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ABSTRACT: Chromium(V1) [Cr(VI1)], a ubiquitous environmental contaminant, is a well-known carcinogen

to both humans and experimental animals, although it is a weak mutagen by itself. Occupational exposure
to Cr(VI) is strongly associated with a high incidence of lung cancer, but the underlying mechanisms
remain unclear. Tobacco smoking is the major cause of lung cancer, and polycyclic aromatic hydrocarbons
(PAHS) in tobacco smoke are the major etiological agents. Since humans are frequently exposed to both
Cr(VI) and PAHSs, it is possible that Cr(VI) and PAHs have a synergistic effect on mutagenecity and
cytotoxicity that contributes to the high incidence of lung cancer associated with exposure to both agents.
In this study, we tested this possibility by determining the effect of Cr(VI) exposure:patiti-73,8a.-
dihydroxy-9x,100-epoxy-7,8,9,10-tetrahydrobenafgyrene (BPDE, an active metabolite of PAHS) induced
cytotoxicity, mutagenicity, and DNA adduct formation in Chinese hamster ovary (CHO) cells. Using the
adenine phosphoribosyltransfera8®RT") — APRT forward mutation assay, we found that while Cr(VI)
alone induced low mutation frequency, it greatly enhanced BPDE-induced mutations in nucleotide excision
repair (NER)-proficient CHO cells. Cr(VI) exposure also greatly enhanced BPDE-induced killing in NER-
proficient cells. It is known that the cytotoxicity and mutagenicity of BPDE are mainly caused by the
formation of DNA adduct, which are removed by NER. To test the possibility that the enhancement of
cytotoxicity and mutagenicity by Cr(VI) is caused by the inhibition of NER, NER-deficient cells were
used, and the enhancement effects of Cr(VI) were not observed in those cells. We further found that
while Cr(VI) exposure does not change the total BPIINA adduct formation, it significantly inhibited

the repair of BPDEDNA adducts from genomic DNA in NER-proficient cells. Using a host cell
reactivation assay, we found that the repair of BRIIENA adduct in a luciferase reporter gene is greatly
inhibited after Cr(VI) exposure in NER-proficient cells while not in NER-deficient cells. Together these
results clearly demonstrate that Cr(VI) exposure can greatly enhance the mutagenicity and cytotoxicity of
PAHSs by inhibiting the cellular NER pathway, and this may constitute an important mechanism for Cr(VI)-
induced human carcinogenesis.

Chromium(VI) [Cr(VI)]-containing compounds are well- It has been shown that the lower respiratory tract is the target
known carcinogens in both humans and animal models ( organ of Cr(VI)-containing compound exposure, and chro-
3). These compounds are widespread in cigarette smokemium accumulation in lung tissue is found in workers with
automobile emissions, and in the environment. The com- occupational exposure to Cr(VI) and in cigarette smokers.
pounds are also commonly used in the chemical industry, Epidemiological studies have consistently shown that oc-
artistic paints, anticorrosion paints, electroplating, and stain- cupational exposure to Cr(VI) is strongly associated with a
less steel weldingl( 4, 5). It is estimated that several million  higher incidence of lung cancet,(4, 10—12). Cr(VI) has
workers are potentially exposed to high levels of CrfVl) been shown to cause various forms of genetic damage, such
(1, 6). There are also concerns about Cr(VI) exposure by as cell transformation, chromosomal aberration, sister-
the general population through consumption of Cr(VI)- chromatid exchange, DNA strand breaks, DNBNA cross-
contaminated drinking wate) and by other routes3( 9). links, and DNA—protein cross-links{—4, 12—17). How-
ever, Cr(VI), by itself, has been shown to be a weak mutagen
in various bacterial and mammalian cell systefs3), and

T This work was supported by Public Health Service grants ES03124,
ES10344, ES00260, and CA99007.
* To whom correspondence should be addressed. Tel: (845)-731- ! Abbreviations: BPDE,=£)-anti-7/3,8c-dihydroxy-3x,100-epoxy-

