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Cadmium and lead have been shown to induce cellular
transformations and gene mutations in cultured rodent
cells, as well as tumours in live animals. However, the
mechanisms by which these metals cause cellular trans-
formations and mutations in human cells have not been
explored. In this study, we investigated the abilities of
cadmium and lead to induce anchorage-independent trans-
formations and hprt gene mutations in diploid human
fibroblasts. Human fibroblasts were exposed to either cad-
mium acetate (0—60uM) or lead acetate (0—2 mM) for
24 h. After removal of the metals, the cells were kept in
exponential growth for 7 and 9 days before mutation and
anchorage-independence assays were taken, respectively.
Both cadmium and lead significantly induced anchorage-
independent colonies in dose-dependent manners; the
frequencies of anchorage-independent colonies induced by
these metals were similar to those induced bi-methyl-N’-
nitro- N-nitrosoguanidine at approximately equal cytotoxic
dose ranges (30-10% survival). 3-Aminotriazole at non-
cytotoxic dosages decreased catalase activity by80%,
and markedly enhanced cadmium-induced cytotoxicity and
anchorage-independent colonies. Cadmium uptake by
human fibroblasts was not affected by 3-aminotriazole co-
administered with 10 pM of cadmium; whereas cadmium
uptake and accumulation were enhanced 1.5-fold by 3-
aminotriazole co-administered with 1-2.5uM of cadmium.
Lead-induced anchorage-independence or cytotoxicity was
not affected by 3-aminotriazole co-treatment; however, 3-
aminotriazole did significantly enhance lead uptake and
accumulation in human fibroblasts. Neither cadmium- nor
lead-induced 6-thioguanine-resistant mutation frequency
in human fibroblasts. Co-administering these metals with
3-aminotriazole did not enhance mutations in human
fibroblasts. These results suggest that cadmium and lead
may both act as tumour promoters in diploid human
fibroblasts, and that reactive oxygen species is more import-
antin cadmium- than lead-induced cytotoxicity and anchor-
age-independence.

Introduction

Cadmium and lead compounds are ubiquitous environment

i

contaminants that have been evaluated as potential hum
carcinogens (1-4). Cd induces morphological transformation

chromosomal aberrations and mutagenicity in rodent cell

*Abbreviations: ROS, reactive oxygen specidgrt, hypoxanthine (guanine)

(5-8). A significant body of evidence confirms cadmium
carcinogenicity in animal models; e.g. cadmium has been
shown to induce tumours in testes, lungs, prostates, hemato-
poietic systems, and at injection sites (9,10). Similarly, lead
compounds have also been shown to induce renal tumours in
rats and mice (11-13), as well as morphological transforma-
tions, sister-chromatid exchanges and mutagenicity in cultured
rodent cells (14-22).

Metal genotoxicity and carcinogenicity are rather complex
because they interact with both DNA and proteins. Cadmium
interactions with nucleic acids favor bases over DNA phos-
phates (23-25); whereas, lead interacts with the phosphate
backbone (26). Moreover, it has been reported that these metals
can inhibit DNA replication and decrease the fidelity of DNA
polymerases (27-29). Both cadmium and lead interact with
proteins, particularly at the sulph-hydryl group (12,30). They
have been reported to disturb calcium metabolism and may
act as antagonists to zinc and iron (12,13,31). Cadmium and
lead induce the expression of several genes, such as those
that encode metallothioneins, heme oxygenases, glutathione
transferases, heat-shock proteins, acute-phase reactants and
DNA polymerasef (32—-36). Moreover, cadmium and lead
stimulate cellular signal transduction pathways, and thus may
act as tumour promoters (37-40).

Intracellular reactive oxygen species (ROS*) have been
implicated as important mediators of chemical genotoxicities
and carcinogenicities (41,42). DNA strand-breakage, chromo-
somal aberrations and mutations induced by cadmium can be
suppressed by ROS scavengers, implying that ROS mediate
cadmium genotoxicity (8,43,44). Cadmium also alters ROS
amounts and antioxidant enzyme activities in rat testicular
Leydig cells (45). Lead-induced sister-chromatid exchanges
are inhibited by ascorbic acid suggesting that free-radical
defence pathways may influence lead genotoxicity (46). These
metals thus play direct or indirect roles in genotoxicity and
carcinogenicity.

The epidemiological evidence for lead carcinogenicity in
humans is still inadequate, and that for cadmium carcino-
genicity is complicated by confounders (1-4). Based primarily
on rodent data, cadmium and lead are rated as group-1
and group-2B carcinogens, respectively (2,4). However, the
tendencies of these metals to induce human cell-transforma-
tions and mutations remain unexplored. Transformation and
mutagenesis mechanisms may differ in human and rodent
cells, e.g. human fibroblasts are more resistant than rodent
fibroblasts to chemical transformation and may independently
Sxpress different transformation phenotypes in different
quential orders than do rodent fibroblasts (47,48). It is
refore important to study transformation and mutagenicity
Qf human cells induced by chemicals implicated as human
carcinogens. Anchorage independence, i.e. cells’ abilities to
grow in semi-solid media, has been considered a genetic

phosphoribosyltransferase; 3-AT, 3-aminotriazole; PBS, phosphate-bufferég@rker because the anchorage-independent phenotype was

saline; 6-TG, 6-thioguanine.
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stable, and cells exposed to carcinogens exhibit dose-dependent
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increases in the frequency of anchorage-independent coloni##oguanine (6-TG). One million cells from each individual treatment were

(47-49). In this study, we explored whether cadmium or leadlated onto thirty 100-mm Petri dishes in a selective medium containing

d t f dioloid h fibroblasts int h 40 uM of 6-TG. Macroscopic 6-TG resistant clones were developed 2 weeks
cou ransrorm diplol uman mbroblasts Into anchorage-yyer culturing at 37°C in a 10% COncubator. Plating efficiency of cells at

independent colonies, as well as induce mutations at thge time of selection was also assayed in a non-selective medium to correct
hypoxanthine (guanine) phosphoribosyltransferaget gene  for the observed mutation frequency. The mutation frequency was calculated
in these cells. Additionally, the role of ROS in the cytotoxicity, to t_)e —InPg) divi(_jed by t_he average number of viable cells per culture, where
anchorage-independent growth and mutagenic activities dfo's e Proportion of dishes with no mutants (1)

these metals was investigated by co-administering metals witRetermination of cellular cadmium and lead levels

3-aminotriazole (3-AT), an inhibitor of catalase (8), peroxidasecells (1x10°) were treated or not treated with 80 mM of 3-AT for 1 h, and

