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DNA—protein crosslinks, a biomarker of exposure to
formaldehyde—in vitro and in vivo studies
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Formaldehyde (FA) is a widely produced industrial chem-
ical. Sufficient evidence exists to consider FA as an animal
carcinogen. In humans the evidence is not conclusive.
DNA—protein crosslinks (DPC) may be one of the early
lesions in the carcinogenesis process in cells following
exposures to carcinogens. It has been shown in in vitro
tests that FA can form DPC. We examined the amount of
DPC formation in human white blood cells exposed to FA
in vitro and in white blood cells taken from 12 workers
exposed to FA and eight controls. We found a significant
difference (P = 0.03) in the amount of DPC among exposed
(mean ± SD 28 ± 5%, minimum 21%, maximum 38%)
than among the unexposed controls (mean ± SD 22 ±
6%, minimum 16%, maximum 32%). Of the 12 exposed
workers, four (33%) showed crosslink values above the
upper range of controls. We also found a linear relationship
between years of exposure and the amount of DPC. We
conclude that our data indicate a possible mechanism of
FA carcinogenicity in humans and that DPC can be used
as a method for biological monitoring of exposure to FA.

Introduction

Formaldehyde (FA*) is a flammable, colorless and readily
polymerized gas at ambient temperature. It is present in the
environment as a result of natural processes (1,2) and from
man-made sources, including motor vehicle exhaust, wood
burning stoves (3) and cigarette smoke (4). It is found in small
quantities in every human cell, where it is derived from
the metabolism of serine, glycine, sarcogine, choline and
methionine (5).

Occupational exposure to FA occurs in the production of
urea-, acetal-, melamine- and phenol-FA resins. These resins
have numerous commercial applications (6). FA itself has
numerous applications in medicine, as a bactericide and tissue
preservative (6). Because of its widespread use, a relatively
large number of workers are exposed to FA (7).

The common effects of exposure are various acute symptoms
caused by irritation of the mucosa in the eyes and upper
airways, leading to lacrymation, rhinitis and pharyngitis (8).
FA is a sensitizing agent capable of inducing contact dermatitis
among exposed workers (9-11), including allergic contact
dermatitis and immunological contact urticaria (12,13).

The evidence for a chronic effect of FA exposure on the

•Abbreviations: FA, formaldehyde; DPC, DNA-protein crosslinks; WBCs,
white blood cells.

respiratory system is controversial. Reduction of ventilatory
function tests have been observed in some cross-sectional
studies of workers exposed to FA (14-17), but not in others
(18,19). There are a few reports of asthma-like symptoms
caused by FA, although none of them were classical asthma
and were neither type I nor type IV reactions (20,21). Based
on animal studies showing increased incidence of carcinoma
of the nasal sinuses in rats (24-26), the IARC (International
Agency for Research on Cancer) concluded that 'sufficient'
or definite evidence exists to consider FA as an animal
carcinogen (25). The results of animal experiments and the
widespread use of FA in industry and in commercial products
has heightened public health concerns regarding this chemical
and has led to the initiation of many epidemiologic studies on
a variety of FA-exposed populations. Blair et al. (26) reviewed
reviewed 30 epidemiologic studies and summarized the results
on a site-by-site basis to evaluate the strength of the evidence
regarding FA and human cancer. In studies conducted among
pathologists, anatomists and morticians an increase in the
number of deaths due to brain cancer, leukemia and colon
cancer has been observed (27). It is not clear at present whether
this is due to FA or to exposure to other carcinogens, since
excessive mortality due to cancer at these sites has not been
observed among industrial workers exposed to FA (26,27).

Epidemiologic studies in industrial populations exposed to
FA have focused on cancers of the respiratory tract, particularly
those of the lung, nose and nasopharynx (26-32). A possible
causal role for FA may be considered likely for cancer of the
nasopharynx and the nasal cavities. Evidence from epidemiol-
ogic studies of exposure-response relationships, the fact that
direct contact with FA may occur at these upper respiratory
sites and the consistency of these findings with experimental
studies make these assumptions highly probable (26,33). Incon-
sistencies among and within studies and re-analysis of the data
impede assigning FA a convincing causal role for the excess
of lung cancer found among industrial workers, although in a
recent meta-analysis of studies Sterling et al. (34) found a
possible association between FA exposure and lung cancer.
The US Occupational Safety and Health Administration
(OSHA) has ruled that FA must be considered a human
carcinogen (35).

