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ABSTRACT

We investigated whether phorbol-12-acetale-13-myristate (PMA)-acti-

vated human polymorphonuclear leukocytes (PMNs) induce base modifi
cations in target cell DNA in vivo. Human PMNs produced 9.4 Â±0.8 (SD)
ninol of l M >71(>''cells during 50 min of exposure to 2 ug/ml I'M A and 13.7
Â±2.8 iiini)l/l(l'' cells during exposure to I'M V plus 5 uni N;iN,. Neither

nonstimulated PMNs, nor PMA alone, nor NaN , alone induced base mod
ifications in chromatin-associated DNA of human Ad293 cells above con

trol levels, when assayed by gas chromatography/mass spectrometry with
selected-ion monitoring. However, a 60-min exposure to 1.7 Â±0.4 x 10''

PMNs/ml in the presence of 2 ug/ml PMA induced a 2-3-fold increase in

the level of all modified bases detected by gas chromatography/mass spec
trometry with selected-ion monitoring. The guanine-derived products
8-hydroxyguanine and 2,6-diamino-4-hydroxy-5-formamidopyrimidine,
and the adenine-derived product 4,6-diamino-5-formamidopyrimidine

were induced to the highest levels among those bases detected. These data
demonstrate that exposure to activated PMNs causes DNA base modifi
cations in target cells in vivo typical of those induced by hydroxyl radical

attack. The induction of potentially promutagenic modified bases may
contribute to the mutagenicity of activated PMNs.

INTRODUCTION

Activated leukocytes are among the principal physiological sources
of fluxes of oxygen-derived species. They are known to produce

superoxide aniÃ³n, nitric oxide, and H2O2, as well as other strong
oxidizing species, such as hypohalous acids (for reviews, see Refs. 1
and 2). Activated leukocytes cause DNA strand breaks in target cells
(3) and the formation of a variety of base modifications in isolated
DNA (4. 5). The induction of certain DNA base modifications in
human leukocytes and mouse skin cells I'Mvivo by exposure to PMA'

has also been demonstrated (6-8).

Weitzman and Stossel (9, 10) first demonstrated that activated
leukocytes are mutagenic. They are also carcinogenic in vitro ( 11), an
effect with a well-documented clinical correlate, in that sites of

chronic inflammation and chronic wounding are predisposed to de
veloping cancer (12). These events can also be elicited by reactive
oxygen species generated enzymatically in the absence of cells (11,
13) and can be inhibited by free radical scavengers and inhibitors of
lipid peroxidation (10). Also, the tumor-promoting capability of first-

stage tumor promoters for the mouse skin system correlates well with
their ability to stimulate H2O2 release by leukocytes (8).

Although it is clear that activated leukocytes are mutagenic, little is
known about the mechanism(s) of mutagenesis of mammalian DNA
other than it is probably oxidant mediated. Hydroxyl radical, produced
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by reduction of H2O2 by intracellular Fenton chemistry or by decom
position of peroxynitrite radical formed by the coupling of superoxide
aniÃ³nand nitric oxide, has been proposed as the mediator of leuko
cyte-induced strand breaks in target cells (3) and of DNA base mod

ifications in vitro (5). Several of the DNA base modifications, the
content of which is increased in purified DNA exposed to activated
leukocytes, have been shown to be weak mutagens in site-specific

mutagenesis assays, principally causing point mutations. These in
clude thymine glycol (14) and 8-OH-Gua (15-17). Abasic sites re

sulting from enzymatic removal of modified bases may also serve as
templates for misincorporation (18, 19). The purpose of this study was
to determine whether potentially promutagenic DNA base modifica
tions were induced in vivo in target cells exposed to activated leuko
cytes. We show that a variety of DNA base modifications were in
duced in vivo by activated leukocytes and that the pattern of base
modifications is consistent with attack by hydroxyl radical or a species
with similar reactivity.