: : ubsequently exposed to either cadmium or lead at various concentrations in
(50)’ cytochrome p450lIEL (51) and heme blosynthe5|s (525nedia containing serum for 24 h. In the metal-accumulation experiments,

to provide more thorough information about metal genotoxicitycadmium- or lead-treated cells were allowed to incubate for another 8 h after
and transformation mechanisms. removal of metals from the media. At the time of harvesting, cells were
washed 4-6 times with PBS, trypsinized and the numbers of cells were

: determined. Next, cells were centrifuged and the cell pellet was sonicated in
Materials and methods MilliQ-purified water. Total metal concentration was analysed using a polarized

Cell culture Zeeman atomic absorption spectrophotometer (Spectr AA-30, Varian) equipped
Diploid human fibroblasts HFW were established from the foreskin of aWith an autosampler and a graphite furnace. The analytical conditions for

cadmium concentrations were set as follows: absorption wavelength 228.8 nm,

Chinese infant. Cells were cultured in Dulbecco’s modified Eagle’s mediumI t4 mA. and atomizing t 1 £ 1800°C: for lead 1
(DMEM) (Gibco, Life Technologies Co., Grand Island, NY) supplemented gmp.curren r MA, and atomizing temperature o » forlead concentra-
tions: absorption wavelength 283.3 nm, lamp current 5 mA and atomizing

with sodium bicarbonate (0.37%, w/u);glutamine (0.03%, w/v), penicillin ¢ i £ 2100°C
(100 units/ml), streptomycin (10Qg/ml) and foetal calf serum (10%, wiv; emperature o )
Biological Industries, Kibbutz Beth Haemek, Israel). Cell cultures were Determination of catalase activity

maintained at 37°C in a humidified incubator containing 10%,@®air.  cells were washed four times with PBS after metal treatments and harvested
HFW cells used in this study have been checked to be mycoplasma-free usiging a rubber policeman. The cell suspension was centrifuged at 2000 rpm
the Mycoplasma PCR Primer Set (Stratagene, La Jolla, CA). for 5 min at 4°C. The cell pellets were sonicated in 0.5 ml of 100 mM

Cytotoxicity assay phosphate buffer (pH 7.0) and the debris was removed by centrifuging at

Cells in exponential growth were trypsinized and 10° cells were plated 10 000 rpm forC_":Q min at 4°C. The supernatant was then_ qsed for determination
onto a 100-mm Petri dish 16—18 h before metal treatment. Cadmium acetas,‘ catalase activity and protein content. Catalase activity was measured as
(=99% purity, Cat. No. 2003, Merck, Darmstadt, Germany) and lead acetat@®Scribed by Aebi (54). Assay was performed at room temperature in a 1-ml
(>99.5% purity, Cat. No. 7375, Merck) were dissolved in MilliQ-purified MiXture containing clear cell lysate, 100 mM of phosphate buffer (pH 7.0)
water (Millipore, Bedford, MA). Cells were treated with either cadmium or @nd 10 mM of HO,. The decomposition of 0, was followed directly by
lead for 24 h in a complete medium. In experiments to determine the effect qlecreas_e in absorbance at 240 nm. Protein concentrations were determined
of ROS on metal-induced cytotoxicity, transformation and mutagenicity, cellsUSing bovine serum albumin as a standard. Enzyme activity was expressed
were incubated with 80 mM of 3-AT (Sigma, St Louis, MOY fb h before N kmol of H;O, decrease/min/mg protein.

co-exposure to either cadmium or lead for 24 MmethylIN’'-nitro-N- Statistical analyses
nitrosoguanidine (MNNG; Sigma) was used as a positive control; cells wer ; -
exposed to 1QuM of MNNG for 1 h in Hepes-buffered (15 mM) serum-free Data obtained from cytotoxicity
DMEM. At the end of treatment, the drug-containing medium was removed

anchorage-independence, catalase activity
and cellular metal level assays were analysed using one-way analysis of

. h ; variance followed by Duncan’s multiple range test or two-way analysis of
and cells were washed twice with phosphate-buffered saline (PBS) beforg,iance with a statistical package for social science software. Mutation

trypsinization. Cells were diluted and triply plated at densities of 100-1000.04,ency was assessed using the Poisson distribution test. The level of
cells/100-mm Petri dishes. The cells were cultured for 14 days with one f’esgigﬂificagce was set & < 0.05.9 '

media replacement and stained with 1% crystal violet solution. Colony

numbers were counted for cytotoxicity determination which was calculated to

be the number of colonies in the treated cells divided by the number oResults

colonies obtained from untreated cells (8,21).

Anchorage-independence assay 3-AT did enhance cadmium-induced cytotoxicity and anchor-

The cadmium-, lead- and MNNG-treated and untreated cells described in tH@de independence
section on cytotoxicity assay were maintained in exponential growth for 9Diploid human fibroblasts HFW were exposed to 0+80 of
days before anchorage-independence assay by a modification of previot&ddmium acetate for 24 h and cytotoxicity was determined

methods (49,53). A total of fCcells per individual population were assayed | f . bilit . diatel fter treat t
at 10 cells/60-mm dish. The growth medium for anchorage-independencpy colony-forming ability assay immediately arter treatment.

assay consisted of DMEM containing Bacto-agar (Difco, Detroit, MI) (top- Figure 1a shows that 30M of cadmium acetate was required

agar and bottom-agar were 0.33 and 0.5%, respectively), sodium bicarbonate reduce the survival of treated cells to 37®g) Cells

100 pg/ml), non-essential amino acid (0.1 mM), b-fibroblast growth factor : :

ES ngblr?ﬂ; S)igma) and tryptose phosphat(e broth 20.22%, wiv). 'Ighe cel, (10 exponentlgl grOWth for 9 days, .I'e' .they Were. subcultured t.WO

suspended in 3 ml of top-agar medium, were allowed to solidify on top of aOF three tlmes,. before determination of their transformation

bottom-agar layer (5 ml) and were cultured for 4 weeks at 37°C in a humidified0 anchorage independence. The frequency of anchorage-

incubator containing 5% C£n air; 0.5 ml of agar-free growth medium was independent colonies per 8 viable cells obtained from

added to the top-agar layer every week to compensate for evaporation. Afteiireated HEW fibroblasts was 101=3 9.9 (18 individual

4 weeks, the cells were stained with iodonitrotetrazolium violet (1 mg/ml in . . .