FA is rapidly metabolized to formate, which is partially
incorporated via normal metabolic pathways into the one
carbon pool of the body or further oxidized to carbon dioxide.
It also reacts with proteins (36) and with a variety of cellular
nucleophiles, including glutathione, forming adducts of varying
stability (37-39), like /v^-hydroxymethyldeoxyadenosine and
A^-hydroxymethyldeoxyguanosine, which are the major
adducts formed by reaction with FA (37-39). In addition to
FA (40-43), many established or suspect carcinogens, such as
UV, radiation, BCNN (44), alkylating agents (45) and some
metal compounds such as nickel (46), chromate (47,48) and
CM- or trans-Pt (II) diamine dichloride (49), are also known
to produce DNA-protein crosslinks (DPC). FA selectively
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Table L Characteristics of the study population

Study group No. Age Years of exposure to FA

Control
Exposed

Anatomy
Department
Pathology Institute
Total

8

3

9
12

Mean

41

38

43
44

SD

10.5

15

9
9.7

Mm

23

24

33
30

Max

55

54

56
58

Mean

13

13
13

SD

16

9
10

Min

2

2
2

Max

31

25
31

induces histone DPC which are not disrupted by chelating or
reducing agents (50). FA induces the formation of DPC in the
nasal respiratory mucosa of rats following chronic inhalation
exposure (51,52). It reacts with single-strand DNA, but not
with double-strand DNA. This link is reversible, unlike the
protein crosslinks, which are stable (53).

DNA crosslinks are persistent over long time intervals
following removal of the crosslinking agents (48,54) and, due
to poor repair capacity present during DNA replication, cause
a loss of genetic material. The apparent low capacity for repair
renders this type of DNA damage a potentially important
lesion to use as a biomarker of exposure. Measuring DPC can
indicate the dose of FA at a critical target site. Many attempts
have been made to develop assays to detect DPC, the most
popular being the alkaline elution test (55-58). The main
limitation of this method is that it detects DPC indirectly and
it is a time consuming procedure allowing only a limited
number of samples to be analyzed (59).

Zhitkovich and Costa (60) used a method which is a
modification of the K-SDS assay originally developed by Liu
et al. (61) and Muller et al. (62) to detect DNA—topoisomerase
complexes with the same sensitivity as alkaline elution but
more efficiently. With it they detected DPC induced by
chromate cis-Pt (II) diamine dichloride and FA in cultured
cells and in white blood cells (WBCs) of rats and mice exposed
to chromate by intraperitoneal injections. We report here the
results of a study done on human WBCs exposed to FA in vitro
and in vivo.

Materials and methods
In vitro studies

We examined the amount of DPC in human WBCs following exposure for
1.5 h to increasing concentrations (0-10 mM) of FA. Samples treated with
FA were then frozen at —20 or — 70°C for 3 weeks and DPC were measured.

In vivo studies
After the assay was established and we were convinced that it could be used
to detect DPC formed following exposure to FA, we implemented this assay
in our in vivo studies. We examined the amount of DPC in peripheral WBCs
taken from workers occupationally exposed to FA. Our study population
consisted of 12 workers and the control group was made up of eight workers
who had never been exposed to FA. Characteristics of the study population
are show in Table I. Every worker completed a questionnaire on demographic
data, occupational and medical history and smoking and hygiene habits.

