20562-02-1

XV
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Common name IUPAC name CAS No.
alpha-Tocopherol (2R)-2,5,7,8-Tetramethyl-2-((4R,8R)-4,8,12-trimethyl- 59-02-9
tridecyl)chroman-6-ol
Aminophenylnorharman 4-Pyrido(3,4-b)indol-9-ylaniline 219959-86-1
Amosite asbestos Amosite asbestos 12172-73-5
AMP397 ((7-Nitro-2,3-dioxo-1,4-dihydroquinoxalin-5-yl)methyl- 188696-80-2
amino)methylphosphonic acid
Aristolochic acid 8-Methoxy-6-nitronaphtho(2,1-g)(1,3)benzodioxole-5- 10190-99-5
carboxylic acid
Arsenite trioxide Arsenite trioxide 1327-53-3
Azathioprine 6-(3-Methyl-5-nitroimidazol-4-yl)sulfanyl-7H-purine 446-86-6
Benzene Benzene 71-43-2
Benzo(a)pyrene (B(a)P) Benzo(a)pyrene 50-32-8
Benzo(a)pyrene diolepoxide 7,8,8a,9a-Tetrahydrobenzo(10,11)chryseno(3,4-b)oxirene- 58917-67-2
(BPDE) 7,8-diol
Benzo(f)quinoline Benzo(f)quinoline 85-02-9
Benzo(h)quinoline Benzo(h)quinoline 230-27-3
beta-Propiolactone Oxetan-2-one 57-57-8
Bitumen fumes Bitumen fumes 8052-42-4
Bleomycin 3-((2-(2-(2-((2-((4-((2-((6-amino-2-(3-amino-1-((2,3- 11056-06-7
diamino-3-oxopropyl)amino)-3-oxopropyl)-5-methyl-
pyrimidine-4-carbonyl)amino)-3-(3-(4-carbamoyloxy-3,5-
dihydroxy-6-(hydroxymethyl)oxan-2-yl)oxy-4,5-dihydroxy-6-
(hydroxymethyl)oxan-2-yl)oxy-3-(3H-imidazol-4-
yl)propanoyl)amino)-3-hydroxy-2-methylpentanoyl)amino)-
3-hydroxybutanoyl)amino)ethyl)-1,3-thiazol-4-yl)1,3-
thiazole-4-carbonyl)amino)propyl-dimethylsulfanium
Carbon tetrachloride Tetrachloromethane 56-23-5
Carboxymethylcellulose 9000-11-7
CC-1065 Benzo(1,2-b:4,3-b Nj) d i B H)-canbbxamide, 7-((1,6- 69866-21-3
dihydro-4-hydroxy-5-methoxy-7-((4,5,8,8a-tetrahydro-7-
methyl-4-oxocyclopropa(c)pyrrolo(3,2-e)indol-2(1H)-
yl)carbonyl)benzo(1,2-b:4,3-b")dipyrrol-3(2H)-yl)carbonyl)-
1,6-dihydro-4-hydroxy-5-methoxy-, (7bR)-
Chlorambucil 4-(4-(Bis(2-chloroethyl)amino)phenyl)butanoic acid 305-03-3
Chloroform Chloroform 67-66-3
Chrysene Chrysene 218-01-9
Cisplatin cis-Diamminedichloridoplatinum(ll) 15663-27-1
Clofibrate Ethyl 2-(4-chlorophenoxy)-2-methylpropanoate 637-07-0
Coal tar Coal tar 8007-45-2
Comfrey (7-((E)-2-Methylbut-2-enoyl)oxy-4-oxido-5,6,7,8-tetrahydro- 72698-57-8
3H-pyrrolizin-4-ium-1-yl)methyl 2-hydroxy-2-(1-hydroxy-
ethyl)-3-methylbutanoate
Conjugated linoleic acid (CLA) (92,11E)-Octadeca-9,11-dienoic acid 1839-11-8
Corn oil 8001-30-7
Crocidolite asbestos Crocidolite asbestos 12001-28-4
Cyclophosphamide N,N-bis(2-Chloroethyl)-2-oxo-1-oxa-3-aza-2{5}-phospha- 50-18-0
cyclohexan-2-amine
Cyproterone acetate 3 NjEiclopropa(1,2)pregna-1,4,6-triene 3,20-dione,6- 427-51-0
chloro-1-beta,2-beta-dihydro-17-hydroxy-
Daidzein 7-Hydroxy-3-(4-hydroxyphenyl)chromen-4-one 486-66-8
Di(2-ethylhexyl)phthalate (DEHP)  Bis(2-ethylhexyl) benzene-1,2-dicarboxylate 117-81-7
Diallyl sulphide 3-Prop-2-enylsulfanylprop-1-ene 592-88-1
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Common name IUPAC name CAS No.
Diallyl sulphone 3-Prop-2-enylsulfonylprop-1-ene 16841-48-8
Dichloroacetic acid (DCA) 2,2-Dichloroacetic acid 79-43-6
Dicyclanil 4,6-Diamino-2-(cyclopropylamino)pyrimidine-5-carbonitrile  112636-83-6
Diethylnitrosamine (DEN) N,N-Diethylnitrous amide 55-18-5
Dimethylarsinic acid Dimethylarsinic acid 75-60-5
Dimethylnitrosamine (DMN) N,N-Dimethylnitrous amide 62-75-9
Dinitropyrenes Dinitropyrenes nd
Dipropylnitrosamine (DPN) N,N-Dipropylnitrous amide 621-64-7
d-Limonene (4R)-1-Methyl-4-prop-1-en-2-ylcyclohexene 5989-27-5
Ellagic acid 2,3,7,8-Tetrahydroxy-chromeno(5,4,3-cde)chromene-5,10- 476-66-4
dione
Ethanol Ethanol 64-17-5
Ethylene oxide Oxirane 75-21-8
Ethylmethanesulphonate (EMS) Ethyl methanesulfonate 62-50-0
Etoposide 4 -Bemethyl-epipodophyllotoxin 9-(4,6-O-(R)-ethylidene- 33419-42-0
beta-D-g | uc o p y r a fdihgdioger phosphatd)j
Eugenol 2-Methoxy-4-prop-2-enylphenol 97-53-0
Ferric nitrilotriacetate 2-(bis(2-Oxido-2-oxoethyl)amino)acetate; iron(+3) cation 16448-54-7
Flumequine 9-Fluoro-5-methyl-1-ox0-6,7-dihydro-1H,5H-pyrido(3,2,1- 42835-25-6
ij)quinoline-2-carboxylic acid
Folic acid (2S)-2-((4-((2-Amino-4-oxo-1H-pteridin-6-yl)methyl- 59-30-3
amino)benzoyl)amino)pentanedioic acid
Fructose (3S,4R,5R)-1,3,4,5,6-Pentahydroxyhexan-2-one 57-48-7
Genistein 5,7-Dihydroxy-3-(4-hydroxyphenyl)chromen-4-one 446-72-0
Glucose (3R,4S,5S,6R)-6-(Hydroxymethyl)oxane-2,3,4,5-tetrol 50-99-7
Glycidamide Oxirane-2-carboxamide 5694-00-8
Heptachlor 1,4,5,6,7,8,8-Heptachloro-3a,4,7,7a-tetrahydro-1H-4,7- 76-44-8
methanoindene
Hexachlorobutadiene 1,1,2,3,4,4-Hexachlorobuta-1,3-diene 87-68-3
Hexavalent chromium Chromium(V1) 7440-47-3
Hydrazine sulphate Hydrazine sulfate 10034-93-2
Hydroxyurea Hydroxyurea 127-07-1
Isopropylmethanesulphonate Propan-2-yl methanesulfonate 926-06-7

(iPMS)
Jervine

Kojic acid
Leucomalachite green

Levofloxacin

Lycopene

Malachite green

Methyl bromide
Methylcellulose

(3S, 3NjR, 3NjaS, 6NjS, 6asS, 8byBIroxg-N 469-59-0

3 Nj, 6 Nj; tétdmethyldpiro(1,2,3,4,6,6a,6b,7,8,11a-
decahydrobenzo(i)fluorene-9 , -2aMj,5,6,7,7a-hexahydro-
3H-furo(4,5-b)pyridine)-11-one
5-Hydroxy-2-(hydroxymethyl)pyran-4-one
4-((4-Dimethylaminophenyl)-phenylmethyl)-N,N-
dimethylaniline
(-)-(S)-9-Fluoro-2,3-dihydro-3-methyl-10-(4-methyl-1-

piperazinyl)-7-oxo-7H-pyrido(1,2,3-de)-1,4-benzoxazine-6-

carboxylic acid

(6E,8E,10E,12E,14E,16E,18E,20E,22E,24E,26E)-
2,6,10,14,19,23,27,31-Octamethyldotriaconta-
2,6,8,10,12,14,16,18,20,22,24,26,30-tridecaene
(4-((4-Dimethylaminophenyl)-phenylmethylidene)-1-
cyclohexa-2,5-dienylidene)-dimethylazanium chloride
Bromomethane

501-30-4
129-73-7

100986-85-4

502-65-8

569-64-2

74-83-9
9004-67-5
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Common name IUPAC name CAS No.
Methyl clofenapate Methyl 2-(4-(4-chlorophenyl)phenoxy)-2-methylpropanoate 21340-68-1
Methylmethanesulphonate (MMS)  Methylmethanesulfonate 66-27-3
Metronidazole 2-(2-Methyl-5-nitroimidazol-1-yl)ethanol 443-48-1
Mitomycin-C 6-Amino-1,1a,2,8,8a,8b-hexahydro-8-(hydroxymethyl)-8a-  50-07-7

N7-Methyldibenzo(c,g)carbazole
(NMDBC)

N-Ethyl-N-nitrosourea (ENU)
N-Hydroxy-2-acetylaminofluorene
Nickel subsulphide

Nifuroxazide

Nitrofurantoin

N-Methyl-NMNjitro-N-nitroso-
guanidine (MNNG)

N-Methyl-N-nitrosourea (MNU)
N-Nitrosodibenzylamine (NDBzA)
N-Nitrosomethylbenzylamine
N-Nitrosonornicotine (NNN)
N-Nitrosopyrrolidine
N-Propyl-N-nitrosourea (PNU)
o-Aminoazotoluene

o-Anisidine

Olive ail

Oxazepam

p-Cresidine
Peroxyacetyl nitrate (PAN)
Phenobarbital

Phorbol-12-myristate-13-acetate
(TPA)

Phosphate buffer

Phorone

Polyphenon E

Potassium bromate
Procarbazine hydrochloride

Propylene glycol
Quinoline
Riddelliine

Saline

Sesame oll

Sodium bicarbonate
Sodium saccharin
Solanidine
Solasodine

methoxy-5-methyl-azirino(2Nj, 3 Nj: 3, 4 )-a)imggle- r o
4,7-dione carbamate (ester)

N-Methyl-7H-dibenzo(c,g)carbazole

1-Ethyl-1-nitrosourea

N-(9H-Fluoren-2-yl)-N-hydroxyacetamide

Nickel sulfide

4-Hydroxy-N-((5-nitrofuran-2-yl)methylideneamino)benz-

amide

1-((5-Nitrofuran-2-yl)methylideneamino)imidazolidine-2,4-

dione
1-Methyl-2-nitro-1-nitrosoguanidine

1-Methyl-1-nitrosourea

N,N-Bis(phenylmethyl)nitrous amide
N-Methyl-N-(phenylmethyl)nitrous amide

3-(1-Nitrosopyrrolidin-2-yl)pyridine
1-Nitrosopyrrolidine
1-Nitroso-1-propylurea

2-Methyl-4-(2-methylphenyl)diazenylaniline

2-Methoxyaniline

7-Chloro-3-hydroxy-5-phenyl-1,3-dihydro-1,4-benzo-

diazepin-2-one
2-Methoxy-5-methylaniline
Nitro ethaneperoxoate

5-Ethyl-5-phenyl-1,3-diazinane-2,4,6-trione
12-O-tetradecanoylphorbol-13-acetate

2,6-Dimethylhepta-2,5-dien-4-one
Polyphenon E
Potassium bromate

4-((2-Methylhydrazinyl)methyl)-N-propan-2-ylbenzamide

hydrochloride
Propane-1,2-diol
Quinoline

7-Ethylidene-10-hydroxy-10-hydroxymethyl-9-methylene-
2,3,4,4a,7,8,9,10,13,13b-decahydro-5,12-dioxa-2a-aza-
cyclododeca(cd)pentalene-6,11-dione

Sodium hydrogen carbonate

Sodium 1,1-dioxo-1,2-benzothiazol-2-id-3-one

Solanid-5-en-3beta-ol
Spirosol-5-en-3-ol

27093-62-5

759-73-9
53-95-2
12035-72-2
965-52-6

67-20-9

70-25-7

684-93-5
5336-53-8
937-40-6
80508-23-2
930-55-2
816-57-9
97-56-3
90-04-0
8001-25-0
604-75-1