MilliQ water; Sigma) and colonies>60 um in diameter were scored using a eXpe”men_ts)' One-way analySIS of variance .foIIowed by D_un'_

dissecting microscope equipped with a transmitted light source (model SMz€an’s multiple range test showed that cadmium acetate signi-

U, Nikon, Tokyo). An aliquot of the cell suspension used in the top-agar forficantly induced anchorage-independent colonies in a dose-

arihgfagf'igggpe“de;i‘? S,Sshay ‘Evfz)so dillllltelg_v;']i)th, agat;'ftrej fCU'tZUfe mKEdiU'dependent manner. The average Petri-dish replating efficiencies
ated onto -mm Petri dishes cells/dish), incubated for 2 weeks an ; ; ;

gtained with 1% crystal violet to determine the replating efficiency of the8f cells SUbJ_eCtEd to anChorage_l_ndependence assay in untreated

cells. This value was used to determine cell viability in the anchorage-2Nd cadmium-treated populations were 6222 4.4 and

independence assay. 45.6 = 3.5%, respectively. This indicates that the cell viability

Mutagenicity assay of treated cells at the selection time was similar to that of

The cadmium-, lead- and MNNG-treated and untreated cells were maintainédntreated cells.

in exponential growth for 7 days to allow for expression of resistance to 6- TO explore the role of ROS in cadmium cytotoxicity and
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100 T experiments), similar to that of untreated controls. Two-
] way analysis of variance showed that co-administering 3-
] AT significantly enhanced cytotoxicity and the numbers of
4 anchorage-independent colonies induced by 2.5giD of
T 4 cadmium. MNNG was chosen as a positive control for compar-
S ison with the transformation ability of cadmium. Exposing
E i HFW fibroblasts to 1QuM of MNNG for 1 h reduced their
S colony-forming ability to 25.8+ 1.3% of that of untreated
» 10 - cells (25 individual experiments); this treatment induced
c ] 353.1 + 65.0 anchorage-independent colonies pér vi@ble
@ . cells (eight individual experiments). The average Petri-dish
o ] replating efficiencies of cells subjected to anchorage-independ-
) i O Cd i ence assay in 3-AT-, 3-AT plus cadmium- and MNNG-treated
= A 3AT+Cd populations were 48.5 5.7, 33.5+ 3.8 and 47.3* 5.7%,
- 1 respectively.
3-AT did not alter cytotoxicity and anchorage independence
1 : : : : : - : : induced by lead acetate
1200 - (b) ] Figure 2 shows the survival and the anchorage independence
of HFW fibroblasts exposed to 0—2 mM of lead acetate for 24
» h. TheD, dose of Pb was estimated to be 0.8 mM (Figure 2a).
@ 2 Anchorage-independent colonies increased in linear proportion
= © 90F |, 7 when lead dosage was increased; at 1.5 and 2 mM of lead,
o O the number of induced anchorage-independent colonies fer 10
o 9 viable cells was 182.6- 16.9 and 262.7 37.8, respectively
2 -8 (Figure 2b). One-way analysis of variance followed by
< 3 600 [A* A* § - Duncan’s multiple range test showed that lead acetate signific-
T © / antly induced anchorage-independent colonies in a dose-
O O dependent manner. The average Petri-dish replating efficiencies
8 ‘: of cells subjected to anchorage-independence assay in lead-
T o 300 /§ § - and 3-AT plus lead-treated populations were 6%.3.5 and
£ a ‘§ 66.9 = 2.2%, respectively. Two-way analysis of variance
showed that 3-AT co-treatment did not cause any significant
T T T R T T changes in lead cytotoxicity, nor did it alter the number of
0 10 20 30 40 50 60 lead-induced anchorage-independent colonies. Additionally,

the growth rate of cells treated with 0.5-2.0 mM of lead
acetate, or co-administered with 3-AT was similar to (0.5—
Fig. 1. Effects of 3-AT on Cd-induced cytotoxicitya] and anchorage- 1.5 mM) or slightly slower (2.0 mM) than that of untreated cells.
independent colonied) in human diploid fibroblasts. Cells were treated 3-AT inhibited intracellular catalase activity in untreated,

(open triangle) or not treated (open circle) with 80 mM of 3-AT foh and ; _ _
then treated with cadmium acetate for 24 h. The cells were subjected to cadmium- and lead-treated HFW cells

cytotoxicity and anchorage-independence assays as described in ‘MaterialsIntracellular catalase activity was assayed immediately after
and methods’. The replating efficiencies of 3-AT-treated and untreated exposing cells to 3-AT, cadmium, lead, or metal plus 3-AT.

control cells obtained during cytotoxicity assays were:58.3% f = 23) i ;
and 60+ 3.0% ( = 33), respectively. Each anchorage-independence assa The endernous catalase activity of HFW fibroblasts was

\ . . .
was accompanied by a cytotoxicity assay; at least four independent 6.42 = 0.59 pmol H,O,/min/mg protein. Exposing HFW
experiments were performed for each dosage level. Bars in the curves  fibroblasts to 80 mM of 3-AT for 25 h reduced the intracellular

denote population SE. Asterisks represent statistically differences between catalase activity to 15.6% of the untreated level (Figure 3).
cells treated with cadmium alone and 3-AT plus cadmium. This result confirmed the expectation that 3-AT blocks catalase
activity. Intracellular catalase activities in cells treated with 3-

. . , AT plus cadmium (4QuM) and 3-AT plus lead (1.5 mM) were
transformation ability, HFW f|broblastslwere exposed t0 80 MM 3 704 and 17.3% of the untreated level, respectively (Figure 3).
of 3-AT for 1 h and then co-treated with cadmium acetate forOne-way analysis of variance followed by Duncan’s multiple

24 h. Figure 1 shows that 3-AT markedly enhance_:d cytotoxicityrange test showed that 3-AT alone and 3-AT plus metals
and numbers of anchorage-independent colonies induced l%)I'gniﬁcantlyinhibited catalase activity. Furthermore, intracellu-
cadmium; at UM of cadmium, 3-AT reduced the percentage tJar catalase activities in HFW fibroblasts treated with either
of survival from 79 to 11, and enhanced the number 0f0-60uM of cadmium or 0.5-2.0 mM of lead for 24 h were
cadmium-induced anchorage-independent colonies from 281 Jijar to the untreated level (Figure 3).

to 822.7 per 10 viable cells. 3-AT co-administration also ) o )
reduced cells’ growth rate; however, all the treated cells ca$-AT did not enhance the weak mutagenicity of cadmium and
be subcultured at least twice before anchorage-independent&ad in HFW cells

assay. 3-AT treatment alone only slightly reduced the colonyHFW fibroblasts treated and not treated with cadmium were
forming ability (95.5+ 4.8%; 24 individual experiments); the maintained in exponential growth for 7 days and then assayed
number of anchorage-independent colonies péwikble cells  for resistance to 6-TG. Mutagenicity experiments were con-
obtained from 3-AT-treated cells was 126:@1.0 (8 individual  ducted on at least nine individual treatments with a total of
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100 —————————————— 10