MATERIALS AND METHODS

Target Cells. Human Ad293 cells were grown as a monolayer in Dulbec-
co's modified Eagle's medium (Gibco. Grand Island. NY) containing 5%

heat-inactivated fetal bovine serum in a humidified 59f CO, atmosphere at
37Â°C.4Monolayer cultures were 85-90% of confluency at the time of PMN

exposure.
PMN Preparation. Fresh human PMNs were isolated from 10 ml of nor

mal volunteer peripheral blood obtained by venipuncture in tubes anticoagu-

lated with EDTA by the method of Boyum (20). Briefly, whole blood was
diluted 1:3 (v/v) with 154 m.MNaCl. layered over 45% (v/v) Percoli (Litton
Bionetics). and centrifuged at 400 X g for 40 min. The PMN-containing

interface was isolated and mixed with 1 ml plasma and 1.3% (w/v) dextran
sulfate; PMNs were sedimented at 1 X g for 40 min at 4Â°C.Residual eryth-

rocytes were lysed by the addition of two volumes of ice-cold distilled water

for I min. PMNs were recovered by centrifugation at 300 x g for 8 min and
resuspended in serum-free RPMI 1640 (Gibco) for immediate use. PMNs
obtained by this procedure were routinely 96-97% viable as assayed by ex

clusion of trypan blue dye.
PMN Exposure and Chromatin Isolation. Target Ad293 cells in 30-ml

tissue culture flasks were overlayed with 5 ml of serum-free RPMI 1640
containing, where appropriate, 1.7 Â±0.4 x IO6 (SD) PMNs/ml Â±2 ug/ml
PMA (Sigma Chemical Co.. St. Louis, MO) Â±5 mm NaN, for 60 min at 37Â°C.

After exposure, PMNs, nonviable target cells, and media were poured off, and
target cells were rinsed in ice-cold phosphate-buffered saline and recovered by
scraping, followed by centrifugation for 5 min at 300 X g at 4Â°C.Chromatin

was isolated from the recovered cells by the procedure of Gajewski et al. (21).
Chromatin, which was obtained in 1 PIM Tris-HCI (pH 7.4), was dialyzed

extensively against 1 imi phosphate buffer (pH 7.4), which had been treated
with Chelex resin. The entire isolation procedure was carried out at 4Â°C.After

dialysis, chromatin was homogenized with 4-5 strokes in a glass homogenizer.

The absorption spectra of chromatin obtained by this procedure resembled
absorption spectra characteristic of mammalian chromatin (21) with the fol
lowing characteristics: /U.sx/^M) ranged from 1.50 to 1.66 and /^â€ž/^rai from

4 Certain commercial equipment or materials are identified in this paper in order to

specify adequately (he experimental procedure. Such identification does not imply rec
ommendation or endorsement by the National Institute of Standards and Technology, nor
does it imply that the materials or equipment identified are necessarily the best available
for the purpose.
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4.6 to 16.5. After determination of the DNA content of each sample, 2.5 nmol
of 6-azathymine, 5 nmol of 8-azaadenine, and 20 nmol of thymine-d4 were

added as internal standards, after which the samples were dried under vacuum.
Hydrolysis, Derivatization, and Gas Chromatography/Mass Spectrom-

etry. Chromatin samples were hydroly/ed with 60% (v/v) formic acid
(Mallincrodt, St. Louis, MO) in evacuated and sealed tubes at 140Â°Cfor 30

min (22). Samples were lyophili/.ed and trimethylsilylated with 0.1 ml of a
mixture of A'.O-bisdrimethylsilyDtrifluoroacetamide containing 1% trichlo-

romethylsilane (Pierce Chemical Co., Rockford, IL) and acetonitrile (4:1, v/v;
Pierce Chemical Co.) at 130Â°Cfor 30 min. Gas chromatography/mass spec-

trometry with selected-ion monitoring analyses of derivatiz.ed samples were

performed as described previously (21).
Hydrogen Peroxide Production. H2O2 production by stimulated PMNs

was measured by the procedure of Pick and Keisari (23). Briefly, I X IO6

PMNs were incubated in 1 ml of 140 HIMNaCl, IO ITIMpotassium phosphate
(pH 7.0), 5.5 HIMglucose, 0.28 mm phenol red, and 8.5 units/ml horseradish
peroxidase (Sigma Chemical Co.). At t = 0, 2 pg/ml PMA Â±5 RIMNaN, were
added to the appropriate dishes. At various times thereafter, cell-free superna-

tants were harvested, NaOH was added to 100 ITIM,and A,,,(t was determined.
The HiOi content of each sample was determined by comparison to a linear
standard curve.