120-71-8
2278-22-0
50-06-6
16561-29-8

nd

504-20-1
188265-33-0
7758-01-2
366-70-1

57-55-6
91-22-5
23246-96-0

nd
8008-74-0
144-55-8
128-44-9
80-78-4
126-17-0
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Common name IUPAC name CAS No.
Soy oll 8001-22-7
Streptozotocin 1-Methyl-1-nitroso-3-((2S,3R,4R,5S,6R)-2,4,5-trihydroxy-6- 18883-66-4
(hydroxymethyl)oxan-3-yl)urea
Sucrose (2R,3R,4S5,5S,6R)-2-((2S,3S,4S,5R)-3,4-Dihydroxy-2,5- 57-50-1
bis(hydroxymethyl)oxolan-2-yl)oxy-6-(hydroxy-
methyl)oxane-3,4,5-triol
Tamoxifen 2-(4-((2)-1,2-Di(phenyl)but-1-enyl)phenoxy)-N,N-dimethyl-  10540-29-1
ethanamine
Thiotepa Tris(aziridin-1-yl)-sulfanylidenephosphorane 52-24-4
Toremifene citrate 2-(4-((2)-4-Chloro-1,2-di(phenyl)but-1-enyl)phenoxy)-N,N- ~ 89778-27-8
dimethylethanamine 2-hydroxypropane-1,2,3-tricarboxylic
acid
trans-4-Hydroxy-2-nonenal (E)-4-Hydroxynon-2-enal 128946-65-6
Tricaprylin 1,3-Di(octanoyloxy)propan-2-yl octanoate 538-23-8
Trichloroethylene (TCE) 1,1,2-Trichloroethene 79-01-6
Tris-(2,3-dibromopropyl)phosphate  Tris(2,3-dibromopropyl) phosphate 126-72-7
Uracil 1H-Pyrimidine-2,4-dione 66-22-8
Urethane Ethyl carbamate 51-79-6
Vinyl carbamate Ethenyl carbamate 15805-73-9
Vitamin E (2R)-2,5,7,8-Tetramethyl-2-((4R,8R)-4,8,12-trimethyl- 59-02-9
tridecyl)chroman-6-ol
Water Water 7732-18-5
Wyeth 14,643 2-(4-Chloro-6-((2,3-dimethylphenyl)amino)pyrimidin-2- 50892-23-4

yl)sulfanylacetic acid

XiX
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1.0 EXECUTIVE SUMMARY

Induced chromosomal and gene mutations cause genetic diseases, birth defects and
other disease conditions and play a role in carcinogeWghite it is widely accepted tham
vivo mutation assays are more relevant to the human conditiomtihéro assays, or
ability to evaluate mutagenesisvivoin a broad range of tissues has historically been quite
limited. The development of transgeniaent (TGR) mutation models has given us the
ability to detect, quantify and sequence mutations in a range of somatic and germ cells.
This document provides comprehensive review of the TGR mutation assayitera
ture and assesses the potential use oéthssays in a regulatory context. The information is
arranged as follows.

1. TGR mutagenicity models and their use for the analysis of gene and chromosomal
mutation are fully described’he TGR mutation assay is based on transgenic rats and
mice that contai multiple copies of chromosomally integrated plasmid and phage
shuttle vectors that harbour reporter genes for the detection of mutation. Mutagenic
events arising in a rodent are scored by recovering the shuttle vector and analysing
the phenotype of theeporter gene in a bacterial hoBGR gene mutation assays
allow mutations induced in a genetically neutral transgene to be scored in any tissue
of the rodent and therefore circumvent many of the existing limitations associated
with the study ofn vivogene mutation. TGR models for which sufficient data are
available to permit evaluation include Matslouse, Big Blué mouse and ratacZ
plasmid mouse angptdelta mouse and rat. Mutagenesis in the TGR models is
normally assessed as a mutant frequencegqéired, however, molecular analysis
can provide additional information.

2. The principles underlying current Organisation for Economiedperation and
Development (OECD) tests for the assessment of genotamieityo andin vivo, as
well as nortransgefc assays available for the assessment of gene mutation, are
describedOECD guidelines exist for a rangeinfvitro mutation assays that are
capable of detecting both chromosomal and gene mutalioniso assays are
required components of a thorougnggc toxicity testing programme. For somatic
cells, OECD guidelines are currently available only for assays capable of assessing
induced chromosomal mutation. In addition, there aretramsgenic assays that can
be used for analysis of gene mutation; emofthese have an OECD test guideline.
Existingin vivoassays are limited by a range of different factors, including cost of
the assay, the number of tissues in which genotoxicity may be measured, the state of
understanding of the endpoint and the natdrae chemicals that will be detected.

3. All available information pertaining to the conduct of TGR assays and important
parameters of assay performance are tabulated and analfseaf. December 2007,
228 agents have been evaluated using TGR assaymdjbiety of experimental
records have assessed a subset of these chemicals, most of which are strong mutagens
and carcinogens. Of the 154 agents whose carcinogenicity has been evaluated, 118
are carcinogens and 36 are faarcinogens (including 13 chemisaoutinely used as
vehicle controls). These numbers represent significant increases over those in the
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previously published version of this papérhe following conclusions may be drawn
from the existing TGR mutation data:

1
il

The ability to use all routesf administration has been demonstrated. Experiments
can be tailored to use the most relevant route of administration.

The ability to examine mutation in virtually all tissues has been demonstrated.
TGR assays have most commonly examined mutagenicitg iliver and bone
marrow.

The majority of the experiments have used shorter administration times than is
currently recommended by the International Workshop on Genotoxicity Testing
(IWGT). There are limited data available to assess the effects of lomgplirsz

time, except with extremely short administration times. However, two recent
studies on weak mutagens confirm the robustness of the recommended protocol.
Although it is recognised that a number of factors may influence the tissue
specificity of mutabn, including cell turnover, deoxyribonucleic acid (DNA)

repair, toxicokinetics and the nature of the genetic target, there are currently
limited experimental data specific to transgenes that are available to inform the
discussion.

Limited data are avaible to evaluate the results of TGR assays in known target
tissues for carcinogenicity. A cabg-case analysis of instances in which
discrepancies are apparent suggests that in the majority of cases, factors such as
nortgenotoxic mechanism of action, in@appriate mode of administration or
inadequate study design may account for the observed negative result in the tissue
of interest.

Qualitatively similar results have been obtained in the majority of experiments
that have assayed different transgenesgusimilar experimental parameters.

The spontaneous mutant frequency in most somatic tissues of transgenic rats and
mice is five to tenfold higher than that observed in available endogenous loci
using the same animals. Factors such as the age of thal ahientissue and the
animal model influence the absolute value of the spontaneous mutant frequency.
In most somatic tissues, with the exception of the brain, there is aelatgd
increase in mutant frequency throughout the life of the animal. Mashaball,
studies suggest that the spontaneous mutant frequency in male germline tissues
remains low and constant throughout the life of the animal.

Multiple treatments of mutagen appear to increase mutant frequencies in neutral
transgenes in an approxately additive manner. Howeventremely long treat

ment times (12 weeks or longer) may produce an apparent increase in mutant
frequency through clonal expansion, genomic instability in developing preneo
pladic foci or tumours or oxidativdamage of DNAesulting from chronic

induction of cytochrome 850 moneoxygenases.

The time required to reach the maximum mutant frequency is tissue specific and
appears to be related to the turnover time of the cell population. The optimal
sampling time differs aceding to tissue, with liver and bone marrow at opposite
extremes among proliferating somatic tissues: in bone marrow, the mutant
frequency appears to reach a maximum at extremely short sampling times and
then decreases over 28 days following an acuteniesdt in liver, the induced
mutant frequency increases over the month following exposure, reaches a
maximum and remains relatively constant thereafter. There are insufficient data

1 In Lambertet al (2005), 163 agents had been evaluated by July 2004; of the 103 agents whose carcinogenicity
had been evaluated, 90 were carcinogens and 13 wefeantinogens.



ENV/IM/MONO(2008XX

available for other tissues to support any conclusion regarding optimairsgmp

time.

The results of studies carried out on a given chemical using similar experimental
protocols suggest that the TGR assays show good qualitative reproducibility in
both somatic and germ cells and quantitative reproducibility over a limited range
of conditions and laboratories. The data are insufficient to allow conclusions to be
drawn regarding the quantitative reproducibility of the assays over a wider range
of protocol variations.

Although there exists a theoretical possibility thatvivoandin vitro mutations

may arise during the course of a TGR experiment, these types of mutations are
expected to be extremely rare in a properly conducted experiment using the major
TGR models. For positive selection systems, any such mutations will not be
deteced.

The weight of evidence suggests that transgenes and endogenous genes respond
in approximately the same manner to mutagens in the few instances where direct
comparisons are possible. Sensitivity is determined in large part by the
spontaneous mutant freency: the higher spontaneous mutant frequency in
transgenes, compared with testable endogenous genes, reduces their sensitivity,
especially when acute treatments are uskd.sensitivity of transgenes can be
enhanced by increasing the administratioretim

Mutagens that induce deletions are likely to be detected more easily in certain
endogenous genes than in transgenes as a result of phenotypic selection issues.
A very high proportion of the TGR experiments carried out to date have

examined the activiis of compounds that are known to be strong mutagens. A
limited number of nofcarcinogens have been evaluated with TGR assays,
although the number has increased by almost 300% since publication of the first
version of this review.

Molecular analysis offiduced mutations in transgenic targets is possible and
provides additional information in situations where high interindividual variation

is observed and clonal expansion is suspected, when weak responses are obtained
or when mechanistic information is desl. However, DNA sequence analysis of
mutants is laborious and adds to the cost of the experiment; sequencing would not
normally be required when testing drugs or chemicals for regulatory applications,
particularly where a clear positive or negative leisuwbtained.

. The performance of TGR assays, both in isolation and as part of a batternyitod
andin vivo shortterm genotoxicity tests, in predicting carcinogenicity is described.
Analysis of the predictivity of TGR assays for carcinogenicityimglered somewhat
by the fact that TGR data are available for only a small number efam@mogens.

Of the 118 carcinogens and 36 Amarcinogens that have been assessed using TGR
assays, the following conclusions can be drawn regarding the prediatidty
complementarity of TGR assays compared with a range of other QEGRo and

in vivo genotoxicity tests:

T

T

The TGR assay has high sensitivity and positive predictivity for carcinogenicity,
meaning that most carcinogens have positive results in T&ysand that there

is a high probability that a chemical with a positive result in a TGR assay is a
carcinogen.

As is the case with most genotoxicity assays, the TGR assay exhibits relatively
low specificity and negative predictivity (compared with sevisitand positive
predictivity), meaning that relatively fewer ngarcinogens are negative in TGR
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assays and that there is a lower probability that a chemical with a negative result
in a TGR assay is a nararcinogen.

1 The positive and negative predicties for the individual TGR an8almonella
assays were almost identical. Among ithgivotests, the TGR assays were
comparable with all except the comet assay, which had a slightly better combined
predictivity. Among twetest combinationd.€. a chemichcould be predicted to
be carcinogenic if the outcome @thershortterm assay was positive), the TGR
Aor o cytogenetic assay gave the best ¢
TGR fAordo comet assay combi natethelatkof whi c
substantial increases in predictive values of the test batteries compared with the
component assays alone, the test batteries had a much loweardgigeve rate.

1 The TGR assay was usually positive for those carcinogens that were positive i
both Salmonellaandin vitro chromosomal aberration assays. In contrastythe
vivo micronucleus assay had a much higher falsgative rate for the same
chemicals (0.2%s.0.15). Ifin vivo confirmation of positive results from both
Salmonellaandin vitro chromosomal aberration assays is warranted, the TGR
assay is likely a better choice than th&ivomicronucleus assay.

1 The number of chemicals tested in the same assays is very small. Nevertheless,
for chemicals having positivBalmonellaand negave in vitro chromosomal
aberration results (presumptive gene mutagens), selecting either the TGR assay or
thein vivomicronucleus assay as timevivo confirmation assay did not markedly
affect the proportion of correct carcinogenicity predictions. ihhavocomet
assay had a higher falsegative rate than the above two scenarios in which the
Salmonellaassay is positive and thevitro chromosomal aberration assay is
negative.

1 For chemicals having positive vitro chromosomal aberration and negative
Salmonellaesults (presumptive clastogens), selectingrthevo micronucleus
assay as thien vivo confirmation assay led to a higher proportion of correct
carcinogenicity predictions than did selecting the TG @ivo comet assay. It
should be notethat this observation is also based on data from only a few
chemicals.

1 For those carcinogens with negative results in Batlmonellaandin vitro
chromosomal aberration assays, adding TGR assays to the test battery improved
the overall predictivity ovethein vivomicronucleus or the comet assay, since
neither assay identified the carcinogens missed bythiero assays.