Catalase activity

Percent survival
umol H,O,/min/mg protein
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A 3AT+Pb

®or (b) ]| - 3AT3AT Cd 3AT Pb

+ +

ca < pp A
Fig. 3. Intracellular catalase activities in untreated, and Cd, Pb and/or 3-AT-
treated human diploid fibroblasts. Cells in exponential growth were treated
or not treated with 80 mM of 3-AT for 1 h. Next, cells were treated or not
250 |- 1 treated with 40uM of cadmium acetate or 1.5 mM of lead acetate for 24 h.
Catalase activities in cells treated with increased doses of Cd (20, 40 and
60 uM) or Pb (0.5, 1.5 and 2 mM) for 24 h were also determined. Catalase

200 ’ - activity in cells immediately after treatment was assayed as described in
—_— ‘Materials and methods’. The results were obtained by averaging four

- experiments and the bars denote population SE. Asterisks represent
4 statistically differences between treated and untreated levels.
7/

. Effect of 3-AT on the uptake and accumulation of cadmium
/ and lead by HFW cells

- ) . Increased metal uptake and accumulation in cells may enhance
metal genotoxicity. Therefore, cellular cadmium levels were
0.0 0.5 1.0 1.5 2.0 ; : ; : .
determined by atomic absorption spectrophotometry immedi-
Lead acetate (mM) ately (uptake) and 8 h (accumulation) after exposing cells to
cadmium and/or 3-AT. Figure 4 shows that cadmium uptake
Fig. 2. Effects of 3-AT on Phb-induced cytotoxicitya) and anchorage- (1-2.5 pM) in HFW fibroblasts exhibited dose-dependent
independent colonied) in human diploid fibroblasts. Cells were treated increasesl'{ <0 05). the cadmium level remained the same
(open triangle) or not treated (open circle) with 80 mM of 3-AT foh and ' ! . -
then treated with lead acetate for 24 h. The cells were subjected to 8 h after r_emoval O_f this metal from the medium. Two-
cytotoxicity and anchorage-independence assays as described in ‘MaterialsWay _analy5|5 of variance Showed that 3-AT co-treatment
and methods’. Each anchorage-independence assay was accompanied by significantly enhanced cadmium uptake and accumulation in
cytotoxicity assay; at least four independent experiments were performed fgqF\W fibroblasts when the cells were exposed to 14dbof
each dosage level. Bars in the curves denote population SE. cadmium acetate; however, the enhancing effect of 3-AT was

ot observed at 1QuM of cadmium-treatment (Figure 4).

Sk clonbl, el assaved por cadmium dose Polosian, e cadmiun el i ol o veated wih sagmium
us o- were constant when the cells were harveste

cies observed in cadmium-treated cells were not significantl . .
different from those obtained in untreated cells (Table ). In mgjed|atelyhad 8 E aflter removkal .Of the them'?als' .
contrast, the 6-TG-resistant mutation frequency of HFW cells igure 5 shows that ead_upta ein HFW ibroblasts increased
was significantly induced by 10—12V of MNNG (Table 1); as lead acetate concentrations were incred®ed .05). Two-
the MNNG-induced mutation frequency is consistent with ourVay analysis of variance showed that the lead Ieve_ls in cells
previous report (55). 3-AT co-treatment, although markedIygf#greesr:?dff)gaggslgagtigie;gge }:ﬁﬂgﬂ: ele;er:ftr;?t frlggtlzchr:}tly
?:#;r']rége C{?:jem'\lfvgaﬁyt?rfgggémig?f té?nig’émﬁxn’ind'ngg\t/3-AT co-treatment_significantly enhanced lead uptake and
fibroblasts (Table 1) accumulation in HFW fibroblasts (Figure 5). However, 3-AT

: co-treatment did not affect lead cytotoxicity (Figure 2). These

Table Il shows that 0.5-2 mM of lead acetate did not N ; . .
induce mutation frequencies above background levels in HF sults show that lead cytotoxicity did notincrease in proportion
Q cellular lead concentration.

fibroblasts; the total clonable cells assayed in each dose w.
4-5x 1P, obtained from eight or nine individual treatments. . .
The mutation frequencies observed in cells co-administered Qscussmn

AT with lead acetate also did not enhance the weak mutaThe present study has shown for the first time that cadmium
genicity of lead in HFW fibroblasts (Table I1). and lead induce diploid human fibroblasts to form colonies in
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Cd and Pb induce human cell transformation

Table I. Mutagenicity of HFW cells treated with cadmium and cadmium plus 3AT

Treatmerit No. of individual Replatin Total clonable 6-T@utant
treatments efficieng/ cells assayed frequencyfl0
(X10°) clonable cells
Cd alone gM)
0 28 50.6* 4.0 14.17 6.84
25 9 62.8+ 5.3 5.65 5.81
5 10 62.3* 8.2 6.23 5.22
10 9 58.0+ 8.4 5.22 5.83
20 13 50.4+ 3.6 6.55 9.96
40 13 54.0*+ 5.5 7.03 5.60
60 10 49.9+ 3.5 4.99 5.30
3-AT + Cd (UM)
0 17 55.1+ 5.2 9.37 4.40
2.5 14 55.6x 4.9 7.78 7.08
5 14 418+ 5.0 5.85 7.38
10 10 35.6* 8.6 3.56 8.47
MNNG (M)
0 (DMSO) 4 64.2+ 3.7 2.57 14.63
10 4 65.6* 2.4 2.62 91.47
12 4 53.3+ 2.2 2.13 97.29

&Cells were treated or not treated with 80 mM 3AT for 1 h, and then exposed to Cd for 24 h.
bReplating efficiency of cells at the time of mutant selection; measE.
P < 0.05, Poisson distribution test.