3585. Fax: (845)-351-2385. E-mail: tang@env.med.nyu.edu. 7,8,9,10-tetrahydrobenzapyrene; Cr(VI), chromium(VI); PAH, poly-
*Present address: Cancer Institute of New Jersey, University of cyclic aromatic hydrocarbon; NER, nucleotide excision repair; 8-AA,
Medicine and Dentistry of New Jersey-Robert Wood Johnson Medical 8-azaadenine; APRT, adenine phosphoribosyltransferase; CHO, Chinese

School, New Brunswick, NJ 08903. hamster ovary.

10.1021/bi0485600 CCC: $27.50 © 2004 American Chemical Society
Published on Web 10/16/2004




Cr(VI1) Inhibits Nucleotide Excision Repair Biochemistry, Vol. 43, No. 44, 200414283

the underlying molecular mechanisms of Cr(VI)-induced at 37°C for 48 h. After treatment, ¥CrO, was removed,
carcinogenesis remain unclear. and the cells were incubated in fresh culture medium.
Cigarette smoking is known to be the major cause of BPDE TreatmentCells with or without KCrO, pre-
human |ung cancer, with up to 90% of |ung cancer deaths €Xposure were treated with different concentrations of BPDE
attributable to cigarette smokingl& 19). It has been  Or [PH]BPDE (2210 mCi/mmol) (Chemsyn Science Labo-
suggested that polycyclic aromatic hydrocarbons (PAHs), ratories, Lenexa, KS) in medium without serum, at°g7

carcinogens present in cigarette smoke and in all productsfor 30 min in the dark, as described previousBp) After
of combustion of organic matter, contribute greatly to the treatment, BPDE was removed, and cells were incubated in

initiation and development of lung cancer8-20). Previ-  fresh culture medium for different time periods.
ously, we have shown that PAHs can form DNA adducts _ Colony Formation Ability Assay and APRFAPRT ~
preferentially at mutational hotspots in tp&3 and K-ras Forward Mutation AssayLogarithmically growing NER-

genes in smoking-related lung cancer, and DNA adducts proficient AT3-2 cells and NER-deficient UVL-1 cells were
formed at these sites are poorly repair@d—25). These  finsed with phosphate-buffered saline (PBS) (68 mM NacCl,

results provide strong molecular evidence linking PAHs with 1.94 mM KCl, 1.07 mM KHPQ,, pH 7.4) and then subjected
lung carcinogenesis. to the following treatments: (1) various concentrations of

K2CrO, for 48 h, (2) various concentrations of BPDE in
serum-free medium at 37C for 30 min in the dark, or (3)
K2CrO, at 37°C for 48 h, rinsing with PBS to remove K
CrQO4, and then BPDE treatment as described above. For
colony formation ability assay, cells after treatment were

morbidity rate for ex-chromate workers with 9 or more years rinsed with PBS, trypsinized, seeded (300 cells/dish) in fresh

of exposure is 21.6 times higher than that of nonsmokers culture medium, gnd mcybated ina Q@cubator at 37C. .
(29). Together these results raise the possibility that Cr(VI1) After 9 days .Of |ncu_bat|on, the.colonles were fixed with
and cigarette smoke may have a synergistic effect on lung methamI' stg!ned with crystal violet, and c'ounted. Colqny
carcinogenesis. However, the effect of Cr(VI) exposure on for_m_at|on ability was calculated on the ba_5|s of t_h_e plating
the mutagenicity and cytotoxicity of PAHs in mammalian efficiency of treated cells versus the plating efficiency of
cells remains unclear. To address this question, in this studyuntreateci control cells. _ .