RESULTS

The objective of this work was to examine whether PMA-activated

human PMNs cause modification of purines and pyrimidines of DNA
in the chromatin of cultured human cells. First, we measured the
generation of H2O2 by PMNs in both the presence and absence of
PMA. Without PMA, no generation of H2O2 by PMNs was detected.
However, addition of PMA (2 ng/ml of culture medium) stimulated
PMNs to generate 9.4 Â±0.8 nmol of H2O2/106 cells in 50 min (mean

Â±SD; n = 3). The addition of PMA and 5 rriMNaN, caused PMNs
to generate 13.7 Â±2.8 nmol of H2O2/106 cells under the same con

ditions.
Chromatin samples were isolated from cultured Ad293 human cells

which were exposed either to PMA-activated PMNs or to nonacti-

vated PMNs or to PMA alone. Chromatin was also isolated from
untreated cells as a control. The Ad293 cell line grows as a monolayer
attached to the incubation flask. Thus, Ad293 cells which remained

attached to the flask were readily separated from nonviable cells and
PMNs after treatment. Neither PMA, nonactivated PMNs, nor PMA-
activated PMNs diminished recovery of flask-attached Ad293 cells as

compared to untreated controls. Trimethylsilylated hydrolysates of
chromatin samples were analyzed by gas chromatography/mass spec-
trometry with selected-ion monitoring for modified purine and pyri-

midine bases. Modified bases and their quantities are given in Fig. 1.
5-Hydroxyuracil and 5-hydroxycytosine result from acid-induced

modification of cytosine glycol, the former by deamination and de
hydration and the latter by dehydration (24). All of the modified bases
listed in Fig. 1 were observed in chromatin from control Ad293 cells.
Exposure of Ad293 cells to PMA (2 jag/ml of culture medium) had no
significant effect on the background levels of any base modifications
measured in this study. Neither did exposure to nonstimulated PMNs.
However, exposure of target cells to PMNs in the presence of PMA (2
ug/ml of culture medium) induced significant increases (ranging from
200% to 500% of untreated control values; P values ranged from
0.018 to <0.0001 by / test) in the amounts of modified bases above
background levels. The highest increases were observed in the
amounts of FapyGua and cytosine glycol (taken as the sum of the
amounts of 5-hydroxyuracil and 5-hydroxycytosine). The amounts of
hydantoins (5-hydroxy-5-methylhydantoin and 5-hydroxyhydantoin)
had the least increases. Among the modified bases measured, guanine-
derived bases FapyGua and 8-OH-Gua had the highest net amounts
produced by PMA-activated PMNs (8 molecules/105 DNA bases),

followed by adenine-derived bases FapyAde and 2-hydroxyadenine
(4 and 3 molecules/IO5 DNA bases, respectively).

Coaddition of 5 miviNaN,, an inhibitor of PMN myeloperoxidase,
to PMA-activated PMNs did not cause a significant further induction

of some of the modified bases in viable Ad293 cells (data not shown).
However, approximately two-thirds of the exposed target Ad293 cells

were lost as nonviable detached cells after coaddition of NaN,.

DISCUSSION

Our results demonstrate that PMA-activated PMNs induce DNA

base modifications in intact target cells. The pattern of modified bases

Fig. I. The levels of modified bases in chroma-
(in-associated DNA of target human Ad293 cells
are represented by the heights of the columns. Lev
els were determined by gas-chromatography/mass
spectromelry with selected-ion monitoring as de
tailed in "Materials and Methods." Columns, mean

of 3-5 replicates; bars. SD.
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is typical of DNA base modifications induced by well-known -OH-

producing systems (reviewed in Ref. 25). This suggests that the re
active intermediate was -OH or a similarly reactive species. Produc
tion of H2O2 by leukocytes, with subsequent generation of -OH via a

Fenton-type reaction leading to DNA base modification, has been
suggested previously (4-7). Our data are consistent with this view. In
vivo generation of -OH may occur in a site-specific manner in reac
tions of H2O2 with chromatin-bound metal ions (26, 27). Furthermore,
evidence indicates that -OH plays a role in biological effects of H2O2

in vivo involving metal ions (27, 28).
Recently, DNA base modification caused by the exposure of target

cells to H2O2 has been identified and quantified (29). The pattern of
base modification caused by 2-20 HIM H2O2 was similar to that
observed in Ad293 cells after exposure to PMA-activated PMNs,
which generate 10-15 nmol of H2O2/ml of culture medium. The

