
Co^arii^i 
UCRL-JC-121703 
PREPRINT 

Genetically modified CHO cells for studying the genotoxicity of 
heterocyclic amines from cooked foods 

L. H. Thompson, R. W. Wu, J. S. Felton 

This paper was prepared for submittal to the Proceedings of the International Congress of Toxicology VII-
Seattle, WA, July 2-6,1995 

July 1995 

This is a prepnnt of a paper intended for publication in a journal or proceedings. Since 
changes mav be made before publication, this preprint is made available with the 
understanding that it will not be cited or reproduced without the permission of the 
author. 

DOTIBUTION OF THIS DOCUMENT IS UNLWED 

RFCEIVED 
AUG 0 4 1995 

O S T I 



DISCLAIMER 

This report was prepared as an account of work sponsored 
by an agency of the United States Government. Neither the 
United States Government nor any agency thereof, nor any 
of their employees, make any warranty, express or implied, 
or assumes any legal liability or responsibility for the 
accuracy, completeness, or usefulness of any information, 
apparatus, product, or process disclosed, or represents that 
its use would not infringe privately owned rights. Reference 
herein to any specific commercial product, process, or 
service by trade name, trademark, manufacturer, or 
otherwise does not necessarily constitute or imply its 
endorsement, recommendation, or favoring by the United 
States Government or any agency thereof. The views and 
opinions of authors expressed herein do not necessarily 
state or reflect those of the United States Government or 
any agency thereof. 



DISCLAIMER 

Portions of this document may be illegible 
in electronic image products, images are 
produced from the best available original 
document. 



GENETICALLY MODIFIED CHO CELLS FOR STUDYING THE GENOTOXICITY 

OF HETEROCYCLIC AMINES FROM COOKED FOODS 

Larry H. Thompson*, Rebekah W. Wu, and James S. Felton 
Biology and Biotechnology Research Program 

Lawrence Livermore National Laboratory 
Livermore, CA 94551, USA 

Key words: DNA repair/mutagenesis/metabolic activation/heterocyclic amines/PhJP/IQ 

Potential reviewers: 
Dr. Veronica Maher 
Carcinogenesis Labortory 
Michigan State University 
East Lansing, MI 
517 353 7785 

Dr. Charles Waldren 
Department of Radiology & Radiation Biology 
Colorado State University 
Fort Collins, CO 80523 
303-491-0580 
fax 303 491 0623 

Dr. John Heddle 
Department of Biology 
York University 
4700 Keele Street 
Downsview, Ontario M3J 1P3 
Canada 
416 736 2100, ext 3053 
FAX 416 736-5698 

Corresponding author: BBR Program, L452 
Lawrence Livermore National Laboratory 
P.O. Box 808 
Livermore, CA 94551-0808 
Tel. (510) 422 5658 Fax (510) 422 2282 



SUMMARY 

We have developed metabolically competent CHO cells to evaluate the genotoxicity 

associated with heterocyclic amines, such as those that are present in cooked foods. Into repair-

deficient UV5 cells we introduced cDNAs for expressing cytochrome P450IA2 and 

acetyltransferases. We then genetically reverted these transformed lines to obtain matched 

metabolically competent repair-deficient/proficient lines. For a high mutagenic response, we 

find a requirement for acetyltransferase with IQ but not with PhlP. This system allows for both 

quantifying mutagenesis and analyzing the mutational spectra produced by heterocyclic amines. 

INTRODUCTION 

Heterocyclic amines in the diet. Diet is generally considered an important component in 

establishing cancer risk, and one component is the class of heterocyclic amine mutagens, 

identified in cooked meats, that are potent bacterial mutagens [1,2]. Several of these compounds 

have been shown to be rodent carcinogens (reviewed in [3]). Among the heterocyclic amines 

identified in cooked meats (not flame broiled), PhlP (2-amino-l-methyl-6-phenylimidazo[4,5-

6]pyridine) and MelQx (2-amino-3,8-dimethylimidazo[4,5-/]quinoxaline) have been detected at 

the highest levels. PhlP (69 ng/g) and MelQx (6.4 ng/g) were detected in the greatest quantities 

in fried fish [4] and in fried steak (48.5 and 8.3 ng/g, respectively) [5]. PhlP was the major 

heterocyclic amine formed (15 ng/gm) in fried hamburgers [6]. In a fried Norwegian meat patty 

with added creatine, PhlP (62 ng/g) and MelQx (83 ng/g) also were detected in the highest 

amounts [7]. Because of the levels of these compounds relative to other heterocyclic amine food 

mutagens, PhlP and MelQx may be the most relevant to cancer risk. 