we used the adenine phosphoribosyltransferA§dR(") — For the APRTF. - APRT. mutation assay, cells after
APRT forward mutation system to detect the effect of (réatment were incubated in regular medium for a 3-day
Cr(VI) exposure on the mutagenesis induced #y-&nti- penod to allow phenot_yp|c expression. The cells were the_n
76,8a-dihydroxy-Qx, 10o-epoxy-7,8,9,10-tetrahydrobenab] rinsed with PBS, t_rypgmlzed.and e|the.r ;eeded at a density
pyrene (BPDE), a major activated metabolite of PAHS in of 200,000 cells/dish in medium containing 0.6 mM 8-aza-

cigarette smoke, in Chinese hamster ovary (CHO) cells. We adenline (8-AA), which is toxic only tc,’ cells cczntaining a
found that Cr(VI) preexposure greatly increased the fre- functionalaprt gene, to select 8-AA-resistaAPRT mutant

quency of BPDE-inducedPRT — APRT mutations in colonies or seeded at a density of 300 cells/dish in regular

nucleotide excision repair (NER)-proficient but not in NER- Medium for determining colony formation ability as de-

deficient CHO cells. We also found that Cr(VI) preexposure SCTiP€d above. After 3 weeks, the 8-AA-resistant mutant
greatly enhanced BPDE-induced cytotoxicity in NER- colonies were fixed with methanol, stained with crystal violet,

proficient but not in NER-deficient CHO cells. We further 2nd counted. The mutation frequency (MF) was calculated

confirmed that Cr(VI) preexposure caused a significant P@s€d on MF= number of APRT" mutants/number of

decrease in the removal of BPDE-adduct from genomic DNA Clonable cells. ,
and in the repair of a transfected BPDE-damaged reporter_ Méasurement of Total BPDEDNA Adduct Formation and

gene in NER-proficient cells. NER is the most important R€Pair in Genomic DNATo determine the effect of Cr(VI)

DNA repair pathway to repair various kinds of bulky DNA ~Préexposure on BPDEDNA adduct formation and repair,
damage and plays important roles in human carcinogenesig\ER-Proficient AT3-2 cells with and without preexposure
and other disease process&g,(33). Our results clearly  © K2CrOs: (0.5uM) for 48 h were treated with 1,6M [*H]-

demonstrate that Cr(VI) exposure causes the inhibition of BPDE (2210 mCi/mmol) at 37C for 30 min in the dark.
NER, which consequently enhances carcinogen-induced,ceus were either harvested immediately or further incubated

in fresh medium for various time periods to allow DNA
repair to take place. Genomic DNA was then isolated as
described previously3@). Briefly, cells were lysed with
lysing buffer (0.5% SDS, 10 mM Tris, pH 7.5, 10 mM NacCl,
MATERIALS AND METHODS 100ug/mL proteinase K) at room temperature for 2 h. RNA
was removed by treatment with RNase A (&@/mL) at 37

Cell Culture and Cr(VI) ExposureThe NER-deficient °C for 1 h followed by repeated phenol and diethyl ether
CHO cell line UVL-1 (ERCC2 mutant) was derived from extractions. The genomic DNA was ethanol precipitated and
NER-proficient CHO AT3-2 cells 34). Both cell lines dissolved in TE (10 mM Tris, pH 7.5, 1 mM EDTA). A
contain a single functional APRT allele. Cells were grown known quantity of purified genomic DNA was mixed
in minimal essential mediura-modification supplemented  thoroughly with LSC cocktail (Fisher Scientific Co., Pitts-
with 10% fetal bovine serum. Cells at 50% confluence in burgh, PA), and the amount &fl radioactivity in the DNA
150-mm dishes were treated with different concentrations was measured with a 1219 RACKBETA scintillation counter
of potassium chromate g€rO,, Sigma, Saint Louis, MO)  (LKB Wallac, Turku, Finland). The number of BPBEDNA

Humans are frequently exposed to both Cr(VI) and PAHs
under both occupational and environmental conditi@®. (
Epidemiological studies have also shown that exposure to
Cr(VI) increases the incidence of lung cancer in cigarette
smokers 27—31). It has been reported that the lung cancer

mutagenicity and cytotoxicity greatly in mammalian cells.
We propose that the inhibition of NER is an important
mechanism for Cr(VI)-induced human carcinogenesis.
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adducts in a 10-kb genomic DNA fragment was calculated Table 1: Cytotoxicity of kCrO, in NER-Proficient AT3-2 and

on the basis of théH specific activity of the DNA.