Venous blood was withdrawn into EDTA vacutainer tubes and WBCs were
isolated after 3 h. The resulting cell pellets were resuspended in storage
medium and placed at -20°C. DPC were measured within 3 weeks. In order
to detect DPC due to FA exposure we adopted Zhitovich and Costa's assay
(60) and implemented it in human WBCs exposed to FA in vitro and in vivo.
Briefly, the assay is based upon the binding of SDS to proteins and its lack
of binding to DNA. Fragments of protein-free DNA and protein-bound DNA
were easily separated, since free DNA remained in the supernatant while
protein-linked DNA precipitated with protein-bound SDS when the cation
was changed from Na to K. Thus the amount of DNA in the SDS pellet
provides a direct measurement of DPC. DNA was mixed with 1 ml freshly
prepared Hoechst dye reagent (200 ng/ml) at pH 7.5 to determine the DNA
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Fig. 1. DNA-protein crosslinks in human WBCs exposed to formaldehyde.

in samples. Fluorescent measurements were made using a digital fluorometer
with NB 360 excitation and SC 450 emission filters. We calculated the amount
of DPC as the ratio detected in exposed WBCs to the total DNA in the same
amount of cells.

Environmental exposure to FA

We measured the concentrations of FA at various periods of a typical working
day at the Pathology Institute by personal and field samples. Each measurement
was for a mean time of 15 min. The range of concentrations of FA in the
rooms was 1.6-1.38 p.p.m. and 6.9 p.p.m. in the laminar flow. Personal
samples showed a range of 3.1-2.8 p.p.m. FA at the period when most of the
work was in progress and 1.46 p.p.m. at midday, when most of the work had
already been done.

Statistical analysis

Statistical significance of differences in mean levels of DPC between exposed
and control groups was examined by Mest. To be sure that this difference
was not affected by smoking habit as a confounding factor, significance of
results was calculated by the ANOVA model using the GENMOD procedure
of SAS (SAS Institute Inc., Carry Inc.). The multiple linear regression method
was used to examine the levels of DPC as a function of years of exposure to FA.

Results

In vitro studies
We found that exposure of human WBCs to FA caused the
formation of DPC. These lesions can be detected with the
assay we used at concentrations of FA as low as 0.001 mM
or even lower. The DNA crosslinks are induced in a dose-



Formaldehyde exposure biomarker

DNA-protein crosslinks / total DNA

Control Exposed

Exposed
Control

N

12
8

MEAN

0.288
0.227

STD

0.055
0.067

MIN

0.215
0.16

MAX

0.389
0.329

Fig. 2. DNA-protein crosslinks due to formaldehyde exposure.
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Fig. 3. Correlation between DNA-protein crosslinks and occupation.

dependent manner (Figure I). We also found that samples of
WBCs can be stored at - 2 0 or - 7 0 ° C for 3 weeks without
loss of DPC (Figure I).

In vivo studies
We found a significant difference (P = 0.03) between the
levels of DPC in peripheral WBCs among exposed (mean ±
SD 28 ± 6%, range 21-38%) and unexposed control workers
(mean ± SD 22 ± 6%, range 16-32%). Of the 12 exposed
workers four (33%) showed DPC values above the upper range
of the controls (Figure 2).

We divided the exposed group into physicians and
technicians because, according to the questionnaire and
ambient measurement, we knew that the technicians were
exposed daily for longer periods and to a higher concentration
of FA. We found a significant difference (P < 0.05) in the
levels of DPC in peripheral WBCs between these two
groups (mean ± SD 26 ± 4%, range 26-38% among the
technicians, mean ± SD 26 ± 4%, range 21-34%, among
the physicians) (Figure 3).

We also found a linear relationship between years of
exposure and the amounts of DPC (Figure 4). This finding
emphasizes the fact that DPC can be used as a biomarker to
measure chronic exposure.

We found a significant difference (P < 0.03) in the levels
of DPC between the group of exposed and unexposed non-
smokers and the group of exposed and unexposed smokers, as
well as between exposed and unexposed workers (Figure 5).
Based on these findings we can assume that DPC were not
influenced by smoking habits in our study population and that
the results we found were due to occupational exposure only.

0.45

0.35

DNA-protaHn crosslinks / total DNA

0 25

1960 1965 1970 1975 1980 1985 1990

Ysars from start of exposure

Fig. 4. DNA—protein crosslinks according to years of exposure.
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Fig. 5. Smoking habits among the study population.