Metabolism and carcinogenesis. Since the tumorigenic effects of most chemical 

carcinogens involve metabolic activation processes, cancer susceptibility can be highly 

dependent upon the makeup of both activation and detoxification enzymes within a given tissue. 

In humans, interindividual variation in carcinogen metabolism represents a potentially important 

determinant in risk associated with exposure to carcinogens [8]. For example, variation in the 

activating potential of human liver microsomes for N-oxidation has been shown for 4,4'-
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methylene-bis(2-chloroaniline) and 4-aminobiphenyl [9, 10] as well as for food-derived 

mutagens such as IQ (2-amino-3-methyl-imidazo[4,5-/]quinine) and MelQx [11]. In addition to 

cytochrome P450 variation, human sulfotransferase levels have been shown to vary in 

individuals [12], and rates of acetylation in humans vary considerably as well (reviewed in [13]). 

These variations may be a factor in cancer susceptibility. These findings on variations in activity 

of xenobiotic metabolizing enzymes underscore the need for mechanistic studies that could aid in 

evaluating susceptibility of humans exposed to various carcinogens. 

Heterocyclic amine carcinogenesis and mutagenesis. IQ and MelQx produced tumors in a 

variety of tissues including the liver, lung, and intestine [3]. Rats appeared to be more 

susceptible to the carcinogenic effects of these compounds than mice. In studies with 

cynomolgus monkeys, IQ produced hepatocellular carcinomas in 100% of the animals under test 

at the high dose (20 mg/kg) and 70% of the animals at the lower dose (10 mg/kg) [14]. PhIP was 

shown to produce lymphomas in mice [15] and tumors of the breast and colon in rats [16], but 

did not produce the class-characteristic liver tumors seen with heterocyclic amines such as 

MelQx or IQ, suggesting that the genotoxic or metabolic mechanisms involving PhIP are 

somewhat different from that of other heterocyclic amines. Moreover, consistent with the in vivo 

findings, genotoxicity studies using CHO cells supplemented with rat liver S9 for activation 

indicated that PhIP behaved differently; it was more potent than IQ, MelQx, or MelQ (2-amino-

3,8-dimethylimidazo[4,5-/|quinoline) in producing mutations and sister chromatid exchanges 

even though it was much less mutagenic in the Salmonella assay [17]. Recent studies in our 

laboratory add additional understanding to this initially puzzling result (see Results below). 

Furthermore, no activity was detected with IQ or MelQ in Salmonella TA98/1.8-DNP6, an 

acetyltransferase-deficient strain, but PhIP was mutagenic in this strain [18,19]. 

PhIP metabolism. Heterocyclic amines are activated to mutagenic forms via N-

hydroxylation. Metabolism of PhIP has been characterized in cell-free systems including 

purified cytochrome P450 and microsomal preparations [20] that converted PhlP to two major 

metabolites, the mutagenic N-hydroxylated intermediate, 2-hydroxyamino-l-methyl-6-

phenylimidazo[4,5-£]pyridine (N-hydroxy-PhIP) and a C-hydroxylated detoxification product, 2-
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amino- l-methyl-6-(4'-hydroxy)phenylimidazo[4,5-6]pyridine (4'-hydroxy-PhIP). Formation of 

mutagenic metabolites from PhIP was isozyme specific; rabbit CYPIA2 (cytochrome P450IA2) 

and CYPIA1 were shown to convert PhIP to Salmonella mutagens [21]. Likewise, rat and rabbit 

CYPIA1 and CYPIA2 [20, 22] were the most active in metabolizing PhIP to N-hydroxy-PhIP in 

vitro. CHO cells that express a mouse CYPIA2 cDNA (see Results) activated PhIP to a 

genotoxic metabolite(s) [23]. Human CYPIA2 also activated heterocyclic and aromatic amines 

to mutagenic metabolites [10, 24]. In isolated rat hepatocytes, PhIP was metabolized to N-

hydroxy-PhlP, 4'-hydroxy-PhIP, the sulfate conjugate of 4'-hydroxy-PhIP, and additional 

unidentified metabolites [18, 25]. All direct acting mutagenic activity in Salmonella was 

attributed to N-hydroxy-PMP. N-Hydroxy-PhIP, but not PhIP was genotoxic in CHO cell 

preparations in the absence of an exogenous metabolizing system [23]. Other data suggest that 

while N-hydroxylation is important in the genotoxic activity of PhIP, additional Phase II 

pathways involved in conjugation appear necessary for adduct formation and mutagenesis [26]. 