Host Cell Reactiation Assay.The pGL3-luciferase re-
porter plasmids containing a coding region for firefly
luciferase (Catalog number E1741) and the pSyalac-
tosidase control vector containing the bacteléalZ gene
which codes forg-galactosidase were purchased from
Promega (Madison, WI). Purified plasmids were modified
with BPDE as previously described?). Briefly, for BPDE
treatment, purified plasmid DNA was modified with 4™
BPDE at 25°C for 2 h, and the reactions were stopped by

repeated phenol and diethyl ether extractions to remove the

unreacted BPDE. DNA was then ethanol precipitated and
dissolved in TE buffer. NER-proficient AT3-2 cells and
NER-deficient UVL-1 cells were plated in triplicate in 60
mm dishes at a density of 8 1P cells/dish and exposed to
various concentrations of XrO, at 37°C for 48 h. Cells
were then rinsed with PBS, and transfected withx@ of
pGL3-luciferase reporter plasmid modified with BPDE using
the FUGENE 6 transfection reagent (Boehringer Mannheim,
Indianapolis, IN). The untreated pSB4galactosidase control
vector (0.5ug) was cotransfected into human cells as an
internal control to normalize transfection efficiency. After
transfection for 3 h, medium containing the transfection
mixture was removed and cells were incubated in fresh
complete medium for another 24 h. The cells were then lysed
with 600uL of Reporter Lysis Buffer (Promega). Transient
expression of luciferase was determined by mixingub0

of cell extracts with 10QuL of luciferase assay reagent

Gaithersbery, MD). Transient expressionsefjalactosidase
was determined using/&galactosidase enzyme assay system

cates. Since the reporter gene will not express unless BPDE

DNA adducts are repaired by cells, this assay can be useo&,

NER-Deficient UVL-1 Cell8

colony formation ability
(% of control (ISD)

NER-proficient

NER-deficient

[K2CrOy] (uM) (AT3-2) (UVL-1)
0 100 100
0.1 97+ 6 95+ 6
0.5 93+5 90+ 4
1 91+4 85+ 6
15 87+5 82+ 4
2 85+ 4 79+ 5

a Logarithmically growing cells were treated with,®rO, for 48 h,
trypsinized, and reseeded for the determination of the colony formation
ability. The data represent three independent experiments. The statistical
difference between NER-proficient AT3-2 and NER-deficient UVL-1
cells isP > 0.05.
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Ficure 1: Effect of K,CrO, preexposure on the BPDE-induced
(Promega) and measuring the light emission with a lumi- cell killing. NER-proficient AT3-2 cells and NER-deficient UVL-1

nometer (Wallac 1420 Victor 2 multilable counter system, qells without (A) and with (B) preexposure to different concentra-
( y tions of K;CrO, for 48 h were treated with BPDE (0.2, 0.5, and 1

uM for AT3-2 cells and 0.05 and 0.4M for UVL-1 cells) for 30

c ‘ CIT min at 37°C, and their colony-forming abilities were measured as
(Promega). Values of luciferase expression were normalizeddescribed in Materials and Methods. The survival (%) in panel A

to the 8-galactosidase control and averaged over the tripli- is expressed as a percentage of colony formation ability of BPDE-
treated cells from untreated cells, while the survival (%) in panel

is expressed as a percentage of colony formation ability of cells
ith Ko.CrO, and BPDE combined treatment from cells with BPDE

to detect the repair capacity of the cells. The relative treatment alone. The data represent three independent experiments.
luciferase activity (i.e., reactivation of the damaged plasmids The statistical difference between AT3-2 cells with and without