Discussion

Studies of several species, including humans, have shown
that FA undergoes rapid biotransformation immediately after
absorption and therefore no increase in its concentration in
tissue or blood can be detected even moments after exposure
(63,64).

FA is genotoxic, including gene mutation, deletion, chromo-
somal aberration, sister chromatid exchanges and cell trans-
formation (65). FA can induce DNA adducts such as
hydroxymethyl adducts in DNA (66) and crosslinks with
biologic macromolecules. Under its influence structural pro-
teins that normally do not bind to DNA become covalently
crosslinked to DNA. Characteristically FA selectively formed
histone DNA crosslinks (43,66-68). Using the assay described
in Materials and methods we were able to detect DPC formed
following exposure to FA in vitro and in vivo. We also
found a significant different between the amounts of DPC in
peripheral WBCs of exposed workers and unexposed control
workers (Figure 2). Based on these results we conclude that
the assay we used is sensitive enough to discriminate between
exposed and controls.

Our findings of a linear correlation between years of exposure
to FA and the amount of DPC and those of Sugiyama et al.
(48) and Tsapakos et al. (54) that DPC can persist for a long
period after removal of the crosslinking agent, most probably
due to poor repair capacity, render this lesion an important
biomarker of chronic exposure. Because DPC are irreversible
they remain present as an obstacle during DNA replication
and may possibly lead to a loss of genetic material that may,
among other things, inactivate tumor suppressor genes (p53).
These assumptions were illustrated in a model system of
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genetic consequence in the Chinese hamster X chromosome,
where deletion of the long arm of the chromosome was found
after exposure to nickel, a human carcinogen which is also
known as a crosslinking agent (69,70).

FA induces squamous cell carcinoma in the nasal passage
of rats following chronic inhalation exposure (71,24). Casanova
et al. (72) found formation of DNA-protein crosslinks in the
nasal mucosa of rats following exposure to FA, so these lesions
can be regarded as a measure of FA dose at the site of tumor
formation. Recio et al. (73) examined cDNA of the
tumor suppressor gene p53 from 11 primary FA-induced tumors
from the nasal passage of F344 rats for mutation using DNA
sequence analysis. Point mutations in the p53 cDNA sequence
were found in 5/11 of the tumors analyzed. The p53 point
mutations observed by Recio et al. are common alterations in
certain rat (71) and human cancers, including squamous cell
carcinoma of the respiratory tract (74,75). The study of Recio
et al. presents a possible role of human suppressor gene
alteration in FA-induced nasal squamous cell carcinoma.

The relationship between a genetic lesion and the develop-
ment of a malignant tumor is difficult to establish. However,
the fact that loss of DNA is an important genetic consequence
in many different types of tumors and the realization that
tumor suppressor genes such as p53 maintain normality of
cells (76) emphasize that DPC may be one of the primary and
early lesions of the carcinogenesis process.

The method we used is inexpensive, sensitive, rapid and
easily applicable to multiple samples, required in epidemiolog-
ical studies. Samples can be stored at - 2 0 or -70°C for at
least 1 month without loss of DPC. Measuring DPC in
peripheral WBCs can be regarded as a surrogate for the
presence of the same lesion in other tissues, such as the upper
respiratory tract, which receives considerably higher exposure
than peripheral blood cells and can indicate the dose of FA at
a certain target site.

We conclude that our finding of DPC in WBCs of workers
exposed chronically to FA indicates a possible lesion that may
represent an early event in the mechanism of FA carcinogenesis
in human cells. We also conclude that DPC can be used as a
biomarker of occupational exposure to FA, making it possible
to follow up high risk populations more closely for secondary
prevention.

Acknowledgements
The work was supported by a grant from the Committee for Preventive Action
and Research in Occupational Health, Ministry of Labor and Social Welfare.
The authors wish to thank Monica Menashe for her help in preparation of
this manuscript.

References
l.Zimmerman.P.R., Chalfield.R.B., HshmanJ., Crutzen.PJ. and Hanst.P.L.

(1978) Estimates on the production of CO, and H2 from the oxidation of
hydrocarbon emissions from vegetation. Geophys. Res. Lett., 5, 679-682.