0 |
h

5. A novel model for determining the performance of imewwo gene mutation assays
was introducedT his model determines the abilibty a new assay to accurately detect
(i.e. positively predict) whether the assay will correctly idenifywivo gene
mutagens. This method relies on the extensive DNA sequence data in the Transgenic
Rodent Assay Information Database (TRAID) and is condistéh the OECD
guidance document on validation of new test methods, which recommends that new
tests be validated against the most biologically relevant endpoint. The analysis shows
that the TGR assay has a nparfect positive predictivity for gene mtitan. The
model is developed further to argue that a test battery designed to most optimally
detect the endpoints of genotoxicity will, accordingly, be the most effective for
detecting genotoxins that are carcinogenic.

6. Recommendations are made regarding experimental parameters for TGR assays
and the use of TGR assays in a regulatory conetommendations, based on
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internationally harmonised criteria (IWGT), are made regarding the proper conduct of

a TGR assay. These recommendations relate to accelparacteristics of a TGR

mutation assay, treatment protocols and-@sitment sampling procedures. Of

particular importance in optimising TGR protocols are two experimental variables
the administration time and the sampling tifdased on observans that mutations
accumulate with each treatment, a repedigge regimen for a period of 28 days is
strongly encouraged, wigtampling at 3 days following the final treatment. If slowly
proliferating tissues are of particular importance, then a longgulsentime may be
more appropriateAdditional confidence in the recommended test protocol will be
provided by research that examines the following:

1 The influence of the administration time on the observed mutant frequency for
weak mutagensdt has not coalusively been determined if data (especially
negative results) from experiments using an administration time of less than
28 days should be discounted, if a@8y treatment period is sufficiently long to
permit the detection of weak mutagi@érducedmutatons in all tissues or iveak
mutagens could in fact be detected using treatment times shorter than 28 days.
Although more studies are required, two recent studies have shown that the
recommended protocol, which uses ad2§ exposure period, is robusioeigh to
detect weak mutagens.

1 The influence of the frequency of treatment on the obseruéght frequencylhe
effects of weekly versus daily administrations on mutant frequency and on the
ultimate conclusions of TGR experiments have not yet been thdyoughstr
gated.

1 The influence of sampling time following repeated administrations on the mutant
frequency in both slowly and rapidly dividing tissue, particularly when examining
weak mutagengt the current time, there are insufficient comparative data
available for a range of tissues.

. Recommendations are made regarding how a TGR assay might be used within a new
shortterm test battery for assessing new compouhlds.test battery consists of
various combinations of four assdySalmonellain vitro chromosomal aberration,

in vivomicronucleus and TGR. This proposed strategy is based on the conclusions

obtained from the predictivity analysis and the relative costs of thigo assaysAn

alternative approach to the above is described that show$ G&assays could be
used to resolve conflicts betweienvitro andin vivotests that are currently
components of the standard genotoxicity test batt&glmonellain vitro

chromosomal aberration andvivo micronucleus. In situations where the staddar

test battery has been conducted and there are conflicting fiepaltscularly in

situations where th8almonellaassay has a positive result but th&ivo

micronucleus assay is negativéhe TGR assay may be conducted as an additional

test to resale the conflictRecommended test strategies are based on an analysis of

the existing data. Confidence in these recommendations would be enhanced by
additional experimental data in the following areas:

1 TGR data for additional necarcinogens to increaseetproportion of non
carcinogens in the dataset;

1 additional testing to fill data gaps for chemicals having a known TGR assay but
missing data from th8almonellain vitro chromosomal aberration or vivo
micronucleus assay;

1 the testing of additional checals using an accepted test guideline for TGR
mutation assays.
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This extensive review fulfils the requirements for the preparation of an OECD
Detailed Review Paper according to the OEG@dance Document for the Development of
OECD Guidelines for Testingf Chemical{OECD, 2006)Based on the extensive
information and analyses in this review, there is sufficient evidence to support the
recommendation that OECD undertake the development of a Test Guideline on Transgenic
Rodent Gene Mutation Assays. Accogly, it is recommended that OECD establish an
Expert Working Group to develop such a Test Guideline and serve as an international forum
for undertaking any additional research that would lead to the development of a fuller
understanding of the variablesrrounding the conduct of TGR mutation assays.
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20 INTRODUCTION TO TRANSGENIC RODENT MUTATION MODELS
AND ASSAYS

2.1  Overview

Induced mutations play a role in carcinogenesis and may be involved in the
production of birth defects and other disease itmms. Although it is widely accepted that
in vivomutation assays are more relevant to the human conditiomtiéro assays, our
ability to evaluate mutagenesisvivoin a broad range of tissues has historically been quite
limited.

The need for ééctivein vivoassays arises out of the complexity of the mutagenic
process. Most chemical mutagens and carcinogens, whether natural or synthetic, are not
directly mutagenic but are converted to mutagengvothrough the activity of detoxifying
enzymesThe active mutagen is frequently a metabolic product, often a minor one, of the
detoxification process and may be further metabolised to an inactive and excretable form.
The target tissue for toxicity is not necessarily the tissue in which activatiarspcather, a
metabolite may be transported to a target tissue. These complexities, involving uptake,
metabolism, transportation between tissues and excretion, are difficult toimoded.

In vivomutation assays that rely on phenotypic changesdogamous loci have been
developed; however, these assays are limited to particular tissues or developmental stages
(Jones, BurkhatBchultz and Carrano, 1985; Winton, Blount and Ponder, 1988; Aidalg
1991). A variety of assays that are based on gpimselection methods have been
developed more recently (Parsons and Heflich, 1997, 1998a, 1998b; Mc&tiatie2001;
McKinzie and Parsons, 2002); however, these are generally extremely demanding technically
and have shown limited general applicabilltyvivo assays for chromosomal damage are
widely used; however, chromosomal mutation and gene mutation are mechanistically distinct
molecular processes, and there are examples in the literature in which clastogenicity does not
serve as an adequate sugategfor gene mutation. Cancer bioassays themselves suffer from
the need for lifetime exposures of relatively large numbers of animals and for an expensive
subsequent analysis.

The development of TGR mutation models has provided the ability to detedifyjuan
and sequence mutations in a range of somatic and germ cells. The TGR mutation assay is
based on transgenic rats and mice that contain multiple copies of chromosomally integrated
plasmid and phage shuttle vectors that harbour reporter genes usexttomgation.

Mutagenic events arising in a rodent are scored by recovering the shuttle vector and
analysing the phenotype of the reporter gene in a bacterial host. TGR gene mutation assays
allow mutations induced in a genetically neutral transgene todsedsin any tissue of the

rodent and therefore circumvent many of the existing limitations associated with the study of
gene mutatiom vivo.

The purpose of this review is to summarise the information currently available on
TGR assays and suggest thestefficient ways of using the assays based on current
knowledge. Specifically, we deal with the use of these assays for testing compounds of
unknown carcinogenicity and the use of this information for regulatory purposes. Several
previous reviews have apared in the literature (Provastal, 1993; Ashby and Tinwell,

1994; Dycaiccet al, 1994; Goldsworthet al, 1994; Gorelick and Thompson, 1994; Gossen,
de Leeuw and Vijg, 1994; Mirsalis, Monforte and Winegar, 1994, 1995; Morrison and
Ashby, 1994; Shdyard, Lutz and Schlatter, 1994; Cunningham and Matthews, 1995;
Gorelick, 1995, 1996; Martut al, 1995; Ashby, Gorelick and Shelby, 1997; \&joal,

1997; Schmezest al, 1998a, 1998b; Deaet al, 1999; Nagao, 1999; Schmezer and Eckert,
1999; Suzuket al, 1999a; Nohmi, Suzuki and Masumura, 2000; Stuart and Glickman, 2000;
Willems and van Benthem, 2000), although none of these papers provided a detailed
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description of the results obtained to date for all the agents tested, as well as a description of
the experimental parameters used in those experiments.

This detailed review provides a comprehensive review of the TGR mutation assay
literature. In this chapter, we describe TGR mutagenicity models and their use for the anal
ysis of gene and chromosonmalitation. The advantages and disadvantages of TGR assays
must be considered in the context of Atansgenic tests for genotoxicity and carcinegen
icity; these assays, and their limitations, are detailed in Chapter 3. In order to comprehen
sively assesse current information available regarding the use of TGR assays, we have
developed a database containing transgenic rodent assay information (TRAID). In Chapter 4,
we describe the database and summarise the available information as it pertains to the con
duct of TGR assays and important parameters of assay performance. The performance of the
TGR assay both in isolation and as part of a batteryro¥itro andin vivo shortterm
genotoxicity test$ as a mutation test and in predicting carcinogenicitiescribed in
Chapter 5 of this review. Recommended experimental parameters for TGR assays used in
product testing are described in Chapter 6. Appendices include a comprehensive description
of the experimental TGR data available to date (Appendix A), suyim@rmation on the
genotoxicity and carcinogenicitf agents that have been evaluated using TGR assays
(Appendix B) and experimental data relevant to tisspecific carcinogens (Appendix C).

2.2  Transgenic rodent mutation systems

The first report of transgenic assay for mutation in mammals was that of Gessen
al. (1989), who placed the bacteliatZg e ne, eqwabaichgshb dase, in a
vector. TransgeniacZmi ce wer e produced by stable integ
chromosome of CD2F1 mice. Mutation analysis was carried out by extracting high molecular
weight genomic DNArom the tissue of interest, packaging the lambda shuttle viectdro
into lambda phage heads and testing for mutations that arise in the transgene sequences
following infection of an appropriate strain®$cherichia coli

Avariety of TGRmodelsh& subsequently been developed
Mouse, the Big Blu&mouse and rat, tHacZ plasmid mouse and thgpt delta mouse and rat
have a sufficient quantity of experimental data associated with them to allowtmrabfa
their overall performace. These are described below.

221 Mut aEMouse
ThelacZtransgenic CD2F1 (BALB/C x DBA2) mouse was produced by a micro

i nj ect i tacZ(containiegghdatAdgene inasinglecARl si te of a &gt 10

vector is approximately 47 kilobasdd] in length, and th&acZ transgene is approximately

3 100base pairs [bp]) into fertilised CD2F1 oocytes (Gosgaal, 1989) (Figure ZA).

Progeny with a variety of copy humber$ 88) of transgenes was obtained. Among those,

strain 40.6, which cames 40 copies of the transgene in a kel manner at a single site

on chromosome 3 (Blakest al, 1995), was maintained as a homozygote and is commer

cially available as the MutaEMouse from Cova
To assess mulacZshutite nectord aneeexciseg from@enomic DNA and

packaged into phage heads usamgn vitro packaging extract (Figure 2B). The resultant

phages are absorbed oiftocoli C (lacZ ) cells. In initial studies, bacteria were plated onto

medium containing G a | ( a s udnlkediosidase¢hatiyields a lilue product), and

blue plaqus containing wiletypelacZ genes were colorimetrically distinguished from white

plagues containing mutalsicZ genes (Gosseet al, 1991). Subsequently, a simpler and

faster selective system was developed in whicB.asoli C (galE' lacZ ) host is usedor

phage infection and mutation selection is carried out-@GaPmedium (Vijg and Douglas,

1996). PGal medium is toxic tgalE' strains that express a functiotetZ gene; thus, only
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phages that harbour a mutatadZ will be able to form plaques on®al mediumlLacZ
mutant frequency is determined by calculating the proportion of plaques contating
mutations in the phagsopulation, which is estimated on neelective titre plates.

2.2.2 Big Blue®

The Big Blu€ mouse and rat transgenic systems are based on the baattigzine.
The aLI1 ZU shuttl e v daclgeme (J080d@) asraynutatignaltatye b act e
together with théacO operator sequencesidlacZ gene (Figure 2A), was injected into a
fertilised oocyte of C57BL/6 mice to produce transgenic progeny (Kehkr, 1990, 1991a,
1991b). The transgenic C57BL/6 Al line was also crossed with anlasfithe C3H line to
produce a transgenic B6C3F1 mouse with the same genetic background as the U.S. National
Toxicology Program (NTP) bioassay test strain. The 45.6 kb construct is present in-approxi
mately 40 copies per chromosome (Gosstesl, 1989), vith integration occurring at a single
locus on chromosome 4, in a hdaetail arrangement (Dycaicet al., 1994). Both transgenic
mouse lines are maintained as a hemizygote for the transgene, and the C57BL/6 mouse is
also available as a homozygote. Bo%i78L/6 and B6C3F1 transgenic strains are coramer
cially available from Stratagene (La Jolla, CA, USA).

A lacl transgenic rat was produced in a Fischer [3dekgroundn the same manner
as described above (Dycaiebal, 1994) T h e  avedtoZislintegrated on rat chromosome
4 at 1520 copies (Stratagene, unpublished data). The Big°Bha, which is soldby
Stratagene (La Jolla, CA, USAXclusively in the homozygous form, contain$ 80 copies
of the shuttle vector per genome

Mutations arising in the rodent genomic DNA are scords. icoli SCS8 cells
(lacZpM1 5) f onlvitroopvaicrkgga gi ng of t he -2B)LWhiZelfcolpuh a ge ( F
less) plaques will arise from phage bearing wyiple lacl (encoding functional Lac rees
sor) when the SG8 host is plated on-Gal medium. However, mutations lacl will
produce a Lac repressor that is unable to bind ttatheperator; consequentli| a ¢ Z
transcripti on wi-dalactobidasedvd cleaye-Sa, preodeiag adlned b
plaque. The proportion of blue plaques is a measure of mutant frequency. To date, there has
not been an effective positive selection methoddof mutants developed for the Big Bftie
mouse or rat systems.