Derivation of CHO cells deficient in nucleotide excision repair. CHO (Chinese hamster 

ovary) cells are widely used because of their favorable growth properties and ease of use in 

mutagenesis studies [17,27]. They have also been valuable for isolating mutant lines that carry 

specific defects in DNA repair [28,29], especially for the nucleotide excision repair (NER) 

pathway that acts on UV photoproducts and bulky chemical adducts. The CHO line UV5 was 

produced by chemical mutagenesis using ethyl methanesulfonate [28] and is defective in the 

hamster homolog of the ERCC2 (XPD) gene [30], which is present in a single copy in all CHO 

cells. The particular mutation is a single amino acid substitution (Cysl 16Tyr), which abolishes 

the repair function of the protein [31]. Since the ERCC2 protein appears to be an essential 

protein for transcription by RNA polymerase II and, therefore, cell viability, this mutation must 

not interfere with the transcription function of the protein. UV5 cells grow well with a doubling 

time of 13 hr compared with 12 hr for the wild-type AA8 line [28]. The ERCC2 protein has a 

DNA helicase activity [32] and is a highly conserved member of the TFIIH transcription factor 

complex [33]. TFIIH is absolutely required for the incision step of NER, possibly because of its 

helicase activities (present in ERCC2 as well as ERCC3 [33]) that may unwind the damaged 
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DNA segment before and/or after incision. UV5 cells was the starting line for further genetic 

modification to produce a sensitive test system. 

RESULTS AND DISCUSSION 

Expression of cytochrome P450 in repair deficient/proficient cells. Since bacterial and 

mammalian mutagenesis studies clearly indicated a requirement for oxidative activation of the 

heterocyclic amines to mutagenic forms, we modified the UV5 CHO cells by transfecting them 

with a cDNA expression plasmid carrying the mouse CYPIA2 cDNA, which will provide 

activation of both PhIP and IQ [34]. Once we had identified a clonal isolate that was efficiently 

expressing the cDNA, we restored the repair capacity by genetic reversion (see Fig. 1). This 

approach gave a matched pair of cell lines (UV5P3 and 5P3R2), which should be identical for 

CYPIA2 expression while differing in repair capacity. Thus, differential sensitivity of these cell 

lines to killing by a given agent can be attributed to DNA damage and not some other form to 

toxicity. Using the mouse CYPIA1 cDNA, we also produced a pair of cell lines (UV5P1 and 

5P1R1) that were able to activate polycyclic aromatic hydrocarbons [35]. 

Sensitivity of P450-expressing cells to killing and mutagenesis by PhIP and IQ. Figure 2 

summarizes the sensitivity of our cell lines to killing by PhIP and IQ. We have taken as a 

measure of effective dose the D37 value, which is the dose that reduced the survival to 37% 

during a 4-hr exposure in the presence of rat liver S9 or during a 48-hr exposure in the case of 

P450-expressing cells. In the absence of S9 fraction, UV5 cells showed no toxicity up to the 

solubility limit for IQ (see Fig. 2 legend). For PhIP, we previously reported that UV5 cells were 

clearly susceptible to killing and mutation induction at the hprt locus mediated by rat liver S9 

fraction [17]. However, UV5P3 cells were >10-fold more sensitive than UV5 in the presence of 

S9 and were ~15-fold more sensitive than the repair-proficient 5P3R2 cells [17,34]. We 

detected mutation induction in UV5P3 cells at PhIP doses as low as 0.1 ug/ml. 5P3R2 cells 

showed significant but weak mutagenesis at doses above 2 u.g/ml. In the presence of S9 fraction, 

weak mutagenesis was also reported in repair-proficient CHO cells at the dhfr locus and in 

human TK6 cells at the tk and hprt loci [36,37]. The cytotoxicity dose dependence of UV5 and 
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UV5P3 cells exposed to N-hydroxy-PhIP was identical, indicating that N-hydroxylation was the 

initial activation pathway involved in PhIP genotoxicity. Microsomal preparations from UV5P3 

cells, but not UV5 cells, were specifically shown to convert PhIP to N-hydroxy-PhIP (23). 

Initially we found that IQ, as an extremely potent mutagen in the Ames/Salmonella test, was 

only slightly toxic to UV5 and AA8 cells in the presence of S9 fraction. A dose dependence on 

repair was seen for mutagenesis but not killing [38], and induced mutations were readily 

apparent only in UV5 cells. P450-expressing UV5 cells showed greater sensitivity (see Fig. 2) 

[34], but still the magnitude of mutation induction was low in both UV5P3 and 5P3R2 cells, 

suggesting that IQ was not activated to the same mutagen (i.e. intermediate) as in Salmonella . 