2. Guicherit.R. and Schulting.F.L. (1985) The occurrence of organic chemicals
in the atmosphere of the Netherlands. Sci. Total Environ., 43, 193-219.

3.Tuthill,R.W. and Woodstownjvl. (1984) Formaldehyde and respiratory
disease. Am. J. Epidemiol, 120, 952-955.

4. Spengler.M.D. and Sefton.K. (1983) Indoor air pollutants: a public health
perspective. Science, 221, 9-17.

5.IPCS (1989) Formaldehyde. Environmental Health Criteria 89. World
Health Organization, Geneva, pp. 11-176.

6. Stayner.L., Ward.E. and Petsonk.E.L. (1994) Formaldehyde. In ZenzX.
(ed.), Occupational Medicine: Principles and Practical Applications.
Mosby Year Book, St Louis, MO, pp. 675-679.

7.NIOSH (1976) Criteria for a Recommended Standard of Occupational

Exposure for Formaldehyde. Department of Health, Education and Welfare,
Washington, DC, pp. 77-126.

8. Harris.D.K. (1953) Problems in the manufacture and use of plastic. Br. J.
Indust. Med., 10, 255-268.

9. RosenbergA, Brainstow.B. and Cuther.T.W. (1952) A study of eczematous
sensitivity to formaldehyde. J. Invest. Dermatoi, 19, 459-462.

10. Romaguera,C, Grimalt.F. and LechaJvl.L. (1981) Occupational purpuric
textile dermatitis from formaldehyde resins. Contact Dermatoi., 7, 152—
153.

11. Ancona-Alayon.A., Jimenez-CastillaJ.L. and Gomez-Alvarez,E.M. (1976)
Dermatitis from epoxy resin and formaldehyde in shampoo packers.
Contact Dermatoi., 2, 356-364.

12. HelanderJ. (1977) Contact urticaria from leather containing formaldehyde.
Arch. Dermatoi., 113, 1443.

13.Sneddon,I.B. (1968) Dermatitis in an intermittent haemodialysis unit. Br.
Med. J.. 1, 183-184.

14. Holmstrom,M. and Wilhelmsson.B. (1988) Respiratory symptoms and
pathological effects of occupational exposure to formaldehyde and wood
dust. Scand. J. Work Environ. Hlth, 14, 306-311.

15.Kilburn,K.H., Warshaw.R. and ThomtonJ.C. (1989) Pulmonary function
in histology technicians compared with women from Michigan: effects of
chronic low dose formaldehyde on a national sample of women. Br. J.
Indust. Med., 46, 468-472.

16.Malaka,T. and Kodama,A.M. (1990) Respiratory health of plywood workers
occupationally exposed to formaldehyde. Arch. Environ. Hlth, 45,288-294.

17.Nunn,AJ. (1990) Six years follow-up of lung function in men
occupationally exposed to formaldehyde. Br. J. Indust. Med., 47, 747-752.

18.Schachter,E.N., Witek.TJ., Tosun,T., Leaderer.B.P. and Beck,G.J. (1986)
A study of respiratory effects from exposure to 2 p.p.m. formaldehyde in
healthy subjects. Arch. Environ. Hlth, 41, 229-239.

19.Witex,TJ., Schachner.E.M., Tosun.T., Leaderer.B.P. and Beck.G.J. (1986)
Controlled human studies on the pulmonary effects of indoor air pollution:
experience with sulfur dioxide and formaldehyde. Environ. Int, 12,
129-135.

20. Frigar.E., Filley.WV. and Reed.C.E. (1984) Bronchia] challenge with
formaldehyde gas: lack of bronchoconstriction in 13 patients suspected of
having formaldehyde-induced asthma. Mayo Clin. Proc., 59, 295—299.

2I.Nordman,H., Keskinen.H. and Tuppurainen.M. (1985) Formaldehyde
asthma—rare or overlooked. /. Allergy Clin, Immunol., 75, 91-92.

22.Swenbergr).A., Kerns.W.D., Michell.R.J., Gralla,E.J. and Pavkov.K.L.
(1980) Induction of squamous cell carcinoma of the rat nasal cavity by
inhalation exposure to formaldehyde vapor. Cancer Res., 40, 3398-3402.