2.2.3 LacZ plasmid mouse
A lacZ plasmid mouse has been developed that contains ~20 copies per haploid
genome of the pUR288 plasmid (~5 kb harbouring theé@bplacZ gene) integrated into
multiple chromosomes of the C57BL/6 mouse (Gosdext, 1995; Martust al, 1995; Vijg
et al, 1997)(Figure 23A). Mouse line 60 contains plasmids integrated on both chromo
somes 3 and 4 (Vijgt al, 1997). Isolated genomic DNA is digested witimdIIl, which
releases single copies of the linearised plasmid from the tandem array. Individual plasmids
are then purified by adsorption onto magnetic beads coated with Lac repressor @adsen
1993) (Figure 23B). Following elution of the plasmids from the beads, the plasmid DNA is
recircularised by T4 DNA ligase. To assess mutation, the recircularssaiips are
electroporated int&. coliC (galE lacZ'), and mutant frequency is determined using the P
Gal positive selection method (Vijg and Douglas, 1996), as described in Section 2.2.1 above.
In principle, the plasmid mouse system differs from the bacteriophaggd models
in two significant resects. First, since the plasmid is approximately-tamh the size of
bacteriophages, multicopy concatamers of the plasmids can be isolated from genomic DNA
with very high efficiency. This contrasts with phaggsed systems, in which very high
molecular weght genomic DNA must be isolated in order to obtain intact vectors with high
efficiency. Second, a range of deletions arising within the concatamer as well as deletions

1C
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extending from dacZt ar get gflankieg chrambsoal S8etfjiences can be recovered,
detected and characterised (Gosseal, 1995; Martugt al, 1995; Dolleet al, 1996; Vijg

et al, 1997). In contrast, bacteriophalgased systems are not efficient for detection of
mutants containing deletions, partiady if these deletions extend into or through sequences
necessary for phage propagation (see Section 2.3 for further discussion). From a technical
point of view, the method of transgene recovery from the genomic DNA (restriction enzyme
digestion) contribtes modestly to the background spontaneous mutant frequency through a
Astar o act i viHndil dhatssocleavage armoconriat nbcleotide sequences
other than thédindlll restriction enzyme recognition sequence (Deli@l., 1999).

2.2.4 gpt delta rodents
Thegptdel t a mouse was established by microir
into the fertilised eggs of C57BL/6J mice (Nohenial, 1996) (Figure 2 A) . Phage &aEG]
carries about 80 copies of the transgene in a-teetall fashion at a single site of chromo
some 17 and is maintained as a homozygaetije mouse carries about 160 copies of
>2EG10 DNA per dipl oeta,198bhome) ( Masumur a
More recently, aptdelta rat has beateveloped in a Spragi#izawley background
(Hayashiet al, 2003). Thegptd el t a r at has approxi mately 10
integrated at position 492431. The transgenic rat is available as a hemizygote only
(Hayashiet al., 2003). )
Mutation in thegptdelta mouse and rat can be assessed ustinigguanine or Spi
sdection, which respond primarily to point mutation and deletion, respectively (Nohmi,
Suzuki and Masumura, 2000).
6-Thioguanine selection (Figure4B) uses the 456 bgptgene ofE. colias a
reporter gene. Thgptgene ofE. coliencodes guanine phosphmsyltransferase; phes
phorylation of 6thioguanine is toxic to cells when it is incorporated into DNA. Thus, only
cells containinggpt mutants can form colonies on plates containisigiéguanine. The
#EG10 shuttle vector carries a |linearised pl
sequences dbxP. WhenE. colistrain YG6020dpt ) expressing Cre recombinase is
i nfected escuedifrontBe@ice, the plasmid region is efficiently excised from
the phage DNA, circularised and propagated as roafii-number plasmids carrying ttie
coli gptand chloramphenicol aminotransfera€&\{) genesE. colicells harbouring the
plasmids arrying mutangptandCAT genes can be positively selected as bacterial colonies
arising on plates containingtBioguanine and chloramphenicol (Nohmi, Suzuki and
Masumura, 2000). The number of rescued phages can be determined by plating the cells on
plates containing chloramphenicol alone. The mutant frequengptad calculated by
dividing the number of colonies arising on plates containittgd@uanine and chloram
phentol by the number of colonies arising on plates containing chloramphenicol alone.
Spi selection (Figure -2B) takes advantage of the restricted growth of sifae
a-phages in P2 lysogens (Nohatial, 1999; Nohmi, Suzuki and Masumura, 2000; Shikata
a., 2003). Only mutant & phages damhaad are def
redBAgenes can grow well in P2 lysogens; the $pienotype is exhibited as long as the
a-phages carry ahi site and the host straintiecA’. Simultaneous inactivation of both the
gamandredBAgenes is usually induced by deletions in the region.rilineber of rescued
phages can be determined using isogEnicoli without prophage P2. The Spnutation
frequency is calculated by dividing the number of biages by the number of total rescued
phages (Nohmet al, 1999; Nohmi, Suzuki and Masumur@0D).

13
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225 Us e o tll ttarlsgenea

Thecll gene (294 bp) encodes a repressor protein that controls the lysogenic/lytic
cycleo f & p lifl'aEg omli phdges with an activel gene cannot enter a lytic cycle;
therefore, only phages with a mutatdtdgene form plaques. Tt selection can be used in
systems basethcZzGaMet a BMo u @ XIB)OFi @(@.d B2
Blue® mouse or rat) (Figure-2B). Howevergcll selection cannot be used in conjunction with
thegptdel t a system, becaus egptdditesyseln Gas @ mutagiondbfor u s
chiC (Nohmi, Suzuki and Masumura, 2000). Positive seladocll mutants is carried out
by adsorbing packaged phage&taoli G1225 ffl'), plating the bacteria and monitoring
plague formation after an incubation of d&urs at 25C. Selection is carried out at lower
temperature because the phages cac8%/ temperaturesensitive mutation, which makes
the cl(ts) protein labile at temperatures above @2Total phage titre is determined by
incubating at 37C for 1day (Jakubczakt al, 1996; Nohmi, Suzuki and Masumura, 2000).
In principle, the availality of the cll gene as a quantifiable mutation target provides the
Mut aEMouse &systenB with twB indegendent reporter systems. This allows for
confirmation of results, evaluation of suspected false positives or negatives and the recog
tion of jackpot mutations and clonal expansion.

2.2.6 Other transgenic gstems

Several other transgenic models, including those basedp#f(Leachet al, 1996a,
1996b),lacl (BC-1) (Andrewet al, 1996)rpsL (Gondoet al, 1996) and the bacteriophage
AX174 (Malling and Delebah §004) haaepbeerr@ated. 1; Val ent
However, these models have not been tested sufficiently to allow an evaluation of their
performance.

2.3  The transgenic rodent mutation experiment

The basic TGR experiment (Figured? involves treatment of the rodent with a
substance over a gim period of time via any of several modes of administration that are
acceptable in standard toxicological testing. Agents may be administered continaausly (
through the diet or drinking water) or in discrete doses via injection or gavage; the total
period during which an animal is dosed is referred to aadmainistration timeAdminis
tration is frequently followed by a period of time, prior to sacrifice, during which the agent is
not administered. In the literature, this period has been variodstya@ to as the sampling
time, manifestation time, fixation time or expression time; in this document, this period is
referred to as theampling timeAfter the animal is sacrificed, genomic DNA is isolated from
the tissue(s) of interest and purified.

An essential feature of the TGR assay is that mutation detection is adhieiteol
following the rescue of reporter gene vectors from the genomic DNA Wyro packaging of
the & shutt | «alviedd;Kaehiertal (1800;9/ifgamd Dougls, 1996) or
excision/religation of integrated plasmids (Gossen and Vijg, 1993; Vijg and Douglas, 1996).
There is no minimum acceptable number of plafuing units or colomforming units
from an individual packaging reaction: all data are usually agtee, and mutant frequency
is generally evaluated in a sample that contains betweeantiald plaqueforming or
colony-forming units, as determined by plating on rs&fective titre plates. As described
above, positive selection methods have been degélto facilitate the detection of mutations
in either thegptgene @ptdelta mousegpt phenotype) (Nohmet al, 1996; Nohmi, Suzuki
and Masumura, 2000) or thecZ gene (Mut® Mouse oracZ plasmid mouse) (Gossen and
Vijg, 1993; Vijg and Douglas, 1996\vhereadacl gene mutations in Big Blfemouse or rat
are routinely detected through colour selection methods. Methodology is also in place to
detect point mutations arisingintbegene of the & phag®%mosshuttl! e
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or rat, Mut® Mouse) (Jakubczadt al, 1996; Nohmi, Suzuki and Masumura, 2000) (Figures
2-1Band22B) or del et i omredamdgamgends@ptdsita inausetShie o
(Nohmiet al, 1999; Nohmi, Suzuki and Masumug®00) (Figure 24B).

Mutant frequencys calculated by dividing the number of plagues/plasmids centain
ing mutations in the transgene by the total number of plagues/plasmids recovered from the
same DNA sample. The mutant frequency is generally reportedsh TGR mutation
studies. On the other handutation frequencis determined as the fraction of cells carrying
independenmutations and requires correction for clonal expansion. When applicable, this is
achieved by DNA sequence analysis and subsegoergction of the mutant frequency to
account for the presence of jackpot mutations that may arise through the clonal expansion of
single mutants during development or cell growth. This molecular analysis is discussed in
more detail below.

2.3.1 Molecular analysis of mutations

One of the advantages of the TGR assays is that the mutant transgenes can be very
easily recovered subsequent to selection and sequenced so that the mutation spectrum can be
determined. Many of the transgenes used in the curretielm@.g.lacl [1 080 bp],gpt[456
bp] andcll [294 bp]) are sufficiently short that they can be easily and rapidly sequenced
using existing technology. Sequence analyslac? (3 021 bp) mutants is also feasible but
is not carried out very frequentbyving to the increased cost/complexity associated with
sequence analysis of the larger gene target. In general, sequenarisipreceded by
genetic complementation analysis that localitee mutation to one of three complementation
regi ons ( U JacZiyen®(Dougtaet ali, 1994t \hjgeand Douglas, 1996).

When testing drugs or chemicals for regulatory applications, molecular analysis of
mutants would not normally be considereztessary, since such analysis would increase the
cost and complexity considerably. However, there are situations in whichsedifence
analysis can provide valuable supplementary information. BiN# sequencing may be
useful for providing mechanistinformation about the biological mechanisms underlying
mutation induction by specific mutagens. The spectrum of mutations is indicative of the
mechanism through which an agent induces mutatibat is, the identity of DNA adducts
and nature of the DNA pair and replication enzymes that interact with the DNA lesion. In
general, such knowledge is obtained by comparing DNA sequence alterations in the trans
genes of treated and negative control animals. Proper analysis of mutation spectra may
require the sagencing of a large number of mutants, depending upon the molecular mech
anism of the mutagen. Second, sequencing data may be useful when high interindividual
variation is observed. In these cases, sequencing can be used to assess whetharjackpots
clonalexpansion events have occurred by identifying the proportion of unique mutants from
a particular tissueClonal expansion is assumed to have occurred when multiple mutations at
the same site in the transgene are recovered from the same tissue of taris@h&uch
mutations will most likely have been derived from transgenes in daughter cells of a single
mutant cell Correction of data to account for clonal expansion observed using DNA
sequence analysis may result in greater precision in the calcuwd&nmntation frequency
(Nishinoet al., 1996b;Hill et al, 2004). Third, knowledge of mutation spectra allows for the
comparison of mutagenesis at different loéor instance, in a transgene as compared with
an endogenous locus.