by the host cells) from BPDE-treated pGL3-luciferase KzCrOs exposure i> < 0.01.
reporter plasmids is expressed as a percentage of luciferase
activity from untreated pGL3-luciferase reporter plasmids BPDE-induced mutagenesis and DNA repair. NER-proficient
and is used to represent the repair capacity of cells. The AT3-2 cells and NER-deficient UVL-1 cells were treated
relative repair capacity of cells was calculated as the with various doses of ¥CrO, for 48 h, and the colony
percentage of the relative luciferase activity of the plasmids formation ability was measured. Results in Table 1 show
that the colony formation ability of cells treated with Cr(VI)

transfected into KCrOs-exposed cells compared to the
activity found in untreated cells.

RESULTS

NER-Proficient but not NER-Deficient CHO Cell$.has
progressively to Cr(V), then Cr(IV), and finally to Cr(lll),
histidine, and glutathione to form binary produci&{17).

to form stable Cr(l11)-DNA binary or Cr(lll)—amino acid-

was reduced slightly but in a dose-dependent fashion. There

is no statistically significant differences in Cr(VI)-induced
cell killing between NER-deficient and NER-proficient cells
Cr(VI) Exposure Enhances BPDE-Induced Cell Killing in (P > 0.05). On the basis of the results presented in Table 1,
a subtoxic dosage up to 2M K,CrO, was used in the
been shown that after entering cells, Cr(VI) is reduced following mutagenesis and repair studies.

To determine the effect of Cr(VI) exposure on BPDE-
which can interact with amino acids such as cyteine, induced cytotoxicity, both NER-proficient AT3-2 cells and
NER-deficient UVL-1 cells with and without exposure to
Cr(lll) alone or the binary products can interact with DNA different concentrations of Cr(VI) for 48 h were treated with

two concentrations of BPDE for 30 min, and the colony

DNA ternary complexes; these DNA adducts have been formation ability of these cells was then measured. This

shown to be mutagenicl$—17). To mimic the environ-

sequence of treatment was chosen because the uptake of

mental exposure, we purposely chose low levels of Cr(VI) Cr(VI) by cultured cells is a slow process; a 48 h exposure

to treat cells that would cause minimal cell killing and
cytotoxicity but still allow for a detectable level of effect on

time is needed to ensure that the Cr(VI) uptake by cells has

plateaued. Results in Figure 1A show that NER-deficient
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FiGure 2: K,CrO, preexposure synergistically enhances BPDE-indud@RT mutations in NER-proficient cells but not in NER-deficient
cells. NER-proficient AT3-2 (A) and NER-deficient UVL-1 (B) cells were preexposed with or withoutBLEK ,CrO, for 48 h followed
by treatment with or without BPDE (0,68M for AT3-2 cells and 0.05:M for UVL-1 cells) for 30 min. The mutation frequency of the
APRT gene was then measured as described in Materials and Mefftozldata represent three independent experimenthe statistical
difference between cells with and without BPDE treatmeni is 0.01. #: the statistical difference between AT3-2 cells witlCkO, and
BPDE combined treatment and with BPDE treatment alorfe is 0.01.