23.Albert,R.E., Sellakumar.A.R., Laskin.S., Kuschner.M., Nelson.N and
Snyder.C.A. (1982) Gaseous formaldehyde and hydrogen chloride
induction of nasal cancer in the rat J. Nail Cancer Inst., 68, 597-603.

24.Morgan,K.T., Jiang,X.Z., Starr.T.B. and Kerns.W.D. (1986) More precise
localization of nasal tumors associated with chronic exposure of F-344
rats to formaldehyde gas. Toxicol. Appl. Pharmacol., 82, 264-271.

25. IARC (1988) Overall Evaluation ofCarcinogenicity: An Updating oflARC
Monographs. International Agency for Research on Cancer, Lyon, France,
pp. 1^2.

26.Blair,A.. Saracci.R., Stewart.P.A., Hayes.R.B. and Shy.C. (1990)
Epidemiologic evidence on the relationship between formaldehyde
exposure and cancer. Scand. J. Work Environ Hlth, 16, 381-393.

27.Blair,A., WalrathJ. and Malker.H. (1985) Review of epidemiologic
evidence regarding cancer and exposure to formaldehyde. Adv. Chem. Sen,
210, 261-273.

28.Acheson,E.D., Bames.H.R., Gardner.MJ., Osmond.C, Pannett.B. and
Taylor.C.P. (1984) Formaldehyde process workers and lung cancer. Lancet,
I, 1066-1067.

29. Infante,P.F. and Schneiderman.M.A. (1986) Formaldehyde, lung cancer
and bronchitis. Lancet, i, 436-437.

30.Nelson,N., Levin.R.J. and Albert.R.F. (1986) Contribution of formaldehyde
to respiratory cancer. Environ, Hlth Perspect., 70, 23—35.

31.Blair,A., Stewart.P. and O'BergJvl. (1986) Mortality among industrial
workers exposed to formaldehyde. J. Natl Cancer Inst.. 76, 1071-1084.

32. Partanen,T. (1993) Formaldehyde exposure and respiratory cancer—a meta
analysis of the epidemiologic evidence. Scand. J. Work Environ. Hlth, 19,
8-15.

33.McLaughlinJ.K. (1994) Formaldehyde and cancer. Int. Arch. Occup.
Environ. Hlth, 66, 295-301.

34. Sterling.T.D. and Weinham.TJ. (1994) Mortality from respiratory cancers
(including lung cancer) among workers employed in formaldehyde
industries. Am. J. Indust. Med,, 25, 593-602.

35.OSHA (1987) Occupational Exposure to Formaldehyde 52. Federal
Register 46168-46132.

36. French.D. and EdsallJ.T. (1945) The reactions of formaldehyde with

124



Formaldehyde exposure biomarker

amino acid and proteins. Ad\'. Protein Chem., 2, 277-335.
37. FeldmanJvl.Y. (1973) Reactions of nucleic acids and nucleoproteins with

formaldehyde. Prog. Nucleic Acid Res. Mol. Biol., 13, 1-49.
38. McGheeJ.D. and Von Hippel.P.H. (1975) Formaldehyde as a probe of

DNA structure n. Reaction with endocyclic amino groups of DNA bases.
Biochemistry, 14, 1297-1303.

39. McGheeJ.D. and Von Hippel.P.H. (1975) Formaldehyde as a probe of
DNA structure I. Reaction with exocyclic amino groups of DNA bases.
Biochemistry. 14, 1281-1296.

40. Burtlag.D., Schlehuber,C. and BonnerJ. (1969) Properties of formaldehyde
treated nucleohistone. Biochemistry, 8, 3214-3218.

41.0hba,Y., Morimitsu.Y. and WataraiA (1979) Reaction of formaldehyde
with calf-thymus nucleohistone. Eur. J. Biochem., 100, 285-293.

42.Cosma,G.N., Jamasbi,R. and Marchok.A. (1988) Growth inhibition of
DNA damage induced by benzo[a]pyrene and formaldehyde in primary
cultures of rat tracheal epithelial cells. Mutat. Res.. 201, 161-168.