similar pattern of damage supports the hypothesis that generation of
H2O2 is an important part of DNA base modification in cells by
activated PMNs. There may be at least two reasons for the approxi
mately 1000-fold greater effect of activated PMN-generated H2O2.
First, the measurements of H2O2-induced DNA damage in cells were

taken after exposure of the target cells to H2O2 in medium containing
fetal bovine serum (29). Fetal bovine serum contains sufficient cata-

lase to inactivate much of the H2O2 in the medium prior to entry into
cells. Second, the H2O2 generated by activated PMNs is produced at
or near the cell surface and must diffuse into the medium for meas
urement. It is likely that the concentration of H2O2 encountered by the
target cells which directly abut the activated PMNs is considerably
higher than the measured concentration.

Wei and Frenkel (7, 8) observed the induction of 8-OH-Gua, cis-
thymine glycol, and 5-(hydroxymethyl)uracil in the epidermal cellular

DNA of mice after local application of tumor promoters, including
PMA. Induction of these modified bases was attributed to local infil
tration of the epidermis by activated inflammatory cells in response to
application of the tumor promotor (8). Our results are consistent with
their hypothesis and indicate that PMA-activated PMNs may generate

oxidants at a rate sufficient to overcome Ad293 cellular antioxidant
and DNA repair defenses, resulting in the detectable induction of
modified bases. Although PMA may stimulate H2O2 production in
some noninflammatory cells, e.g., mouse epidermal cells (30), the
production rate may be insufficient to induce detectable DNA base
modification. Similarly, Lewis and Adams did not detect the induction
of ring-saturated products of thymine in target NIH-3T3 fibroblasts by
PMA alone, but did so with PMA-activated mouse macrophages (31).
On the other hand, PMA may potentiate activated leukocyte-induced

damage by causing a diminution of antioxidant enzymes in target cells
(30).

There were some interesting differences in the pattern of DNA base
modification caused by PMA-activated PMNs in Ad293 cells as com

pared to the pattern in isolated DNA in vitro (5). In the latter instance,
the yields of formamidopyrimidines FapyAde and FapyGua were
substantially less than those of 8-hydroxyadenine and 8-OH-Gua. In

the present study, however, production of substantial amounts of for
mamidopyrimidines was observed. The net yield of FapyGua was
similar to that of 8-OH-Gua. and the net yield of FapyAde was higher
than that of 8-hydroxyadenine. The reduction and oxidation of C-8-
OH-adduct radicals of purines lead to formation of formamidopyrim
idines and 8-hydroxypurines, respectively (reviewed in Ref. 32).

Thus, the high yields of FapyAde and FapyGua in cells may suggest
that the intracellular environment provides reducing equivalents
which are not available to isolated DNA in solution. Modification of
guanine in Ad293 cells exposed to PMA-activated PMNs was pre

dominant in terms of the measured products of all four DNA bases.
This is in agreement with previous results obtained with H2O2-treated

or -y-irradiated mammalian cells (22, 29) and may indicate the high
reactivity with -OH (or a related reactive species) of guanine residues

in chromatin in cells. Reid and Loeb (33) have studied the mutagen-
esis of phage M13 mp2 DNA by in vitro exposure to PMA-activated

PMNs. They observed primarily base substitutions; G to T transver
sions and G to C transversions were the most prominent alterations.
This implies a role for guanine-derived modified bases as promu-
tagenic intermediaries of PMN-induced mutagenesis. A number of

modified DNA bases have been investigated for their biological con
sequences (14-17, 34-36). Some of them, including 8-OH-Gua, have
been found to possess mutagenic properties (14â€”17,35-36). Induction

of promutagenic base modifications in critical target genes may be one
mechanism whereby inflammatory cells stimulate neoplastic transfor
mation. The variety of modified DNA bases formed in cells hampers
the assessment of their role in biological end points such as mutagen
esis and carcinogenesis. The contribution of specific modified DNA
bases, which have been identified in the present study, to PMN-

induced mutagenesis in biological systems remains to be defined.

ACKNOWLEDGMENTS

The authors wish to thank Marianne Metz for technical assistance.

REFERENCES

1. Badwey, J. A., and Kanovsky, M. L. Aclive oxygen species and the functions of
phagocytic leukocytes. Annu. Rev. Biochem., 49: 695-726, 1980.