DNA sequence analysisab demonstrated that the overwhelming majority of muta
tions arising spontaneously or following treatment with mutagens iMltitad Mouse
(lac2), Big Blu€® (lacl) andgpt delta(gpt) models are point mutations involving base
substitutions or small framedts. Some types of mutations may not be readily detectable
with the Mut@® Mouse (acZ) or the Big Blu& mouse kacl) systems. There has been concern
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that large deletions would not be detectable because they will not be recoverable. This would

be the case fadeletionsthat x t end i nto the & vector and ina
sequences. In addition, there are size limitationgfeittopack agi ng: & vectors
cos sites (segments of singiganded DNA 12 nucleotide bases long that exist at both ends

ofthe bactar o p hage | a rmtraddedgenome) sefpatated byx88kb. Thus,
insertions and deletions that produce & vect
using conventional packaging. For instance, Tao, Urlando and Heddle (1993a) fouad that

was substantially less mutable tHalp-1 by X-rays. As mutant frequencies induced by other
mutagens in thiacl transgene are not generally lower thabih-1, and as Xrays produce a

relatively high proportion of deletions as compared with point mutstithe result is

consistent with the notion that bacteriophage transgenes will be less sensitive to clastogens

(Tao, Urlando and Heddle, 1993a). In principle, some large deletions can be recovered; for
example, deletions with one endpoint located in & @djghe reporter transgene.g.lacl or

lacZ) and the other endpoint located in a different copy of the transgene should be recov

erable and would appear to be much smaller than is actually the case. Whether this actually
occurs has not yet been deteradn

Thegptdelta (Spi) andacZ plasmid mouse system are particularly useful for the
detection and characterisation of deletion mutations. As described in Section 2!2.4, Spi
selection in thgptdelta rodents (Figure-2B) is based on the simultaneous inactivation of
both thegamandredABgenes, a molecular event that generally arises when deletions extend
into (or through) both genes. Detection of these mutants is lifmt@ackaging constraints;
thus, detectable deletions must be less than 10 kb (the largest detected to date is approxi
mately 9.2 kb). Mutants detected by 'Sgglection can be easily characterised by DNA
sequence analysislohmi and Masumura, 2005).

Deletons in thelacZ plasmid mouse may arise internally within the plasmid cluster or
may extend into the mouse sequences flanking the transgene cluster. In either instance, the
proportion of deletions can be readily detected using Southern hybridisatiomteshto
characterise mutants following recovery in Ehecoli host (Figure 23B). Size change
mutants containing internal deletions will yield smaller fragments when hybridised 1o plas
mid pUR288 sequences. Potentially large genomic rearrangementdjngaieletions, can
be detected by Southern blot hybridisation usingtnansgenic genomic mouse DNA as a
probe.

2.3.2 Clonal correction

DNA sequence analysis can facilitate a more accurate assessment of mutation fre
guencies and/or reduce experiméntaiance in the event of clonal expansion. Clonal
expansion may be of particular concern in rapidly dividing tissues, in tissues stimulated with
a mitogen or in situations where the administration and sampling times of the experiment are
extremely longTrue jackpots or clonal events are, in fact, not very common in the literature.
However, there have been a small number of cases in which DNA sequencing has altered the
result (.e.changed a positive to a negative) or has increased the statisticataiggefiof a
positive result (Shanet al, 1999, 2006, Singhet al, 2001; Culpet al, 2002). In each case,
the administration time was extremely long.(between 112 and 180 days). There is some
danger in overcorrecting data using DNA sequence analgdisced mutations often occur
at mutational hotspots; the elimination of all but one mutation at a particular site may theor
etically result in the elimination of identical mutations derived from independentiomatia
events. This correction would rezithe magnitude of the induced response.
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2.4  Perceived advantages and disadvantages of transgenic rodent mutation assays

The design of TGR mutation systems over the past 15 years has incorporated certain
features deemed desirable fiowvivo genotoxiciy testing. Use of these assays over this
period has provided support for a consensus among users regarding the advantages and
disadvantages of these assays. These are described below and examined in more detail in
Chapter 4 of this document.

2.4.1 Advantges
2.4.1.1Numerous tissues for analysis

The major advantage of TGR mutation systems is that mutation can, in principle, be
examined in any rodent tissue from which high molecular weight genomic DNA can be
isolated. Mutations are scored in the bactersumsequent to recovery of the transgene from
rodent genomic DNA through either phage packaging or restriction/plassngitien.

This feature of the TGR assays is attributable to the neutrality of the transgenes (and
therefore the neutrality of mutatie in the transgenes) in the transgenic rodent. Evidence for
the neutrality of mutations has been presented fdatieene of Big BIu€ (Tao, Urlando
and Heddle, 1993a), thacZ gene of Mut® Mouse(Cosentino and Heddle, 1996), itié
gene of Big BIU& (Swigeret al, 1999) and thgptgene of thgptdelta mouse (Swigeat
al., 2001) and has been reviewed recently (Heddle, Martus and Douglas, 2003). Importantly,
the genes appear to be transcriptionally inactive, as indicated by heavy methylatiaa of cyt
sind phosphatieguanine (CpG) sites and an absence of messenger ribonucleic acid (MRNA).
A more direct proof of the neutrality of transgene mutations is that in proliferating tissues,
mutation frequencies in the transgene tend to reach a maximum sewyeralftgr an acute
mutagenic treatment, and this maximum persists for weeks or months. If the mutation were
not neutral, one would expect to see selection at some stage during cellular polifera

One potential exception to the observation of gematidrality should be noted: in
thelacZ plasmid mouse, it is possible that some deletion mutations that extend into flanking
endogenous genes and can be detected and scored would not be genetically neutral.

2.4.1.2Ease of molecular analysis

The advardges of molecular analysis were discussed in Section 2.3.1. To summarise:
1) DNA sequencing may be useful for providing mechanistic information about the-biolog
ical mechanisms underlying mutation induction by specific mutagens; 2) DNA sequencing
data maybe useful to assess whether jackpots or clonal expansion events are the cause of
unusually high interindividual variation; and 3) knowledge of mutation spectra allows for the
comparison of mutagenesis at different loci.

2.4.1.3Gene mutation assay

Themutations induced by most mutagens are primarily point mutations that would be
detected in the transgenes of transgenic rats and mice. Howevaryit@esomatic cell
genotoxicity tests used most heavily in a regulatory context detect clastogenic/aneugen
events (micronucleus, Section 3.3.1; chromosomal aberrations, Section 3.3.2) or are indicator
tests (sister chromatid exchange, Section 3.5.1; unscheduled DNA synthesis, Section 3.5.2).
Assays specific for the detection of gene mutations are limitdgetmouse spot test (Section
3.4.1) and a series of single locus assays that are limited to specific tissues or developmental
stages (Sections 3.4.83.4.3.3). Thus, in principle, a welblidated TGR test capable of
detecting gene mutations in any tis¢8ection 2.4.1.1) of animals at any developmental
stage (Section 2.4.1.5) would fill a significant existing gap at the lewehavo genotoxicity
testing.
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2.4.1.4Flexible mode of administration

In TGR assays, the test agent can be administereagthiemy route. This provides
the flexibility for a researcher to tailor an experiment to the most appropriate mode of admin
istration; there is no limitation based on a need to distribute the test agent to the target tissue
examined using the existing teSbr example, unscheduled DNA synthesis in liver and
cytogenetics assays in bone marrow or peripheral blood may be unsuitable for evaluation of
some substances to which humans are exposed primarily through topical or inhalation expo
sure. Incontrast, TGRs says facilitate testing of nAsite
exposure (Deaat al, 1999) and allow for consideration of parameters such as absorption,
distribution and tissuspecific metabolism when selecting tissues for analysis.

2.4.1.5Rehtively few limitations

Genotoxicity tests often impose testing limitations based on the cell or tissue type or
the stage of development. For example, the mouse spot test detects mutations in a subset of
cells (the melanoblasts), thdb-1 assay detectnutations in the stem cells of colonic crypts,
thein vivomicronucleus test is generally carried out using bone marr@srgheral blood
erythrocytesunscheduled DNA synthesis is typically evaluated in hepatocytes and the rodent
dominant lethal assayaluates malgerm cell mutations that result in embryo lethality. In
contrast, TGR assays allow the evaluation of mutations that arise in virtually any tissue in
animals at all stages of development.

2.4.1.6Level of technical ease and reproducibilityre$ults

TGR assays are composed of an animal handling and treatment component, a DNA
isolation component, a vector recovery component and a mutant detection component. There
are welldescribed protocols for each of these steps that allow tests tariee cart by
trained technical staff in research or contract laboratories. Although none of the steps require
extensive training or expertise, use of MetaE Mo us e or  fodent BystansiB| u e
several laboratories has demonstrated the importance of the quality of the genomic DNA
isolation in obtaining high packaging efficiency; optimal results are obtained by individuals
with some experience in these npanations. To date, use of tigptdelta rodents and the
lacZ plasmid mice has generally been limited to a small number of laboratories associated
with technical development of the system. The ease of use of these systems by other labor
atories cannot ydie evaluated. In some instances, a mutant molecular characterisation
component may also be incorporated into the study. This can be carried out in a reasonably
well equipped molecular genetics laboratory or can be performed by a DNA sequencing
service.

The reproducibility of results using TGR systems within laboratories, and using inter
laboratory comparisons, has been reported to be high (Collaborative Study Group for the
Transgenic Mouse Mutation Assay, 1996; Willems and van Benthem, 2000). The éase wit
which molecular characterisation can be achieved helps to identify sources of significant
interindividual variation that may arise within an experiment.

2.4.1.7Economy of animals

New toxicological methods must be assessed for the extent to whichdthess the
3 Rs that are now fundamental principles of toxicity test developmeghictionin the num
ber of animals usedefinemenin the procedures to minimise animal suffering or distress;
andreplacemenbf animal use with alternative tests. TGRtation models are particularly
relevant tareductionof animal use, in that they do not use a large number of animals relative
to the existing gene mutation assayg(the mouse spot test requires5d0 animals) or
chronic rodent carcinogenicity assalytoreover, TGR experiments can, in principle, be
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combined with othein vivo genotoxicity test endpoints, such as the peripheral blood fmicro
nucleus assay (S. Itadt al, 1999; T. Itohet al, 2000; Nishikawaet al, 2000; Nodaet al,
2002), the bone meow micronucleus assay (Manjanattaal, 2004) or even conventional
systemic toxicity assays, to further reduce the use of rodents. In addition, TGR assays may, in
principle, be used to assess both germ cell and somatic cell mutations, although tie admin
tration time and sampling time experimental parameters (see Sections 6.1.2.5 and 6.1.3.1)
would have to be very carefully designed in order to allow both types of assays to be carried
out adequately.

With regard taeplacemenalternatives, there aeenumber ofn vitro mammalian
cell lines derived from transgenic rats and mice that are being developed as potential surro
gates for then vivo gene mutation model. The vitro models are described in Section
2.4.1.8.

2.4.1.8Corresponding transgenia vitro tests

Although the purpose of this Detailed Review Paper is to reviesivo transgenic
assays for the detection of gene mutations, it should be noted that there are a number of cell
lines that have been derived from thaseivo TGR models;hese cell lines may be used for
in vitro mutation assays (Wyborsét al,, 1995; Suret al, 1996; Erexson, Cunningham and
Tindall, 1998; Saranko and Recio, 1998; Erexson, Watson and Tindall, 1996t &yu
1999b; Gondat al, 2001; McDiarmicet al, 2001, 2002; Ryu, Kim and Chai, 2002; White
et al, 2003). Then vitro assays use the same mutation detection systems as their corres
pondingin vivo TGR model and therefore may have certain hypothetical advantages over
otherin vitro gene mutation assaySection 3.2.2), since fewer assumptions will be required
in predicting the outcome of, or comparing results withjivo transgenic mutation tests.
Furthermore, some of the cell lines are epithelial in origin. Since most solid tumours arise
from such cdé (Lieberman and Lebovitz, 1996), another assumption required in extrapo
lating fromin vitro to in vivo conditions when using fibroblabised cell lines is reduced. In
addition,in vitro transgenic models provide a logical platform on which to basafalp or
mechanistic studies relating itovivo mutagenicity results.

Although extensive validation studies against othesitro gene mutation tests have
not been conducted, a selection of standard mutagens has been studied with an observed high
concadance of results (Whitet al, 2003). As the emphasis continues to shift towards the
replacement o vivo animal modelsin vitro transgenic mutation assays may, in many
contexts, provide viable surrogates iforvivo gene mutation studies in the capending
transgenic model.

2.4.2 Disadvantages
2.4.2.1Limited sensitivity to clastogens

As described in Section 2.3.1 above, certain deletion or insertion mutations may not
be detected in phadmsed TGR systems because of packaging constraints.afjaums
whose genotoxicity arises primarily through clastogenic events may be less likely to be
detected in TGR systems as compared with existing clastogenicity assays, suc¢h asohe
bone marrow micronucleus test. TlaeZ plasmid system, however, éapable of detecting a
variety of clastogenic events, including deletions that extend into native chromosomal
sequences.

2.4.2.2 High spontaneous mutant frequency

The spontaneous mutant frequency in TGR targets appears to be somewhat higher
than in endgenous targets and in many tissues appears to increase with the age of the animal
(Hill et al, 2004). In principle, for a given mutant frequency following treatment, higher
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spontaneous mutant frequencies will yield correspondingly smaller fold inc{eastast
frequency in treated animals / spontaneous mutant frequency) that may be attributed to the
effect of the treatment. Therefore, there has been some concern that the relatively high spon
taneous mutant frequency in TGR targets will decrease thaigignsf the TGR assay

relative to assays using endogenous gene targets. However, it has been clearly demonstrated
in optimised TGR assay protocols that the sensitivity of transgenes can be enhanced by
increasing the administration time. Since mutationghe neutral transgene accumulate

linearly with the number of daily administrations given to an animal, longer administration
times induce more mutations with time and increase both the induced mutant frequency and
the fold increase in treated animalseTensitivity of TGR assays is discussed in Section
4.8.4.