43.Heck,H.d'A and Casanova-Shmitz^l. (1984) Biochemical toxicology of
formaldehyde. Rev. Biochem. Toxicol, 6, 155-189.

44.Banjar,Z.M., Hnilica,R.C, Stein J. and Stein.G. (1983) Crosslinks of
chromosomal proteins in DNA in HeLa cells by UV, gamma radiation and
some anti-tumor drugs. Biochem. Biophys. Res. Commun., 114, 767-773.

45.Grunicke,H., Bock.K.W., Becker.H., Gang.V, SchneirdaJ. and
Purschendorf,B. (1973) Effect of alkylating antitumor agents on the
binding of DNA to protein. Cancer Res., 33, 1048-1053.

46.Patiermo.S.R. and Costa,M. (1985) DNA-protein crosslinks induced by
nickel compounds in intact cultured mammalian cells. Chemico-Biol.
Interact., 55, 75-91.

47. WedrychowskiA, Ward.S.W., Schmidt,W.N. and Hmilica,L.S. (1985)
Chromium-induced crosslinking of nuclear proteins and DNA. J. Biol.
Chem., 260, 7150-7155.

48.Sugiyama,M., Patiezno.S.R, Cantoni.O. and Costa.M. (1986)
Characterization of DNA lesions induced by CaCrO4 in synchronous and
asynchronous cultured mammalian cells. Mol. Pharmacol., 29, 606-613.

49. Banjar.Z.M., Hmilica,L., Briggs.R., Stein J. and Stein.G. (1984) cis and
Jra;u-diamminedichloro-platinum (H)-mediated crosslinking of chromo-
somal non-histone proteins to DNA in HeLa cells. Biochemistry, 23,
1921-1926.

50.Costa,M. (1991) DNA—protein complexes induced by chromate and other
carcinogens. Environ, Hlth Perspect., 2, 45-52.

51.Casanova-Schmitz,M. and Heck.H.d'A. (1983) Effects of formaldehyde
exposure on the extractability of DNA from proteins in the rat nasal
mucosa. Toxicol. Appl. Pharmacol., 70, 121-132.

52.Casanova-Schmitz,M, Starr.T.B. and Heck.H.d'A. (1984) Differentiation
between metabolic incorporation and covalent binding in the labeling of
macromolecules in the rat nasal mucosa and bone marrow by inhaled I4C
and 3H formaldehyde. Toxicol. Appl. Pharmacol., 76, 26-44.

53. Brutlag.D., Schlehuber.C. and BonnerJ. (1969) Properties of formaldehyde
treated nucleohistone. Biochemistry, 8, 3214-3218.

54.Tsapakos,MJ., Hampton.T.H. and Wetterhahn.K.E. (1983) Chromium VI-
induced DNA lesions and chromium distribution in rat kidney, liver and
lung. Cancer Res., 43, 5662-5667.

55.Chin,S.M., Sokany.N.M., Friedman.L.R. and Oleinick.N.L. (1984)
Differentia] processing of ultraviolet or ionizing radiation-induced
DNA-protein crosslinks in Chinese hamster cells. Int. J. Radiol. Biol,
46, 681-690.

56.Cohen,M.D., Miller.C.A., Xu.L.S., Snow.E.T. and Costajvl. (1990) A
blotting method for monitoring the formation of chemically induced
DNA-protein complexes. Anal. Biochem., 186, 1-7.

57. Miller.C.A. and Costa,M. (1989) Immunological detection of DNA-protein
complexes induced by chromate. Carcinogenesis, 10, 667-672.

58. Chen,Y., Cohen.M.D., Snow.E.T. and Costa,M. (1991) Alterations in
restriction enzyme digestion patterns detect DNA-protein complexes
induced by chromate. Carcinogenesis, 12, 1575-1580.

59. Kohn.K.W. and Ewing.R.A.G. (1979) DNA-protein crosslinking by trans-
platinum (II) diammine dichJoride in mammalian cells, a new method of
analysis. Biochim, Biophys. Ada, 562, 32-^*0.