Table IIl. Mutagenicity of HFW cells treated with lead and lead plus 3AT

Treatmerft No. of individual Replatin Total clonable 6-T@utant
treatments efficieng/ cells assayed frequencyfl0
(X 109) clonable cells

Pb alone (mM)
0

28 50.6= 4.0 14.17 6.84
0.5 9 56.9+ 5.7 5.12 6.04
1.5 8 54.4+ 5.1 4.35 4.82
2 9 44.9+ 4.1 4.04 6.81

3-AT + Pb (mM)

0 17 55.1* 5.2 9.37 4.40
0.5 6 56.3+ 4.4 3.38 7.04
1.5 6 52.0+ 3.9 3.12 4.36
2 7 39.3+ 3.0 2.75 7.33

&Cells were treated or not treated with 80 mM 3AT for 1 h, and exposed to Pb for 24 h.
bReplating efficiency of cells at the time of mutant selection; meaSE.

semi-solid media, i.e. anchorage-independent colonies. Th@7,48). Additionally, extopic expression of the transforming
anchorage-independent colonies were shown to be dosgrowth factora-antisense gene in human cancer cells reduces
dependently induced by these two metal compounds. Ththe formation of anchorage-independent colonies and cell
frequencies of anchorage-independent colonies induced hyrowth (56,57). Thus, anchorage independence may be gener-
cadmium and lead are similar to those induced by the strongted through both epigenetic and genetic alterations. The
carcinogen MNNG at roughly equal cytotoxic dose rangedinding that cadmium and lead induce anchorage independence,
(30—10% survival). Anchorage independence is believed to bbut not hprt gene mutations in diploid human fibroblasts
one step in the multi-step process of neoplastic transformatiosuggests that these two metals act as human carcinogens by
of human fibroblasts, and it has proven to be a particularhaltering signal-transduction pathways.

attractive endpoint for transformation studies, although the A body of evidence shows that cadmium and lead stimulate
biochemical changes in anchorage-independent phenotypes aignal-transduction molecules. Exposure of mammalian cells
not yet fully understood (47-49). Several studies have sugto cadmium chloride increases inositol triphosphate, releases
gested that anchorage independence results from a mutatior@#*, activates protein kinase C and triggers hormone-like
event, due to in part the acquired anchorage independemesponses through orphan-receptor signal pathways (37,38).
phenotype is a permanent characteristic of the cells, and theead activates protein kinase C isolated from rat brains
dose-response curve for anchorage independence being simiknd stimulates the phosphorylation of membrane cytoskeletal
to that for mutational markers (47-49). Moreover, anchorageproteins along a protein kinase C-dependent pathway, implying
independent growth is related to modifications in signal-lead may alter cellular signal pathways (39,40). The ability of
transduction pathways, e.g. it can be induced by growing cellthese two metals to induce anchorage independence is consist-
in media containing high concentrations of serum or plateletent with their ability to alter signal transduction in cells.
derived growth factor, and by expressiorsifor rasoncogenes Cadmium and lead although do not increase mutation
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T frequency at théaprt gene in diploid human fibroblasts HFW,
at similar cytotoxic dosages [Dy), they can induce mutations
300 | E at the same gene in CHO-K1 cells (8,21). That cadmium and
/ lead mutagenicities observed in CHO-K1, but not in human
8 | * 1 fibroblasts may be attributable to that the genotoxic defence
- 7 * mechanisms against these two metals in HFW fibroblasts may
2 = differ from those in CHO-K1 cells. For example, the basal
c 8 200 - metallothionein level is ~pig per mg of protein in HFW (58),
8 © but undetectable in CHO-K1 (data not shown), and the catalase
£ 9 > E 1 level is ~50-fold higher in HFW than in CHO-K1 (8,59,
S B Treatment Rocovery time this study). C_:hlnese hamster V79 cells, hawlng. functional
T £ / metallothionein gene, also show weak mutagenicities by these
5 100 o Cd Oh 4 two metals (60,61). This is consistent with the notion that
[ A Cd+3AT  Oh metallothionein is the most important metal-binding protein,
® cCd 8h i and accounts for resistance to metal genotoxicity (32). This
A Cd+3AT 8h : A -
comparison also suggests that metal mutagenicity is positively
correlated to the cellular oxidative stress, i.e. mutation may
0 L be induced in cells having limited antioxidant machinery. As
2 4 6 8 10 cadmium and lead, carcinogenic metal€’Nand AS* have
Cadmium acetate (uM) been reported to cause dose-dependent induction of anchorage

independence, but not to induce mutations in diploid human

Fig. 4. Effects of 3-AT on Cd uptake and accumulation in human diploid ~ fibroblasts (49).
fibroblasts. Cells in exponential growth were treated or not treated with 3-AT significantly enhances cadmium-induced anchorage
cadmium aceate for 24 hCells were thon washed wih PBS and one set ofjacbendence and eytotoxicity in diploid human fibroblasts
cells was cultured in complete medium for another 8 h. Cd concentrations . FW. The 3'ATS enhanC|_ng effect on c_:admlum genotoxicity
in cells immediately after treatment (uptake; open symbals b after IS consistent with our previous observation th.a.t 3'_AT enhances
removal of drugs from media (accumulation; closed symbols) were assayedcadmium-induced cytotoxicity and mutagenicity in CHO-K1
as described in ‘Materials and methods’. The results were obtained by cells (8), further supporting the notion that ROS is involved
averaging 3-6 independent treatments, and the bars denote population SEj the cadmium genotoxicity. Cadmium has been reported to
Asterisks represent statistically differences between data obtained from ind - i ioxid h
cadmium alone and 3-AT plus cadmium at the same recovery time. Inauce g.ene' expression of antioxidant enzymes, such as

metallothionein and heme oxygenase (32,33), as well as

H,0, levels in cells (45). Cadmium may thus induce cellular

antioxidant machinery to protect from its genotoxicity, as well
. . . . T as cellular ROS to cause genotoxicity. The intracellular catalase
15000 } - activity is markedly inhibited in 3-AT- and 3-AT plus cadmium-

Treatment Recovery time treated cells. Besides catalase inactivation ability, 3-AT has

a i Z gz+ AT gE * been reported to ir_1hibit pero_xidase (50), cytochrome p450IIEL
0. 12000} @ Pb 8h // 4 (51) and heme biosynthesis (52) that are also important to
) A Pb+3AT 8h y; cope with cellular oxidative stress. Inactivating antioxidant
- o - T machinery by 3-AT may result in increased levels of ROS in
g © 9000 k | cadmium-treated cells, and subsequently enhanced cadmium
0% genotoxicity because ROS can induce genotoxicity and signal-
£ - - . transduction pathways (41,42,62). The enhancing effect of
f (o)) 3-AT on cadmium-induced genotoxicity at low cadmium-
S £ 6000 - ] treatment doses (1-24/8M) may be partly due to a higher
|2 : . cellular cadmium concentration enhanced by 3-AT; however,
such enhanced cadmium uptake by 3-AT does not occur at
3000 | / ] high cadmium-treatment doses (3}tM). By contrast, 3-
|/ ] AT neither affects lead-induced anchorage independence and

cytotoxicity, nor induces the weak mutagenicity of lead; no
matter that 3-AT does enhance lead uptake and accumulation
0.0 0.1 0.2 0.3 0.4 0.5 in HFW cells. This result suggests that catalase-associated