2. Ward, P. A. Mechanisms of endothelial cell killing by HiOi or products of activated
neutrophils. Am. J. Med.. 91 (Suppl. 3C): 89S-94S, 1991.

3. Schraufstatter. !.. Hyslop. P., Jackson. J. H., and Cochrane, C. G. Oxidant-induced
DNA damage of target cells. J. Clin. Invest., 82: 1040-1050. 1988.

4. Frenkel, K-, and Chrzan, K. Hydrogen peroxide formation and DNA base modifica
tion by tumor promoter-activated human polymorphonuclear leukocytes. Carcinogen
esis (Lond.), 8: 455-460. 1987.

5. Jackson, J. H.. Gajewski, E., Schraufstatter, I., Hyslop, P. A., Fuciarelli, A. F.,
Cochrane, C. G., and Dizdaroglu. M. Damage to the bases in DNA by stimulated
human neutrophils. J. Clin. Invest., 84: 1644-1699, 1989.

6. Floyd. R. A., Watson, J. J., Harris, J., West. M., and Wong, P. K. Formation of
8-hydroxy-deoxyguanosine. a hydroxyl free radical adduci of DNA, in granulocytes

exposed to tumor promoter tetradecanoyl phorbolacetate. Biochem. Biophys. Res.
Commun., 137: 841-846, 1986.

7. Wei, H.. and Frenkel, K. In vivo formation of oxidized DNA bases in tumor promoter-
treated mouse skin. Cancer Res., 51: 4443-4449, 1991.

8. Wei, H., and Frenkel, K. Suppression of tumor promote-induccd oxidative events and
DNA damage in vivo by Sarcophytol A: a possible mechanism of antipromotion.
Cancer Res., 52: 2298-2303, 1992.

9. Weitzman, S. A., and Stossel, T. P. Mutation caused by human phagocytes. Science
(Washington DC), 212: 546-547, 1981.

10. Weitzman, S. A., and Stossel, T. P. Effects of oxygen radical scavengers and antiox-
idants on phagocyte-induced mutagenesis. J. Immunol., 128: 2770-2772, 1982.

11. Weitzman, S. A., Weitberg, A. B., Clark, E. P., and Stossel, T. P. Phagocytes as
carcinogens: malignant transformation produced by human neutrophils. Science
(Washington DC). 227: 1231-1233, 1985.

12. Devroede, G. J., Taylor, W. F.. Sauer, W. G., Jackman, R. J., and Stickler, G. B. Cancer
risk and life expectancy of children with ulcerative colitis. N. Engl. J. Med., 285:
17-21, 1971.

13. Zimmerman. R., and Cerutti, P. Active oxygen acts as a promoter of transformation
in mouse embryo C3H/IOT1/2/C18 fibroblasts. Proc. Nati. Acad. Sci. USA, Â»/:
2085-2087, 1984.

14. Basu, A. K., Loechler, E. L., Leadon, S. A., and Essigmann, J. M. Genetic effects of
thymine glycol: site-specific mutagenesis and molecular modeling studies. Proc. Nail.
Acad. Sci. USA, 86: 7677-7681, 1989.

15. Wood, M. L.. Dizdaroglu. M., Gajewski, E., and Essigmann, J. M. Mechanistic-

studies of ionizing radiation and oxidative mutagenesis: genetic effects of a single
8-hydroxyguanine (7-hydro-8-oxoguanine) residue inserted at a unique site in a viral
genome. Biochemistry. 29: 7024-7032, 1990.

16. Moriya, M., Ou, C.. Bodepudi, V., Johnson. F., Takeshita, M., and Grollman, A. P.
Site-specific mutagenesis using a gapped duplex vector: A study of translesion syn
thesis past 8-oxodeoxyguanosine in E. mÃ».MutÃ¢t.Res., 254: 281-288, 1991.

17. Cheng, K. C., Cahill, D. S., Kasai, H.. Nishimura, S., and Loeb, L. A. 8-Hydrox-
yguanine. an abundant form of oxidalive DNA damage, causes G-T and A-C substi
tutions. J. Biol. Chem.. 267: 166-172, 1992.

18. Takeshita. M., Chang, C-N., Johnson, F., Will, S., and Grollman. A. P. Oligonucle-
otides containing synthetic abasic site. J. Biol. Chem., 262: 10171-10179, 1987.