2.4.2.3Cost

Per unit costs for transgenic animals and experimental consumables are higher than
for many other genotoxicity assays. Proper conduct of the assays requirgainet tech
nical staff. The experimental protocols are not yet amenable to a high degree of automation.
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3.0 EXISTING GENOTOXICIT Y ASSAYS

3.1 Introduction

The utility of TGR mutation assays in genotoxic risk assessment may be considered in
the context of currently avaible assays. Typically, genotoxic effects can occur through two
mechanisms: via gene mutations or via chromosomal mutations. For the purposes of this
chapter, gene mutations are considered to be permanent single mutations involving only one
gene, whereashcomosomal mutations are considered to be changes in the structure of the
chromosome (structural aberration) or a change in chromosome number (numerical aberra
tion). Generally, chromosomal aberrations affect more than one gene. Genotoxicity can be
manifesed through one or both of these mechanisms.

Since experience with genetic toxicology testing over the past several decades has
demonstrated that no single assay is capable of detecting the full spectrum of genotoxic
effects, the potential for a chemid¢alcause genotoxicity is typically determined through a
battery of shortand longterm tests, involving botim vitro andin vivomodel systemdn
vitro assays offer the advantages that they are relatively inexpensive and easy to conduct and
do not diredy involve the use of animals. However,vitro tests usually require supplemen
tation with exogenous metabolic activation enzymes in order to simulate mammalian metab
olism; they also generally do not allow for the consideration of factmrsluding bxico-
kinetics and DNA repair that are relevant when considering potential effects in humans.
Neverthelessn vitro assays are typically used to provide an initial indication of the-geno
toxicity of a chemical, and the results often inform the choi@ppfopriate subsequent
vivo studies.

In vivo genotoxicity assays offer the advantage that mammalian DNA repair
processes, the status of cell cycle checkpoint genes and toxicokinetic factors in the model
system share greater similarity with humans sihecies of interest for risk assessment;
consequently, the degree of uncertainty in extrapolating to humans is lower than when
considering mosh vitro tests. Despite this advantage, im@ivo assays are considerably
more time consuming to conduct besawf the need to administer the test compound to
animals; this period of time can in some cases be days or weeks in length. The complexity
and logistics associated witt vivo studies are also greater thanifovitro assays, and this
is reflected in thir increased cost.

The testing of chemicals for the purposes of determining safety requires reproduci
bility between laboratories and standardisation in test methods. For this reason, testing proto
cols have been developed under the auspices of interabtiganisations, such as the
OECD, to promote the use of reliable and reproducible methods in testing laboratories. These
protocols recommend conditions under which the tests should be conducted, based upon an
extensive understanding of the validity béttest for the particular endpoint of interest.

In this chapter, existing genetic toxicology tests are reviewed and their benefits and
limitations described (see also Tab#&)3 For the purposes of this discussion, assays are
grouped into four categosein vitro mutation assays (briefly reviewedh,vivo somatic cell
gene mutation assays,vivosomatic cell chromosomal aberration assaysimnd/oindica
tor assays.

3.2 Invitro genotoxicity assays
3.2.1 Invitro chromosomal aberration assays

Chemicals causing chromosomal aberrations may be identified with\atno cyto-
genetics assay (OECD, 1997b). Mammalian cell cultures, such as those derived from the
Chinese hamster.¢. Chinese hamster ovary or V79 lines), are treated with the testaemi
after an appropriate exposure period, mitosis in the cultures is arrested in metaphase with an

23



ENV/IM/MONO(2008XX

Table 3-1. Comparison of existing tests used to examine somatic cell genotoxicity in vivo

A
Rodent erythrocyte Bone marrow chromosomal
micronucleus aberration Mouse spot test Retinoblast® Hprt?
Species Rat or mouse Rat or mouse Mouse Mouse Rat or mouse

Number and sex

Dose levels

Route of
administration

Treatment schedule
Tissue analysed
Sampling

(examination) times

Analysis

In-life phase

Minimum 5 per sex per dose

At least three, plus controls;
maximum should be MTD;
limit test acceptable where no
toxicity observed at 2 000
mg/kg bw

Oral or intraperitoneal; others
where justified

Single administration;
multiple dosing where
justified

Bone marrow or peripheral
blood erythrocytes

24i 48 hours for bone
marrow; 481 72 hours for
peripheral blood

At least 2 000 PCEs per
animal

About 1 week

Minimum 5 per sex per
dose

At least three, plus controls;
maximum should be MTD;
limit test acceptable where
no toxicity observed at

2 000 mg/kg bw

Oral or intraperitoneal;
others where justified

Single administration

Bone marrow

1.5 times normal cell cycle
length (127 18 hours) and
24 hours after first sampling

At least 1 000 cells per
animal for mitotic index; at
least 100 cells per animal
for chromosomal aberra-
tions

About 2 weeks

Sufficient number of
females (~50) to produce
about 300 F1 mice per
dose

At least two doses (plus
controls), one of which
should induce mild toxicity
or reduced litter size

Oral or intraperitoneal;
others where justified

Single administration on
the 8th, 9th or 10th day of
gestation

Fur

After birth of F1 generation
at about 4 weeks

Presence of colour spots
on the coat of F; animals

About 6 weeks

Five per sex per dose
should be sufficient

At least two, plus controls;
maximum dose should be
the MTD or induce target

tissue cytotoxicity

Route relevant to human
exposure (oral, intra-
peritoneal or inhalation)

Single administration on
the 10th day of gestation

Retinal epithelial cells

After birth of F; generation
at about 20 days

Presence of colour spots
within the retinal epithelium
of F1 animals

About 27 3 months

Five per sex per dose
should be sufficient

At least two, plus controls;
maximum dose should be
the MTD or induce target

tissue cytotoxicity

Route considered most
relevant to human expo-
sure

Single or multiple admin-
istration

Splenic T-lymphocytes
(primarily)

Mutation frequency deter-
mined after a selection
period of several days in
6-TG

Calculation of induced
mutant frequency

About 2 months
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B.
. Sister chromatid Unscheduled DNA
Aprt® Tk T2 Dlb-1° exchange?® synthesis Comet assay®
Species Aprt™ br Aprt’ ' Tk heterozygous DIb-1 heterozygous Rat or mouse Rat; also mouse Rat or mouse
mouse mouse mouse

Number and sex

Dose levels

Route of administration

Treatment schedule

Tissue analysed

Sampling times

Analysis

In-life phase

Five per sex per dose
should be sufficient

At least two, plus
controls; maximum
dose should be the
MTD or induce target
tissue cytotoxicity

Route considered
most relevant to
human exposure

Single or multiple
administration

Splenic T-lymphocytes
or skin fibroblasts
(primarily)

Mutation frequency
determined after a
selection period of
several days in 8-AA
or DAP

Calculation of induced
mutant frequency

About 2 months

Five per sex per dose
should be sufficient

At least two, plus
controls; maximum
dose should be the
MTD or induce target
tissue cytotoxicity

Route considered
most relevant to
human exposure

Single or multiple
administration

Splenic T-lymphocytes
(primarily)

Mutation frequency
determined after a
selection period of 101
12 days in BrdU

Calculation of induced
mutant frequency

About 2 months

Five per sex per dose
should be sufficient

At least two, plus
controls; maximum
dose should be the
MTD or induce target
tissue cytotoxicity

Oral administration

Single or multiple
administration

Intestinal epithelial
cells

14 days

Calculation of induced
mutant frequency

About 2 months

Five per sex per dose
should be sufficient

At least two, plus
controls; maximum
dose should be the
MTD or induce target
tissue cytotoxicity

Gavage or intra-
peritoneal injection are
most common

Single administration

Bone marrow (other
cell types may be
used)

Sacrifice 24 hours
after administration;
animals receive BrdU
at 2i 3 hours and
colchicine at 21 hours

Scoring sister
chromatid exchanges
by examination using
light microscopy

About 1 week

At least three per
dose; usually males
are sufficient

At least two, plus
controls; maximum
dose should be the
MTD or induce target
tissue cytotoxicity

Oral (intraperitoneal
injection is not
recommended)

Single administration

Liver

2i 4 and 127 16 hours
after administration;
liver cells are prepared
and incubated for 3i

8 hours in *H-TdR

Determination of net
nuclear grain count by
autoradiography in at
least 100 cells per
animal

About 1 week

41 5 per sex per dose
should be sufficient

At least two, plus
controls; maximum
dose should be the
MTD

Route considered
most relevant to
human exposure

Single or multiple
administration

Any from which a
single-cell suspension
can be prepared

21 6 hours and 167 26
hours after single
dosing, or 2i 6 hours
after the last treat-
ment following
multiple dosing

Computer image
analysis of comets

About 1 week

8-AA, 8-azaadenine; BrdU, 5-bromo-2 -Ngoxyuridine; bw, body weight; DAP, 2,6-diaminopurine; MTD, maximum tolerable dose; PCE, polychromatic erythrocyte; TdR,
thymidine; 6-TG, 6-thioguanine

% Non-guideline study.
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inhibitor, such as colcemid or colchicine. The stained metaphassdspee examined by
light microscopy to detect chromosome or chromatid aberrations. A biologically significant
increase in the frequency of cells with structural aberrations compared with that of-the con
current control group indicates that the chemicalastogenic. Major drawbacks of this
assay, in comparison with some of the othevitro assays, are the subjectivity and cost of
having the metaphase spreads scored by an observer.

A harmonised protocol for tha vitro micronucleus test has been deyeld recently
by an IWGT working group (KirsecNolderset al, 2000, 2003). The European Centre for the
Validation of Alternative Methods has determined thatithétro micronucleus test is a
valid alternative to then vitro chromosomal aberration te&uropean Centre for the
Validation of Alternative Methods Scientific Advisory Committee, 2006), and the OECD is
developing a new Test Guideline (OECD, 2007); however, the transition of this assay from
the development stage to routine regulatory use hagehotcurred.

3.2.2 Invitro gene mutation assays

Thein vitro assays commonly used in genetic toxicity testing include the bacterial
reverse mutation assay (Ames assay), which detects chemicals that cause point mutations or
frameshift mutations in higtine auxotrophic strains &almonella typhimuriurte.g.strains
TA100, TA98, TA102), and a reverse mutation assay using a tryptophan auxotrophic strain of
E. coli(e.g.WP2uvrA) (OECD, 1997a). Revertant cells grow on minimal agar containing
trace amountsf histidine or tryptophan, whereas wilgpe cells rapidly deplete the limiting
amino acid and stop growing. If there is an increase in the number of revertant colories com
pared with the results of the concurrent negative control (typically considesedfald or
greater increase), the chemical is concluded to be mutagenic.

Mammalian forward mutation assays, such as the thymidine kimksassay or the
hypoxanthineguanine phosphoribosyltransferasp(t) assay, detect mutations at the
heterozygoudk or hemizygoudiprt gene (OECD, 1997e). Cells such as mouse lymphoma
L5178Y cells Tklocus), several Chinese hamster cell linggr{ locus) and human lympho
blastoid cells Tklocus) are most commonly used. Mutations are selected by incubation of the
cell cultures with the selective agents trifluorothymidimk dssay) or @hioguanine prt
assay). Cells having forward mutations atTher Hprt genes survive in the presence of the
selective agent, whereas wilgbe cells accumulate a toxic metaboéted do not proliferate.
Comparison of the mutant frequency of the treatment groups with that of the concurrent
negative control group allows the identification of a mutagenic chemical.

3.3 Invivo assays for somatic cell chromosomal aberrations

In vivochromosomal aberration assays assess the potential of a test chemical to cause
DNA damage that may affect chromosome structure or interfere with the mitotic apparatus,
causing changes in chromosome numibbere are several shadrm assays that detect
samatic cell chromosomal aberrations; these include the rodent erythrocyte micronucleus
assay and the bone marrow chromosomal aberration assay.

3.3.1 Rodent erythrocyte micronucleus assay

Because of its relative simplicity and its sensitivity to clastogiesrodent erythro
cyte micronucleus assay has now become the most commonly conduaterassay. It has
achieved widespread acceptance, and a test method has been described in OECD Test Guide
line 474 (OECD, 1997c).
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3.3.1.1 Principles

The micronuatus assay detects chromosome damage and whole chromosome loss in
polychromatic erythrocytes (PCEs) and eventually in normochromatic erythrocytes in
peripheral blood as the red cells mature. A micronucleus is a small stru¢t20845f the
size of the nu@us) containing nuclear DNA that has arisen from chromosome fragments or
whole chromosomes that were not incorporated into daughter nuclei at anaphase of mitosis.
Micronuclei can be found in cells of any tissue, but form only in dividing cells.