Lead acetate (mM) antioxidant machinery is more important for cadmium than

lead detoxification.
Fli)g- EI- E?EC&S |<I)f 3-AT on F’bt_urftakewéti;ld aCCl:multatcijOH by Ptlmatnddip!%id That enriched metallothionein in NIH/3T3 cells by transfec-
roplasts. Cells In exponential gr W H H H

éo mM of 3-AT for 1 h‘.JThe cellsgv(\?ere th(g;etr(:\?eed o?rnr:)? tr;Z?e% WV;ItIh lead Flor.] results in markedly_ decreased cadmium uptake (63)

acetate for 24 h. Cells were then washed with PBS and one set of cells waéndmaFes that cellular antioxidants may affect metal Uptal_(e-
cultured in complete medium for another 8 h. Pb concentrations in cells ~Cadmium uptake by cells has been reported through calcium
immediately after treatment (uptake; open symbots3 & after removal of channels (64), anion exchangers (65), and membrane cadmium-

drugs from media (accumulation; closed symbols) were assayed as binding proteins (66). 3-AT co-administration increases metal

described in ‘Materials and methods’. The results were obtained by - . - L .
averaging of 4-8 independent treatments, and the bars denote population uptake may be due to in part its catalase inactivating function.

SE. Asterisks represent statistically differences between data obtained fromAlternatively, 3-AT = co-administration may decrease the
lead alone and 3-AT plus lead at the same recovery time. amounts of metallothionein or other antioxidant enzymes, alter
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membrane transporter systems or metal-binding proteins that morphological transformation of Syrian hamster cells by inoganic metal
; it salts.Cancer Res.39, 1008-1013.

WOUld Slébseﬁulemlly Igclreasl‘e tl)ﬁne:tga'la\_::lptaked A_dQIPO?_a”y, the6.Ochi,T. and Ohsawa,M. (1983) Induction of 6-thioguanine-resistant mutants

Increased cellular lead levels by s-Al- co-administralion may 5.4 single-strand scission of DNA by cadmium chloride in cultured

be attributable to formation of complexes with lead-binding  cChinese hamster cellsiutat. Res. 111, 69—78.

proteins that can neither enhance transformation nor cyto-7.Ochi,T., Mogi,M., Watanabe,M. and Ohsawa,M. (1984) Induction of
toxicity. chromosomal aberrations in cultured Chinese hamster cells by short-term

; ; ; ; ; treatment with cadmium chloridéutat. Res.137, 103-109.
Several kinds ofin vitro transformation assays, including 8.vang.J L. Chao.J-l and Lin.J-G (1996) Reaciive oxygen species may

anChO'fage md_ependen_ce,.morphologlcal tran.sformgtlon,.focus participate in the mutagenicity and mutational spectrum of cadmium in
formation and immortalization have been applied to investigate Chinese hamster ovary-K1 cell§hem. Res. Toxicol9, 1360-1367.
chemical carcinogenesis. Cadmium and lead have been show$ Waalkes,M.P. and Oberdorster,G. (1990) Cadmium carcinogenesis. In
to cause morphological transformation or focus formation in Egzr?a'tfog (ed-ﬂ‘goillisc;i' Effects of Heavy Metalsol. 2. CRC Press,
Sy”a.n hamsu?r a.”d Balb/3T3 Ce”S.(S’lA"lS)' FOC.US fOrmatIOQO.Waalkes,M.P.prl)nd Rehm,S. (1994) Chronic toxic and carcinogenic effects
and immortalization are rather difficult to be induced by o cadmium chioride in male DBA/2NCr and NFS/NCr mice: strain-
carcinogens in diploid human fibroblasts (47—49,67). This iS dependent association with tumours of the hematopoietic system, injection
possibly due to the fact that diploid human fibroblasts exhibit site, liver, and lungFund. Appl. Toxicol.23, 21-31.

limited lifespan, but cultured rodent cells do not. Induction Of11'ggﬁ;ﬁji}'\lﬂji;’taﬁv:unr'sBé% \Q{";‘/L‘?él’v}'& x‘ég's%gnag‘é gﬁf’%‘;rgﬁ)-s(:j%)
anchorage independence .Or focus fprmatlon IS r.]Ot sufficient to lead acetate during gestation and lactation occur with minimal chronic
to convert normal human fibroblasts into fully malignant cells  pephropathycancer Res .55, 5265-5271.

(47,48,67). Exposure of immortalized human cells to a singleL2. Gerber,G.B., Lenard,A. and Jacquet,P. (1980) Toxicity, mutagenicity and
carcinogen treatment or oncogene transfection, followed by teratogenicity of leadMutat. Res.76, 115-141.

selection for focus formation and anchorage-independer’flt3'Goyer'R'A' (1993) Lead toxicity: current concerfBsviron. Hlth Perspect.
100 177-187.

growth, ylelded ma“gnant_ tumours in athymlc _mlce (67)'14.Dipaolo,J.A., Nelson,R.L. and Casto,B.C. (1978) vitro neoplastic
Such a model system will be of help to elucidate metal transformation of Syrian hamster cells by lead acetate and its relevance
carcinogenicity in human cells. Nevertheless, this present study to environmental carcinogenesBr. J. Cancey 38, 452-455.

has demonstrated that anchorage independence can be used®Bunkel,V.C., Pienta,R.J., Sivak,A. and Traul,K.A. (1981) Comparative
an early marker to detect phenotypic alterations in diploid neoplastic transformation responses of Balb/3T3 cells, Syrian hamster

. . . . . . embryo cells, and Rauscher murine leukemia virus-infected Fischer 344
human fibroblasts induced by carcinogenic metals; particularly, s embryo cells to chemical carcinogers. Natl Cancer Inst. 67,

all the metal-exposed cells keep growth in our experimental 1303-1312.
conditions implying that anchorage independence induceds.TaiE.C.H. and Lee,T.-C. (1990) Induction of sister chromatid exchanges
by these metals may be an important factor in multi-step by lead compounds in Chinese hamster ovary cBIlgl. Inst. Zool., Acad.

: ; Sinica 29, 121-125.
carcinogenesis. 17.Lin,R.H., Lee,C.H., Chen,WK. and Lin-Shiau,S.Y. (1994) Studies on

In conclgsmn, this study Cle_arly demonstrated that cadmium cytotoxic and genotoxic effects of cadmium nitrate and lead nitrate in
and lead induce anchorage-independent growth, but do not cChinese hamster ovary celEnviron. Mol. Mutag, 23, 143-149.
causehprt gene mutations in diploid human fibroblasts, sug-18.Roy,N.K. and Rossman,T.G. (1992) Mutagenesis and comutagenesis by
gesting these two metals are human tumour-promoting agents, !éad compoundsMutat. Res.298 97-103.