19. Lawrence, C. W.. Borden, A., Banerjec, S. K., and Ledere, J. E. Mutation frequency
and spectrum resulting from a single abasic site in a single-stranded vector. Nucleic
Acids Res., 18: 2153-2157, 1990.

20. Boyum, A. Isolation of mononuclear cells and granulocytes from human blood.

1271

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/53/6/1269/2453112/cr0530061269.pdf by guest on 19 M

ay 2023



NEUTROPHIL-INDUCED IN VIVO DNA BASE MODIFICATIONS

Scand. J. Lab. Clin. Med.. 97: 77-89, 1968.

21. Gajewski, E., Rao, G.. Nackerdicn, Z., and Dizdaroglu, M. Modification of DNA
bases in mammalian chromatin by radiation-generated free radicals. Biochemistry,
29: 7876-7882, 1990.

22. Nackerdien, Z., Olinski, R., and Dizdaroglu, M. DNA base damage in chromatin of
gamma-irradiated cultured human cells. Free Radical Res. Commun., 16: 259-273.

1992.
23. Pick, E., and Keisari, Y. A simple colorimetrie method for the measurement of

hydrogen peroxide produced by cells in culture. J. Immunol. Methods, 38: 161-170,

1980.
24. Dizdaroglu. M., Holwitt, E., Hagan, M. P., and Blakely, W. F. Formation of cytosine

glycol and 5,6-dihyroxycytosine in deoxyribonucleic acid on treatment with osmium
tetroxide. Biochem. J., 235: 531-536, 1986.

25. Dizdaroglu. M. Chemical determination of free radical-induced damage to DNA. Free
Radical Biol. Med., 10; 225-242, 1991.

26. Samuni, A.. Aronovich, J., Godinger, D., Chevion, M.. and Czapski. G. On the
toxicity of vitamin C and metal ions. A site-specific Fenton mechanism. Eur. J.
Biochem., 137: 119-124, 1983.

27. Ward. J. F., Blakely, W. F., and Joner. E. I. Mammalian cells are not killed by DNA
single-strand breaks caused by hydroxyl radicals from hydrogen peroxide. RadiÃ¢t.
Res.. 103: 383-392. 1985.

28. Mello-Filho, A. C, Hoffman. M. E.. and Meneghini, R. Cell killing and DNA damage
by hydrogen peroxide are mediated by intracellular iron. Biochem. J., 218: 273-275,

1984.

29. Dizdaroglu, M.. Nackerdien. Z., Chao. B-C, Gajewski. E.. and Rao. G. Chemical
nature of in vivo DNA base damage in hydrogen peroxide-treated mammalian cells.
Arch. Biochem. Biophys., 285: 388-390. 1991.

30. Solanki. V.. Rana. R. S., and Slaga. T. J. Diminution of mouse epidermal Superoxide
dismutase and catalase activities by tumor promoters. Carcinogenesis (Lond.), 2:
1141-1146, 1981.

31. Lewis, J. G., and Adams. D. O. Induction of 5,6 ring-saturated thymine bases in NIH
3T3 cells by phorbol ester-stimulated macrophages. Cancer Res., 45: 1270-1275,

1985.
32. Steenken. S. Purine bases, nucleosides, and nucleotides: aqueous solution redox

chemistry and transformation reactions of their radical cations and e~ and OH adducts.

Chem. Rev., 89: 503-520. 1989.

33. Reid. T. M., and Loeb, L. A. Mutagenic specificity of oxygen radicals produced by
human leukemia cells. Cancer Res., 52: 1082-1086. 1992.

34. Hayes, R. C., Petrullo, L. A.. Huag. H.. Wallace, S. S., and Ledere. J. E. Oxidative
damage in DNA. Lack of mutagenicity by thymine glycol lesions. J. Mol. Biol., 201:
239-246, 1988.

35. Guschlbauer. W.. Duplaa, A-M., Guy. A.. TÃ©oule.R., and Fazakerley. G. V. Structure
and in vitro replication of DNA templates containing 7.8-dihydro-8-oxoadenine.
Nucleic Acids. Res.. 19: 1753-1758. 1991.

36. Shibutani, S., Takeshita, M.. and Grollman, A. P. Insertion of specific bases during
DNA synthesis past the oxidation-damaged base 8-oxodG. Nature (Lond.), 349:
431-434, 1991.

1272

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/53/6/1269/2453112/cr0530061269.pdf by guest on 19 M

ay 2023