UVL-1 cells are much more sensitive to BPDE-induced cell proficient AT3-2 cells, it does not change BPDE-induced
killing than NER-proficient AT3-2 cells. These results are mutation frequency significantly in NER-deficient UVL-1
consistent with the findings that NER is the major pathway cells [from (54.84 4.2) x 107 to (57.94 5.1) x 1079].
for repair of BPDE-DNA adducts in mammalian cell88, These results demonstrate that Cr(VI) exposure can signifi-
39). Interestingly, in NER-proficient AT3-2 cells preexposure cantly enhance the mutagenicity of BPDE in NER-proficient
to Cr(VI) causes much more severe BPDE-induced cell cells but has no effect on NER-deficient cells and strongly
killing compared with cells without Cr(VI) exposure (Figure suggest that the enhancement of BPDE-induced mutagenesis
1B). However, this enhanced killing effect induced by Cr(VI) by Cr(VI) is the result of inhibition of the NER of BPDE
preexposure is not observed in NER-deficient cells (Figure DNA adducts by Cr(VI).
1B). Since NER is the major pathway for repair of BPBE Cr(VI) Preexposure Inhibits the Repair of BPBBNA
DNA adducts, these results suggest that Cr(VI) exposure Adducts from Genomic DNA in NER-Proficient CHO Cells.
reduces NER efficiency. It is known that the cytotoxicity and mutagenicity of BPDE
Cr(VI) Exposure Enhances the Frequency of BPDE- is mainly caused by the formation of BPBIPNA adduct,
Induced APRT — APRT Forward Mutations in NER-  which is removed by NER in mammalian cel®2( 33, 38—
Proficient but Not NER-Deficient CHO Cell§o determine 40). The findings that Cr(VI) preexposure can enhance
the effect of KCrO, preexposure on the BPDE-induced BPDE-induced cytotoxicity and mutagenicity in NER-
mutagenicity, APRT- — APRT forward mutants in both  proficient cells but not in NER-deficient cells strongly
NER proficient AT3-2 cells and NER-deficient UVL-1 cells  suggest that the enhancement effect by Cr(VI) is the result
were measured after preexposure teCKO, for 48 h of inhibition of the NER of BPDE-DNA adducts by Cr(VI).
followed by BPDE treatment for 30 min. The results were To further test the possibility that Cr(VI) inhibits the repair
then compared to cells treated with®O, for 48 h only or of BPDE-DNA adduct, NER-proficient AT3-2 cells with
treated with BPDE for 30 min only. Thus, 08V Cr(VI) and without Cr(VI) preexposure (0.6M for 48 h) were
was chosen to treat both types of cells, because it inducedtreated with 1.5M [*H]BPDE for 30 min, and the removal
similar cytotoxicity &290% survival) in both NER-proficient  of [3H]BPDE—DNA adducts from genomic DNA in cells at
and -deficient cells. Then, 0.5 and 0.8 BPDE were different incubation times was determined. Although the
chosen to treat NER-proficient and -deficient cells, respec- initial total BPDE-DNA adducts formedt0 h after BPDE
tively (=56% survival) for the same reason. As shown treatment in cells with and without Cr(VI) preexposure was
in Figure 2, the spontaneous mutation frequency of very similar &0.55 adduct/10 kb), Cr(VI) preexposure
APRT—APRT in NER-proficient AT3-2 cells is (1.5t significantly reduced the repair efficiency of BPBBNA
0.3) x 1075, and (4.4 0.9) x 10°%in NER-deficient UVL-1 adducts; after 24 h of incubation only 55% of the BPDE
cells; Cr(VI) treatment induce®APRT mutations at the = DNA adducts were removed in cells with Cr(VI) preexpo-
frequency of (6.2 0.8) x 1076 and (8.74 1.6) x 10°%in sure, while over 80% of the BPDEDNA adducts were
NER-proficient AT3-2 and NER-deficient UVL-1 cells, removed in cells without Cr(VI) preexposure (Figure 3).
respectively. These results show that Cr(VI) induces a low These results clearly demonstrate that while Cr(VI) pre-
frequency of mutation in both NER-proficient and NER- exposure does not affect the efficiency of BPBENA
deficient cells, which is consistent with previous reports that adduct formation, but it greatly inhibits the repair of BPBE
Cr(VI) itself is a weak mutagenl{-3). In contrast, 0.5tM DNA adducts in mammalian cells.
BPDE treatment induceSPRT mutation frequency at (33.4 Cr(VI) Preexposure Inhibits the Repair of BPBBNA
+ 2.7) x 1078 in NER-proficient AT3-2 cells, and 0.05M Adducts from Reporter Gene in NER-Proficient but Not NER-
BPDE inducesAPRT mutation frequency at (54.& 4.2) Deficient Cells.To further confirm the inhibitory effect
x 107%in NER-deficient UVL-1 cells, indicating that BPDE  Cr(VI) on NER repair, a host cell reactivation assay was
is much more mutagenic in NER-deficient cells than in NER- performed to determine the repair capacity for BPEZENA
proficient cells. Interestingly, while Cr(VI) preexposure adducts in both NER-proficient AT3-2 cells and NER-
greatly enhances BPDE-induced mutation frequency [from deficient UVL-1 cells. Cells treated with various concentra-
(33.4+ 2.7) x 10°to (93.7+ 5.2) x 109 in NER- tions of Cr(VI) for 48 h at 37C were transfected with the