There aredur generally accepted mechanisms through which micronuclei can form:
1) the mitotic loss of acentric chromosome fragments (forming structural aberrations);

2) mechanical consequences of chromosomal breakage and exchange, such as from lagging
chromosomesn inactive centromere or tangled chromosomes (forming structural-aberra
tions); 3) mitotic loss of whole chromosomes (forming numerical aberrations); and

4) apoptosis (Heddlet al,, 1991).However, nuclear fragments resulting from apoptosis are
usually easy to identify because they are much more numerous or pyknotic than those
induced by clastogenic or aneugenic mechanisms. Struategiations are believed to result
from direct or indirect interaction of the test chemical with DNA, whereas numerical
aberrations are often a result of interference with the mitotic apparatus, preventing normal
nuclear division.

Bone marrow is the major haematopoietic tissue in the adult rodent. Administration of
a chemical during proliferation of haematopoietic cells nayse chromosome damage or
inhibition of the mitotic apparatus. These chromosome fragments or whole chromosomes
may lag behind during cell division and form micronuclei. The erythrocyte is particularly
well suited to analysis for micronuclei because dunrajuration of the erythroblast to the
PCE (a period of aboutlurs following the final mitosis), the nucleus is extruded, making
detection of micronuclei easier (Mavourmnal, 1990). In addition, the PCE still contains
ribonucleic acid (RNA), and sostains bluegrey with Giemsa or reddish with acridine
orange. This allows differentiation from mature, haemoglabintaining erythrocytes, which
stain orange with Giemsa or are unstained by acridine orange, and facilitates identification of
the cells vinere micronuclei induced by the test substance may be present (Krishna and
Hayashi, 2000). Sampling of PCEs from the bone marrow or peripheral blood prior to their
differentiation to mature erythrocytes is critical; once a PCE has matured, associating the
presence of micronuclei in these cells with acute chemical exposure is not possible. Mature
erythrocytes persist in peripheral circulation for abootdhth (Mavourniret al, 1990).

The micronucleus assay is conducted using the bone marrow or peripbedabb
rodents, typically mice, as the target tissue; the peripheral blood of species other than the
mouse can be used if micronucleated erythrocytes are not rapidly removed by the spleen
(OECD, 1997c). The usual routes of administration are via gavaggaperitoneal
injection, and generally several doses must be administered so that the dose range spans from
the maximum tolerable dose (MTD) to a dose without appreciable toxicity. The length of
time between treatment and sacrifice is a critical pamehich is dependent on the cell
cycle time. This delay between treatment and sampling of PCEs is necessary to allow
sufficient time for the number of micronucleated PCEs to rise to a peak and corresponds to
the time necessary for absorption and metabobf the chemical, the completion of the
erythroblast cell cycle, including any test cheniicaduced cell cycle delay, and extrusion of
the erythroblast nucleus (Mavourrenhal.,, 1990).

The incidence of micronucleated PCEs is low in untreated aniifabslow for
appropriate statistical power, a large number of PCEs (usually at [@@8tR2CEs per
animal) must be scored for the incidence of micronuclei; the proportion of PCEs among total
erythrocytes is also determined as a measure of cytotoxicitg QDE997c).
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Because micronuclei are relatively rare, manual enumeration by light microscopy is
time consuming. For that reason, newer flow cytometric or image analysis methods have
been adapted for the rapid processing of slides, which offer tremendeunsigddor
improving the sensitivity and the efficiency of the assay (Hayatshli, 2007).

Any test chemical that induces an increase in the frequency of micronucleated PCEs
is concluded to have induced chromosomal aberraioviso, but further mechastic
information useful to distinguish micronuclei induced by clastogenic or aneugenic chemicals
can also be obtained. Micronuclei of aneugenic origin will contain centromeres, the presence
of which can be verified using one of two molecular cytogeme@ithods: immunituor-
escent antikinetochore (CREST) staining or fluorescansiu hybridisation (FISH) with
pancentromeric DNA probes (see Hedellal, 1991; Krishna and Hayashi, 2000).

3.3.1.2 Benefits and limitations

Based on the mechanism foraranucleus formation, the micronucleus assay, in
principle, is able to detect both clastogens and some aneugens. There is a low spontaneous
micronucleus frequency in erythrocytes (typically <3 micronucleated POB8/PCES),
which provides fairly high sesitivity to small test chemicainduced increases in micro
nucleus frequency (Salamone and Mavournin, 1994). In addition, there is a very large
population of cells from which to sample, making scoring easier and increasing the power of
the test. Since thessay has been used in genetic toxicology testing for many years, numerous
laboratories have developed considerable expertise with the assay, and a large database exists
to allow for comparisons. The assay is widely accepted by regulatory agencies inter
naionally.

However, as only PCEs are scored for the presence of micronuclei, the effect of a
chemical on germ cells and other somatic cells is not assessed. Despite evidence suggesting
that the bone marrow micronucleus assay can detect most germ cetjefss(\Waterst al.,

1994), if the test chemical under investigation is suspected to target germ cells, separate
investigations should be performed; these studies are particularly resource intensive. The
identification ofN-hydroxymethylacrylamide as a tagen that induces dominant lethal
mutations in germ cells, but not micronucleated PCEs, highlights a potential drawback of
mutation assays exclusively involving somatic cells (\&tital, 2003). Although the assay

can detect both clastogenic and aneugeffects, it cannot distinguish between the two
mechanisms unless further work is conducted using CREST staining or FISH techniques; this
is rarely done. In addition, the micronucleus assay, in principle, does not identify gene
mutationsin vivo; therefoe, the use of thie vivo micronucleus assay to confirm a positive

result obtained in am vitro gene mutation assay is not mechanistically justified.

3.3.2 Mammalian bone marrow chromosomal aberration assay

The mammalian bone marrow chromosomal abienatssay can detect clastogenic
effects of a test agent. However, in the chromosomal aberration assay, these effects are
observed directly by examination of metaphase chromosome spreads. The recommended
methodology has been published in OECD Test Guiddifb (OECD, 1997d).

3.3.2.1Principles

The assay is based on the ability of a test agent to induce chromosome structural or
numerical alterations that can be visualised microscopically. The target tissue for the
chromosomal aberration assay is the hoaerow, because it is a rapidly dividing, well
vascularised tissue. Groups of mice, rats or Chinese hamsters are administered the test
chemical, preferably only once, by a relevant route of exposure, typically by gavage or
intraperitoneal injection. Dosese selected that span a range from the MTD to that which
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does not induce appreciable toxicity. The MTD by definition produces mild toxicity that at
higher doses would be expected to lead to mortality or causes bone marrow cytotioxicity (
>50% reductia of the mitotic index).

In order to accumulate metaphase cells, cell division is arrested by administration of a
mitotic inhibitor, such as colchicine] 8 hours prior to sacrifice. After a time period equiva
lent to 1.5times the normal cell cycle ledgfusually 1218 hours for most rodent species),
animals are euthanised, and bone marrow cells from the femur in their first metaphase after
administration are examined. Because of the potential for some chemicals to induce mitotic
delay, a second samplimgconducted with a parallel group of animalsh®dirs after the first
sampling time. Using light microscopy, a minimum dd0cells per animal are scored to
determine the mitotic index, and a minimum of hd&taphase cells per animal are scored for
chromosomal aberrations. A chemical that induces an increase in the frequency of structural
aberrations, including chromosortyge and chromatitlype aberrations, is considered to be
clastogenic under the test conditions.

3.3.2.2 Benefits and limitations

The chromosomal aberration assay detects clastogenic effects of a test chemical by
direct examination of metaphase cells; this often is more informative, because the types of
aberrations can be described and classified, which allows the assay to pro\ndeistiec
information more readily than the micronucleus assay. The assay has been in use for many
years, it is accepted by regulatory agencies globally and a large database existpdor com
sons. Although bone marrow cells are the usual target, the emsde adaptee.g.by
altering sampling times) to allow examination of other cell types, including speyomso
This allows the assay to be used to evaluate the potential for germ cell chromosomal aber
rations that could lead to heritable genetie&s.

However, conducting a chromosomal aberration assay is much more time consuming
than conducting the micronucleus assay. It requires skilled personnel to correctly identify
aberrations and is not adaptable for automated scoring. As a result, g#ssardy subjec
tive. Because of cytotoxicity or chromosomal damage during slide preparation, the number of
scoreable metaphases may be low; this could make it difficult to find a sufficient number of
intact metaphases per animal, which would reduce tgtsaty of the test to detect small
increases. Furthermore, like the micronucleus assay, the chromosomal aberration assay does
not, by design, provide information regarding whether the test chemical induced gene muta
tions in the target cells or othessues besides the bone marrow within the animal.

3.4 Invivo assays for somatic cell gene mutation in endogenous genes

In vivogene mutation assays in endogenous genes are rarely used for testing purposes
because of the lack of effective methods. Thesténgtt currently exist are cumbersome and
generally not suitable for routine use. The mouse spot test is the only test for which an OECD
test guideline exists, but some promising mutation tests using endogenous genes have also
been developed. These endogengene mutation assays include retinobkstt, Aprt
(adenine phosphoribosyltransferase’,” andDlb-1.

3.4.1 Mouse spot test

The mouse spot test was developed as a rapid screening test to detect gene mutations
and recombinations in somatic cetif mice. The recommended methodology is described in
OECD Test Guideline 484 (OECD, 1986Db).
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3.4.1.1 Principles

Although coat colour spots were induced experimentally {iyaliation in 1957
(Russell and Major, 1957), the ability of chemicals to irdin@se genetic changes was not
recognised until 1975, when colour spots were induced by treatment of midd-atithyl-N-
nitrosourea (ENU) (Fahrig, 1975). The mouse spot test is based on the observation that
chemical mutagens can induce colour spots erfuthof mice exposeuh utera The colour
spots arise when mouse melanoblasts heterozygous for several recessive coat celour muta
tions lose a dominant allele through a gene mutation, chromosomal aberration or reciprocal
recombination, allowing the rece@ss gene to be expressed (Russell, 1977). Melanoblasts
migrate from the neural crest to the midline of the abdomen duringBd&agsf embryonic
development, while continuing to divide to produce melanocytes (Fahrig, 1995). Those
melanocytes that carry a@at colour mutation will result in differing pigmetitan of the fur
in a band stretching from the back to the abdomen.

Mice of the Fstrain are mated with those of the HT or C57/B1 strain to produce
embryos with the desired genetic characteristicsetrernl, treatment of about 8&ms with
the test chemical would be sufficient to produce the desired F3@@imals per group. Dams
are treated on d&g; 9 or 10 of gestation by gavage or intraperitoneal injection. Three or four
weeks after birth, the mgcare examined for coat spots. There are three classes of spots:
1) white ventral spots that are presumed to be the result of chromosomal aberrations leading
to cell death; 2) yellow, agodlike spots that are likely to be a result of misdifferentiations;
and 3) pigmented black, grey, brown or nedite spots randomly distributed over the whole
coat, which are the result of somatic mutations. However, only the last class of spot has
genetic relevance. A chemical that induces a biologically significargase in the number
of genetically relevant (somatic mutation) spots is considered to be mutagenic in this test
system (OECD, 1986Db).

By examining fur from the spot using fluorescence microscopy, it is possible to
distinguish the different classes of tpand to identify, from somatic mutation spots, the
gene loci affected (Fahrig and NeuhatKkus, 1985). It is also possible to distinguish
different types of genetic events. Identifiable gene mutations are caused by a mutation at the
c locus that prodees cells with the (albino) andc® (chinchilla) alleles, which causes light
brown spots. Reciprocal recombinations result from a crogsiaginvolving the linkegh
(pink-eyed dilution) and (albino) loci; the resulting recombinants are homozygousitber
the wildtype (visible as black spots) or mutant alleles (visible as white spots) (Fahrig, 1995).

3.4.1.2 Benefits and limitations

The mouse spot test is capable of detecting both gene mutations and some types of
chromosomal aberrations. It islatively easy to conduct, it does not require specialised
expertise and the endpoint of interest (coat spots) can be directly identified by visual exam
ination. Further information regarding the causes of different types of mutagenic events and
the genedci involved can be inferred by examining fur from the spots microscopically. Basic
information regarding the reproductive toxicity or teratogenicity of the test chemical can also
be obtained by looking for obvious malformations or reduced numbers ofrpegsh litter.
However, mutagenic activity is detected within the small melanocyte population only very
early in development. Furthermore, the test requires a large number of animals, making it
very costly to conduct. The high cost and the trend towauisction of animals used in
toxicological testing have greatly limited the use of this assay.
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3.4.2 Retinoblast (eye spot) assay

The retinoblast (eye spot) assay is a variant of the mouse spot test that identifies
deletion mutations by scoring coloyrats in the retinal pigment epithelium instead of the
coat. This assay is not commonly used, other than for basic research applications.