60.Zhitkovich,A. and Costa,M. (1992) A simple sensitive assay to detect
DNA-protein crosslinks in intact cells and in vivo. Carcinogenesis, 13,
1485-1489.

61.Liu,L.F, Rowe.T.C, Yang.L., Tewey.L.M. and Chen.G.L. (1983) Cleavage
of DNA by mammalian DNA topoisomerase II. /. Biol. Chem., 258,
15365-15370.

62. MullerJvI.T. (1983) Nucleosomes contain DNA binding proteins that resist
dissociation by sodium dodecyl sulphate. Biochem. Biophys. Res. Commun.,
114,99-106.

63. Heck.H.d'A., Cassanova-Schmitz,M., Dodd.P.B., Schachter.E.N., Witek.T.
and Tosun.T. (1985) Formaldehyde (CH20) concentration in the blood of

humans and Fischer 344 rats exposed to CH2O under controlled conditions.
Am. Indust. Hyg. Assoc. J.. 46, 1-3.

64.Casanova-Schmitz,M. and Heck,H.d'A. (1985) DNA-protein crosslinking
induced by formaldehyde (FA) in the rat respiratory mucosa; Dependence
on FA concentration in normal rats and in rats depleted of glutathione
(GSA). Toxicologist, 5, 128-132.

65.Ma,T.-H. and Harris.M.M. (1990) Review of the genotoxicity of
formaldehyde exposure. Proc. Am. Assoc. Cancer Res., 31, 139.

66.Craft,T.R., Bermudez,E. and Skopek.T.R. (1987) Formaldehyde
mutagenesis and formation of DNA-protein crosslinks in lymphoblasts
in vitro. Mutat. Res., 176, 147-155.

67. Kuykendall J.R. and Bogdanffy.M.S. (1992) Efficiency of DNA-histone
crosslinkings induced by saturated and unsaturated aldehydes in vitro.
Mutat. Res., 283, 131-136.

68. Miller.C.A. and Costa,M. (1989) Analysis of proteins cross-linked to DNA
after treatment of cells with formaldehyde chromate and cis-diamine
dichloroplatinum (II). Mol. Toxicol, 2, 11-26.

69.Conway,K. and Costa,M. (1990) Nonrandom chromosomal alteration
in nickel-transformed Chinese hamster embryo cells. Cancer Res., 49,
6032-6038.

70.Sen,P. and Costa,M. (1985) Induction of chromosomal damage in Chinese
hamster ovary cells by soluble and paniculate nickel compounds:
preferential fragmentation of the heterochromatic long arm of the X-
chromosome by carcinogenic crystalline NiS particles. Cancer Res., 45,
2320-2323.

71. Kerns,W.D., Pavkov.K.Z., Donofrio.DJ., Graller.EJ. and SwenbergJ.A.
(1983) Carcinogenicity of formaldehyde in rats and mice after long-term
inhalation exposure. Cancer Res., 43, 4382-4392.

72.Casanova,M., Deyo.D.F. and Heck,H.d'A. (1989) Covalent binding of
inhaled formaldehyde to DNA in the nasal mucosa of Fischer 344
rats: analysis of formaldehyde and DNA by high-performance liquid
chromatography and provisional pharmacokinetic interpretation. Fund.
Appl. Toxicol., 12, 397^17.

73.Recio,L., Sisk,S., PlutaJL., Bermudez.E., Gross.E.A., Chen,Z., Morgan.K.
and Walker.C. (1992) p53 mutation in formaldehyde-induced nasal
squamous cell carcinoma in rats. Cancer Res., 52, 6113-6116.

74.NigrorI.M. et al. (1989) Mutations in thep5J gene occur in diverse human
types. Nature, 342, 705-708.

75.Hollstein,M., Sidransky.D., Vogelstein.B. and Harris.C.C. (1991) p53
mutations in human cancer. Science, 253, 49—53.

76.Weinberg,R.A. (1991) Tumor suppressor gene. Science, 254, 1138-1146.

Received on July 10, 1995; revised on September 25, 1995; accepted on
September 26, 1995

125