Expression of acetyltransferases relevant to IQ and MelQx metabolism. Recently, it was 

found that the expression of JV-acetyltransferases and O-acetyltransferases in CHL hamster cells 

rendered them more sensitive to killing by IQ in the presence of rat liver microsomal fraction 

[39]. Salmonella 0-acetyltransferase was more effective than the human iV-acetyltransferases 

(NAT1 and NAT2), inducing toxicity and micronuclei in the range of 1-4 ng/ml of IQ. To test 

the idea that the important missing activity in our CHO system was acetyltransferase, we 

obtained plasmids used by Watanabe (kindly provided by Drs. T. Nohmi and T. Deguchi), each 

of which expresses acetyltransferase. Two of these plasmids were introduced into UV5P3 cells 

as outlined in Fig. 1. The resulting cell lines, 5P3YG and 5P3NAT2 (with bacterial and human 

transferases, respectively), proved to be extremely responsive to IQ, showing D37 doses of-0.02 

|Xg/ml. This sensitivity represented -1000-fold increase compared with UV5P3 cells! There was 

no significant difference in sensitivity between the lines 5P3YG and 5P3NAT2. In parallel with 

the toxicity, we observed a similar shift in sensitivity to mutagenesis and high levels of mutation 

induction [R. Wu. and J. Felton, unpublished results], suggesting that DNA adducts were being 

formed very efficiently in the cells. Neither the 5P3YG or 5P3NAT2 cell line was more 

sensitive to PhIP than the parental UV5P3 line, indicating the lack of requirement of 

acetyltransferase activity in the activation of PhlP. This result was expected based on the 

bacterial data from the Salmonella strains differentially expressing 0-acetyltransferase. In 

summary, the behavior of the transferase-expressing lines with PhIP and IQ was qualitatively 
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similar to that of the Ames/Salmonella reversion assay, in which IQ is ~ 100-fold more potent 

than PhlP. 5P3NAT2 cells showed about a 10-fold difference in potency for the two compounds. 

Mutational spectrum with PhIP in UV5P3 cells. The cell lines we have used are well 

suited to detailed mutagenesis studies because mutations can be analyzed at both the aprt and 

hprt loci. The small aprt gene is especially convenient, and we devised a method to sequence it 

directly from PCR products [40]. In an initial study we examined the spectrum of'aprt mutations 

induced by PhIP in UV5P3 cells. We found a very surprising result in that most of the mutations 

(75%) occurred in only three sites. All the mutations were single-base transversions; two of the 

three were C:G to A:T changes. This pattern is reasonable based on the propensity for 

heterocyclic amines to bind guanine. During replication, the adducted G can pair with A instead 

of C according to the A rule for insertion at noninstructional sites [41]. All three of these hotspot 

mutations result in stop codons or charge changes in the protein. None of the spontaneous 

mutants had alterations at these sites [40]. The PhlP-induced mutations in these repair-deficient 

CHO cells were unique and specific, and suggest that these base sequences may be targets in 

other genes critical for carcinogenesis. 

FUTURE DIRECTIONS 

We plan to further develop the CHO system in several respects: (1) We plan to isolate 

repair-proficient lines derived from cells that express both the CYPIA2 and acetyltransferase 

genes. We can then compare the efficiency of repair of IQ or MelQx adducts with the repair of 

PhIP adducts. We will attempt to relate any significant differences in repair to differences in 

mutagenesis and carcinogenesis. (2) For analysis of mutational mechanisms, we plan to examine 

the mutational spectrum produced by PhIP in repair proficient cells. Preliminary results suggest 

that there are major differences and that the hotspots are not detected, which suggests that repair 

is extremely important in determining the final spectrum of mutagenic adducts in normal cells. 

(3) Studies are needed on MelQx, which is more relevant in terms of human exposure in the 

Western diet, to see if it behaves similarly to IQ in terms of adduct repair and mutagenic potency. 
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FIGURE LEGENDS 

Figure 1: Derivation of the cell lines used in this study. AA8 CHO cells are a clone that is 

heterozygous at the aprt locus that can be used for measuring mutations to 8-azaadenine [27]. 

The derivation of UV5P3 and 5P3R2 was described earlier [34], and the derivation of 5P3NAT2 

and 5P3YG was recently performed using UV5P3 as the starting material. 

Figure 2: Relative sensitivity to PhIP and IQ of the CHO cell lines indicated in Fig. 1. 

Sensitivity is measured as the D37 dose, i.e. the dose required to reduce the colony forming 

ability to 37% relative to untreated controls. The sensitivity of the various cell lines to PhIP is 

shown in the upper part of the figure and the sensitivity to IQ in the lower. In the case of UV5 

and AA8 cells exposed to IQ in the presence of S9 (*), the killing showed a plateau at -50% for 

doses up to the limit of solubility; therefore, there was no D37 dose. With one exception (AA8 

cells in the presence of S9 fraction) cell killing was always accompanied by significant mutation 

induction. Therefore, doses that produced clear toxicity also produced significant mutagenesis. 
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