3.4.2.1 Principles

The eye spot assay is similar in principle to the mouse spot test. It uses the C57BL/6J
p""/p"" strain of mouse, which carries the pieked unstable mutatiop'{), a 70 kb tandem
duplication at the pinleyed dilution locus (Gondet al, 1993). Theg"" mutation carried by
the test strain is an autosomal recessive mutation that produces a ligtwajreglour and
pink eyes. Loss of one copy of th¥€'tandem duplication causes reversion ofgiffemuta
tion to the wildtypep in a retinal pigment epithelial precursor cell and leads to the produc
tion of a retinal pigment epithelial cell with blacigmentation, which is visible against the
remaining norpigmented retinal pigment epithelial cells (Searle, 1977). With this assay, the
frequency of mutations (deletions) affecting one copy of the tandem duplicatiorpdt the
locus can be measured.

The &say is most commonly conducted by treating dams from the C57p1/pJ
strain with the test chemical by a relevant route of exposure (gavage, intraperitoneal injection
or inhalation) at approximately ddy) of gestation. Offspring are sacrificed at éige of
20days, the eyes are removed and the retina is placed on a slide and examined by light
microxopy. The number of spots, which are observed as a single pigmented cell or groups of
pigmented cells separated from each other by no more than onenenpégl cell, is counted.
Each eye spot corresponds to piftmutation. A test chemical that induces a significant
increase in the frequency of eye spots compared with the negative control is mutagenic under
the conditions of this assay (Reliegieal, 2004).

Reversion of th@"" mutation arises from intrachromosomal recombination that
results in the deletion of one of the tandem fragments at'theci. The deletion can occur
by several mechanisms, such as intrachromosomal cressangsinglestrand anealing,
unequal sister chromatid excharagel sister chromatid conversion (Schiestl, 1997a).

3.4.2.2 Benefits and limitations

A number of carcinogens have been found to induce intrachromosomal recombina
tions (Schiestét al, 1997a, 1997b; Ik, Murthy and Schiestl, 1998; Bishagt al, 2000), so
the endpoint scored by this assay has some relevance to the assessment of carcinogenicity.
The assay assesses a type of genetic effect (deletion mutation) that is not identified by many
other assayslhe eye spot assay requires fewer animals than the mouse spot test to achieve a
high sensitivity (Bishoget al, 2000), and it allows for direct examination at the shoglk
level. However, the target cells in this assay are retinal pigment epithelairsor cells,
which proliferate only during the period starting at about embryoni®dayil shortly after
birth (Bodenstein and Sidman, 1987). Because the assay is used to determine the frequency of
deletions occurring in embryos, it may not necelshe representative of other life stages.

3.4.3 Gene mutation assays using endogenous genes with selectable phenotypes
3.4.3.1Hprt

TheHprt assay uses one of the few genes that are suitable for mutation analysis in
wild-type animalsn vivo. It hasbeen widely used in basic research applications, but has yet
to be used for routine testing.
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3.4.3.1.1 Principles

TheHprt gene is located on the-éhromosome and spans 32 kb and 46 kb in human
and rodent cells, respectively. Both male and female caity only one active copy of the
Hprt gene; in female cells, one copy of theelromosome is inactivated. Thigprt gene
codes for hypoxanthirguanine phosphoribosyltransferase (HPRT), which plays a key role
in the purine salvage pathway. HPRT catalykeditansformation of purines (hypoxanthine,
guanine or @nercaptopurine) to the corresponding monophosphate, which is cytotoxic to
normal cells in culture. The assay is based on the observation that cells with mutations in the
Hprt gene have lost the HPREhzyme and survive treatment with purine analogues.

Mice or rats are treated with the test chemical by an appropriate route of exposure.
After a fixation period of several weeks, the spleens are removed from sacrificed animals,
and cultures of splenic-lymphocytes are establishedlymphocytes are particularly useful
because they circulate throughout many tissues, which affords them a greater probability of
contacting administered mutagen compared with cells that are permanently resident in a
single tisse. T-lymphocytes are also long lived in circulation, and they continue to undergo
cell division, which makes the identification of mutant cells possible. In addition to
T-lymphaocytes, mutant frequency has also been determined in other cells, includiag tho
from the kidney, thymus and lymph nodes.

Mutant selection has been described by Teted (1994). Cells are incubated in
microwell culture plates with the selective ageithi®guanine, a purine analogue that is a
substrate for HPRT and is toxictornrmutant cells. Cloning efficiency plates are scored after
81 9 days, whereas mutant frequency plates are scored aftet@lZBday expression period.
The mutant frequency is calculated as the ratio between the cloning efficiencies in selective
media \ersus those in cloning media. A significant increase in mutant frequency in treatment
cultures compared with controls indicates that the test chemical has induced mutation at the
Hprt locus. The average spontaneous mutant frequency Hipthéocus is inthe range of
10 ®Van Slouret al, 1998). Using standard techniques, further molecular analysigrof
mutations can be performed, if desired.

3.4.3.1.2 Benefits and limitations
TheHprt assay detects point mutations, frameshifts, small inserti@ahsraall dele
tions. As an endogenous gehiprt is transcriptionally active and thus subject to transcrip
tion-coupled DNA repair (Lommel, Carswe&llrumpton and Hanawalt, 1995). However,
becauseprt is an Xlinked gene and therefore functionally hemizygatiis not particularly
efficient at detecting large deletions, chromosomal recombination ardisjanction events
that may disrupt essential flanking genes and are more effectively identified with assays
using endogenous autosomal genes (DobrovoGkgn and Heflich, 1999). Deletions
extending into adjacent essential genes in hemizygous regions are usually lethal to the cell
because there is no homologous region to compensate for the loss of essential gene function.
BecausdHprt is not a neutral gex there is selection pressure agalystt-deficient
lymphocytes, particularly in young animals (Deubeél, 1996). In addition, dilution of
mutant Flymphocytes in circulation occurs as peripheral lymphocyte populations are
renewed; this is also affexl by the age of the animal. The time from exposure to maximum
average mutant frequency was found to lwee2ks in the spleen of ENekposed pre
weanling mice and &eeks in adult mice (Walkest al, 1999b). As a result, sampling in the
spleen must be oafully timed to detect the maximum mutant frequency based on these
factors. AlthoughHprt mutant frequency can be determined from any tissue that can be
subcultured, it is typically assessed only Hyiphocytes, which prevents identification of
mutagent effects that may arise preferentially in other target tissues.
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3.4.3.2Aprt

TheAprt assay uses a constructprt heterozygous mouse model. Like tHprt
model,Aprtis widely used in research, but is not yet used in routine genetic toxicology
testirg.

3.4.3.2.1 Principles

Aprtis the gene coding for an enzyme (adenine phosphoribosyltransfiasegta
lyses the conversion of adenine to adenosine monophosphate (AMP) in the purine salvage
pathway; it is expressed in all tissues. The ma@yseégene is located on chrorsome 8
(Dushet al, 1986), whereas the human gene is located on chromosome 16 @fratini
1986). In the mouse, thigprt gene, because of its location near the telomere, is a large target
for chromosomal events such as tranatmn and mitotic recombination (Tischfield, 1997).

SeveralAprt knockout models have been created. A heterozygpus’ fouse has
been developed by disrupting tAprt gene in embryonic stem cells using a conventional
gene targeting approach (Van Slaitral, 1998). This model can be used to investigate
induced forward mutations leading to the loss of the autosomahdotiocus in flympho-
cytes and skin fibroblasts, as well as mesenchymal cells from the earet@thad999) and
epithelial cells from the kidney (Ponomareataal, 2002). Using methods similar to those
used for theHprt model,Aprt heterozygous micare treated with the test chemical. After a
fixation period of several weeks, the animals are sacrificed, and typically sptemigpo-
cytes or skin fibroblasts are isolated and cultufguit-deficient mutants are selected using
purine analogues suchk &azaadenine or 2s@iaminopurine, which are toxic #prt-
proficient cells. After a 6to 8-day expression period, the cloning frequency and mutant
frequency are determined using methods similar to those used fépithemodel (Tate®t
al., 1994). Thespontaneous mutant frequency atApet locus in heterozygous mice is
approximately 8.7 x 1(fin T-lymphocytes (Van Slouat al, 1998) and 1.7 x 1din skin
fibroblasts (Tischfield, 1997). Using standard techniques, further molecular analgig of
mutations can be performed, if desired.

An Aprt ' homozygous knockout mouse has also beeeldped, which is capable of
detecting chemicals that cause point mutations (Stamlatoalk 1996). These mice have
Aprt alleles inactivated by reversible point mutations. Mice are administered the test chemical
and held for a fixation period of severateks, after which they are injected witfJJade
nine. Cells that have revertedAprt” have a functional adenine phosphoribtisylsferase
enzyme and can sequester radiolabelled adenine by conversion to AMP, which-is subse
guently incorporated into nlec acids. Using autoradiography or scintillation counting, the
frequency of revertant cells can be determined.ifts#u method also enables identification
of the cell types that are most susceptible to mutation (Stambta@ik 1996).

3.4.3.2.2 Besfits and limitations

Because it is an autosomal heterozygous lo&pd,can detect in addition to the
point mutations, frameshifts and small deletions detectabi¢pilyi events that may lead to
loss of heterozygosity, such as large deletions, mitandisjunctions, mitotic recombira
tions and gene conversions, if the function of the deleted essential gene is provided by the
homologous chromosome. The ability to detect the full spectrum of autosomal mutations
allowsAprtto be a much more versatibiomarker thaiiprt. However, the use &prtas a
mutational target is limited to only a few tissues because of the detection method, which
relies on culturing techniques. Lilképrt, Aprtis not a neutral gene, and there may be hega
tive selection presses onAprt mutant cells, as well as influences on mutation frequency
arising from dilution as the-Tlymphocyte pool is renewed.
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3.4.3.3Tk" "’

A Tk heterozygous mouse model has been constructed (Dobrovolsky, Casciano and
Heflich, 1999). This model isucrently limited to basic research applications, as it remains in
an early stage of development and has not yet been used for routine testing.

3.4.3.3.1 Principles )

The heterozygoutk' /' nouse was created by using a mouse embryonic stem cell line
with one allele of th&'k gene inactivated through targeted homologous recombination
(Dobrovolsky, Casciano and Heflich, 1996, 199%is generally expressed only in dividing
cells and encodes thymidine kinase, which is involved in pyrimidine salvage, cajalysi
phosphorylation of thymine deoxyriboside to form thymidylate. Tkgene is located on the
distal portion of mouse chromosome 11 (Hoeieal, 1991). Cells that have lost the second
Tkallele through mutation to becorié ’ &re easily selected because they survive when
cultured in the presence of a pyrimidine analogue suckbasrﬁoz -Ngoxyuridine (BrdU),
whereas thymidine kinaseompetent cellsTK”* or Tk" /)'do not.

C57BL/6 TK' ' Pice receive the test chemical byedevant route of exposure either
once or in multiple administrations. Approximatelysdveeks after administration, mice are
sacrificed, and splenic lymphocytes are isolated and cultured. Mutant selection is performed
as described by Dobrovolsky, Casciamul Heflich (1999). Cells are incubated in microwell
culture plates with the selective agent BrdU, which is toxic tematant cells. After incoia
tion for 10 12 days, cloning efficiency in treatment and control plates is scored. The mutant
frequency icalculated by dividing the cloning efficiency of cells cultured in the presence of
the selecting agent by the cloning efficiency of cells cultured in the absence of selection. A
significant increase in mutant frequency in treatment cultures comparedonttiols indi
cates that the test chemical induced mutation afkiecus. Using standard techniques,
further molecular analysis dk mutations can be performed, if desired. The spontaneous
mutant frequency is approximately 2 ¥ f0Takahashi, Kubota and Sato, 1998).

3.4.3.3.2 Benefits and limitations

TheTK / mouse is the analogoirsvivomodel to the commonly used mouse lympho
ma assay. As such, it is a useful model to investigat tigo responses of chemicals found
to be mutagenic in thim vitro assay. Th@k model detects intragenic mutations (point muta
tions, frameshifts and small deletions) as well as larger effects, such as chromosome recombi
nation, nordisjunction and large deletions that often lead to lo$etdrozygosity, for which
it is particularly sensitive (Dobrovolsky, Casciano and Heflich, 1999; Dobrovolsky; Shad
dock and Heflich, 2000, 2002). However, it too is limited to examining tissues where cells
can be easily cultured. In addition, the use afBrwhich is itself a mutagen, as a selective
agent can introduce the possibility that some mutants would be produced by exposure to the
selective agent. Dobrovolsky, Casciano and Heflich (1999) suggest that this potential can be
minimised by keeping cultas under tight selection pressure during the culture phase, since
studies withTK”™ mouse lymphoma cells have indicated that several cell divisions in the
absence of the selective agent are required in order to fix mutations (Moore and Clive, 1982).

3.4.3.4DIb-1

TheDIb-1 specific locus test measures mutations occurring in the srtestine of
treatedDIb-1 heterozygotes. The assay has been in existence for about 15 years (Winton,
Blount and Ponder, 1988; Wintat al., 1990), but it remains in the development stage and
has not been widely used in the research community.

34