_ ; [ ; ; 19. Zelikoff,J.T., Li,J.H., Hartwig,A., Wang,X.W., Costa,M. and Rossman,T.G.
Catalase-associated antioxidant machinery may be involved it (1988) Genetic toxicology of lead compoun@arcinogenesiso, 1727--

protection from anchorage-independent growth in cadmium- 1735
treated, but not in lead-treated cells. Cadmium is apparentlyo. Oberly,T.J., Piper,C.E. and McDonald,D.S. (1982) Mutagenicity of metal
stronger than lead and MNNG in inducing anchorage independ- salts in the L5178Y mouse lymphoma assayToxicol. Environ. Hith9,

ence in human cells. 367-376. N
21.Yang,J.-L., Yeh,S.-C. and Chang,C.-Y. (1996) Lead acetate mutagenicity

and mutational spectrum in the hypoxanthine guanine phospho-
Acknowledgements ribosyltransferase gene of Chinese hamster ovary K1 cellsl.

This work was supported in part by grants from the VGH-NTHU Joint __ Carcinogen. 17, 181-191. )

Research Program, Medical Research Advancement Foundation in MemoRZ-Aiza,M.E. and Williams,M.V. (1996) Mutagenesis of AS52 cells by low
of Dr Chi-Shuen Tsou (VGHTH86-022-2) and the Department of Health ~ concentrations of lead (Il) and mercury (Ignviron Mol. Mutagen, 27,
(DOH85-HR-407), Republic of China. We also thank Dr Ling-Ling Hsieh at 30-33. . . )

Chang Gung University for the help with statistical analysis, and Dr Ann-23.Jacobson,K.B. and Turner,J.E. (1980) The interaction of cadmium and
Shyn Chiang at National Tsing Hua University for the use of a dissecting iega'” other metal ions with proteins and nucleic aciixicology 16,

microscope. -37. _ o
24.Koizumi,T. and Waalkes,M.P. (1990) Effects of zinc on the binding of

cadmium to DNA: assessment with testicular interestitial cell and calf

References thymus DNAs.Toxicol. In Vitrg 4, 51-55.
1.Friberg,L., Kjellstion,T. and Nordberg,G.F. (1986) Cadmium. In Friberg,L., 25-Langlais,M., Tajmir-Riahi,H.A. and Savoie,R. (1990) Raman spectroscopic
Nordberg,G.F. and Vouk,V. (ed$jandbook on the Toxicology of Metals, study of the effects of Cd, Mg?*, Zn**, and Cd" ions on calf
2nd edn Elsevier Science, Amsterdam, pp. 130-184. thymus DNA: binding sites and conformational chandgispolymers 30,

2.1ARC (1987) Overall evaluations of carcinogenicity: An updating of IARC ~ 743-752.
monographs. INARC Monographs on the Evaluation of Carcinogenic 26.Tajmir-Riahi,H.-A., Naoui,M. and Ahmad,R. (1993) The effects of Cu
Risks to Humansvolumes 1-42, Supplement 7. International Agency for ~ and PB* on the solution structure of calf thymus DNA: DNA condensation
Research on Cancer, Lyon, pp. 230-232. and denaturation studied by Fourier transform IR difference spectroscopy.
3.Magos,L. (1991) Epidemiological and experimental aspects of metal Biopolymers33, 1819-1827.
carcinogenesis: physicochemical properties, kinetics, and the active specied(. Sirover,M.A. and Loeb,L.A. (1976) Infidelity of DNA synthesis vitro:

Environ. Hith Perspect.95, 157-189. screening for potential metal mutagens or carcinog&wence 194,
4.1ARC (1993) Cadmium and cadmium compoundsIARC Monographs 1434-1436.

on the Evaluation of Carcinogenic Risks to Humans: Beryllium, Cadmium,28. Hoffman,D.J. and Niyogi,S.K. (1977) Metal mutagens and carcinogens

Mercury, and Exposures in the Glass Manufacturing Indystgl. 58. affect RNA synthesis rates in a distinct manrfacience 198, 513-514.

International Agency for Research on Cancer, Lyon, pp. 119-237. 29.Zakour,R.A., Kunkel, T.A. and Loeb,L.A. (1981) Metal-induced infidelity
5.DiPaolo,J.A. and Casto,B.C. (1979) Quantitative studiesinofvitro of DNA synthesis Environ. Hith Perspect.40, 197-205.

887



Y.-S.Hwua andJ.-L.Yang

30.Vallee,B.L. and Ulmer,D.D. (1972) Biochemical effects of mercury, estrogen-responsive human breast cancer céll<ell. Physiol. 156,

cadmium and leadAnnl. Rev. Biochem41, 91-128. 497-514.
31.Cheung,W.Y. (1988) Calmodulin and its activation by cadmium Aom. 57.Ciardiello,F., Bianco,C., Normanno,N., Baldassarre,G., Pepe,S., Tortora,G.,
NY Acad. Scj.522 74-87. Bianco,A.R. and Salomon,D.S. (1993) Infection with a transforming
32.Hamer,D.H. (1986) Metallothioneidnn. Rev. Biochem55, 913-951. growth factora anti-sense retroviral expression vector reducesrtivitro

33.Alam,J., Shibahara,S. and Smith,A. (1989) Transcriptional activation of growth and transformation of a human colon cancer cell limeJ. Cancey
the heme oxygenase gene by heme and cadmium in mouse hepatoma 54, 952-958.

cells.J. Biol. Chem. 264, 6371-6375. 58.Lin,C.-J., Wu, K.-H, Yew,F.-H. and Lee,[T.-C. (1995) Differential
34.Suzuki,T., Morimura,S., Diccianni,M.B.et al. (1996) Activation of cytotoxicity of cadmium to rat embryonic fibroblasts and human skin

glutathione transferase P gene by lead requires glutathione transferase P fibroblasts.Toxicol. Appl. Pharmacal.133 20-26.

enhancer |J. Biol. Chem.271, 1626-1632. 59.Lee,T.-C. and Ho,I-C. (1995) Modulation of cellular antioxidant defense

35. Yiangou,M., Ge,X., Carter,K.C. and Papaconstantinou,J. (1991) Induction activities by sodium arsenite in human fibroblastsch. Toxicol 69,
of several acute-phase protein genes by heavy metals: a new class of 498-504.
metal-responsive geneBiochemistry30, 3798-3806. 60.0chi,T., Otsuka,F., Takahashi,K. and Ohsawa,M (1988) Glutathione and
36.Menegazzi,M., Carcereri de Prati,A., Ogura,T., Columbano,A., Ledda- metallothioneins as cellular defense against cadmium toxicity in cultured
Columbano,G.M., Libonati,M., EsumiH. and SuzukiH. (1992)  Chinese hamster cell&hem.-Biol. Interactions5, 1-14.
Involvement of DNA polymeras@ in proliferation of rat liver induced ~ 61.Hartwig,A. (1994) Role of DNA repair inhibition in lead- and cadmium-
by lead nitrate or partial hepatectonBEBS Lett. 310, 135-138. induced genotoxicity: a reviewEnviron. Hith Perspect.102 (Suppl. 3),
37.Beyersmann,D., Block,C. and Malviya,A.N. (1994) Effects of cadmium  45-50.
on nuclear protein kinase (Environ. Hith Perspect.102 (Suppl. 3), ~ 62.Remacle J., Raes,M., Toussaint,0., Renard,P. and Rao,G. (1995) Low
177-180. levels of reactive oxygen species as modulators of cell functitutat.
38.Smith,J.B., Smith,L., Pijuan,V., ZhuangY. and Chen,Y.-C. (1994) Res, 316 103-122.
Transmembrane signals and protooncogene induction evoked b§3-Morton,K.A., Jones,B.J., Sohn,M.H., Schaefer,A.E,, Phelps,R.C., Datz,F.L.
carcinogenic metals and prevented by ziBaviron. Hlth Perspect.102 and Lynch,R.E. (1992) Uptake of cadmium is diminished in transfected
(Suppl. 3), 181-189. mouse NIH/3T3 cells enriched for metallothioneih. Biol. Chem,. 267,
39.Long,G.J., Rosen,J.F. and Schanne,F.A.X. (1994) Lead activation of protein 2880-2883.
kinase C from rat brain: determination of free calcium, lead, and zinc by64-Hinkle,P.M., Shanshala II,E.D. and Nelson,E.J. (1992) Measurement of
19 NMR. J. Biol. Chem. 269, 834—837. intracellular cadmium with fluorescent dyes: further evidence for the role

40.Belloni-Olivi,L., Annadata,M., Goldstein,G.W. and Bressler,J.P. (1996) _ Of calcium channels in cadmium uptakieBiol. Chem.267, 25553-25559.
Phosphorylation of membrane proteins in erythrocytes treated with lead®®-LOU,M., Garay,R. and Alda,J.O. (1991) Cadmium uptake through the anion

Biochem. J.315, 401—406. exchanger in the human red blood cellsPhysicol. 433 123-136.
41.Toyokuni,S., Okamoto,K., Yodoi,J. and Hiai,H. (1995) Persistent oxidative®®: Tsuchiya,N. and Ochi,T. (1994) Mechanism for the decrease in the
stress in canceEEBS Lett, 358 1-3. accumulation of cadmium (Cd) in Cd-resistant Chinese hamster V79 cells.

; ; : Arch. Toxicol, 68, 325-331.
42.Wiseman,H. and Halliwell,B. (1996) Damage to DNA by reactive oxygen S S . .
and nitrogen species: role in inflammatory disease and progression /- McCormick,J.J. and Maher,V.M. (1994) Analysis of the multistep process
cancerBiochem. J.313 17-29. of carcinogenesis using human fibroblafssk Analysis14, 257-263.

43.0chi,T., Ishiguro,T. and Ohsawa,M. (1983) Participation of active oxyge . ) . )
species in the induction of DNA single-strand scissions by CadmiumnRecewed on November 12, 1997; revised on January 7, 1998; accepted on
chloride in cultured Chinese hamster ceMutat. Res.122, 169-175. January 8, 1998

44.0chi,T. and Ohsawa,M. (1985) Participation of active oxygen species in
the induction of chromosomal aberrations by cadmium chloride in cultured
Chinese hamster celldutat. Res.143 137-142.

45.Koizumi,T. and Li,Z.G. (1992) Role of oxidative stress in single-dose,
cadmium-induced testicular cancdr.Toxicol. Environ. HIth37, 25-36.

46.Dhir,H., Roy,A.K. and Sharma,A. (1993) Relative efficiencypbyllanthus
emblicafruit extract and ascorbic acid in modifying lead and aluminium-
induced sister-chromatid exchanges in mouse bone maEwwron. Mol.
Mutagen, 21, 229-236.

47.McCormick,J.J. and Maher,V.M. (1988) Towards an understanding of the
malignant transformation of diploid human fibrobladtéutat. Res 199,
273-291.

48.McCormick,J.J., Kateley-Kohler,S. and Maher,V.M. (1985) Factors
involved in quantitating induction of anchorage independence in diploid
human fibroblasts by carcinogens. In Barrett,J.C. and Tennant,R.W. (eds)
Carcinogenesisvol. 9. Raven Press, New York, pp. 233-247.

49.Biedermann,K.A. and Landolph,J.R. (1987) Induction of anchorage
independence in human diploid foreskin fibroblasts by carcinogenic metal
salts.Cancer Res.47, 3815-3823.

50.Doerge,D.R. and Niemczura,W.P. (1989) Suicide inactivation of
lactoperoxidase by 3-amino-1,2,4-triazdldnem. Res. ToxicoR, 100-103.

51.Koop,D.R. (1990) Inhibition of ethanol-inducible cytochcrome p450IIE1
by 3-amino-1,2,4-triazoleChem. Res. Toxicol3, 377-383.

52.Dwarki,V.J., Francis,V.N.K., Bhat,G.J. and Padmanaban,G. (1987)
Regulation of cytochrome P-450 messenger RNA and apoprotein levels
by hemeJ. Biol. Chem. 262 16958-16962.

53.McCormick,J.J., Kateley-Kohler,S. and Maher,V.M. (1987) Methods for
quantifying carcinogen-induced transformation of diploid human
fibroblasts to anchorage independenkelissue Cult. Meth10, 189-195.

54.Aebi,H. (1984) Catalase vitro. Methods Enzymql105, 121-126.

55.Yang,J.-L., Hu,M.-C. and Wu,C.-W. (1991) Novel mutational spectrum
induced byN-methyldN’-nitro-N-nitrosoguanidine in the coding region of
the hypoxanthine (guanine) phosphoribosyltransferase gene in diploid
human fibroblasts]. Mol. Biol, 221, 421-430.

56.Kenney,N.J., Saeki,T., Gottardis,Met al. (1993) Expression of
transforming growth factorx antisense mRNA inhibits the estrogen-
induced production of TG and estrogen-induced proliferation of

888