14286 Biochemistry, Vol. 43, No. 44, 2004

1004

504

adduct remaining (%)

-=- Con
—e— Cr (VD)

Percentage of BPDE-DNA

0

0 12
Time (h)

Ficure 3: Effect of K,CrO, preexposure on BPDEDNA adduct
repair in NER-proficient AT3-2 cells. AT3-2 cells with (solid line)
or without (broken line) preexposure to @M K,CrO, for 48 h
were treated with 1.5M [3H]BPDE for 30 min at 37C, followed
by incubation in fresh medium for various times. Cells were
harvested, genomic DNA was isolated, and the amount of BPDE
DNA adducts in the genomic DNA was determined as described
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relative luciferase activity is much lower in cells with Cr(VI)
exposure, indicating that the repair capacity for BRIDENA
adducts in cells exposed to Cr(VI) was significantly reduced.
Results in Figure 4 also show that the repair inhibition by
Cr(VI) is dose-dependent. In NER-proficient AT3-2 cells,
compared with cells without Cr(VI) exposure, @81 Cr(VI)
decreases the relative repair capacity to#&%, 1 uM
Cr(VI) decreases the relative repair capacity to# 5%,
and 2uM Cr(VI) decreases the relative repair capacity to
62 4+ 6%. In Cr(VI)-untreated NER-deficient UVL-1 cells,
the relative repair capacity is less than 10% of that in Cr(VI)-
untreated NER-proficient AT3-2 cells, which indicates that
the NER-proficient AT3-2 cells can efficiently remove the
BPDE-DNA adducts from luciferase reporter plasmids
while NER-deficient UVL-1 cells do not. Compared with
Cr(VI)-untreated UVL-1 cells, a very similar relative repair

in Materials and Methods. The data represent three independenicapacity was detected in NER-deficient UVL-1 cells pre-

experiments. The statistical difference between cells with and
without K,CrO, exposure at each time pointis < 0.01.

-
(=3
o
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Relative Repair Capacity (%)
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0 05 1.0 20
Cr(VD) (uM)

Ficure 4: Effect of K,CrO, preexposure on host cell reactivation
of BPDE-damaged luciferase reporter gene in NER-proficient
AT3-2 (solid line) and NER-deficient UVL-1 (broken line) cells.
BPDE (15 uM)-modified luciferase reporter plasmids (pGL3-
luciferase) and unmodified pS¥-galactosidase gene-containing
plasmids (pSVj3-galactosidase) were cotransfected into AT3-2 and
UVL-1 cells with or without preexposure to various concentrations
of KoCrOy, for 48 h. After transfection for 3 h, the cells were
incubated in fresh medium for 24 h to allow DNA repair. Cells

exposed to various concentrations of Cr(VI). These results
further confirm that Cr(VI) exposure inhibits NER capacity
in mammalian cells.

DISCUSSION

Chromium and PAHs are environmental contaminants that
are also abundant in cigarette smoke 8, 18—20). Cigarette
smokers and certain human populations are constantly
exposed to both PAHs and Cr(VI). It is thus important to
understand the biological effects, such as cytotoxicity,
mutagenicity, cell transformation, and carcinogenicity, that
result from exposure to both agents. PAHs are both mu-
tagenic and tumorigenic, and ample evidence has demon-
strated that the interactions of metabolically activated PAHs
with DNA trigger mutagenesis and carcinogenegig 21).
Although Cr(VI) by itself is a weak mutagen, it has been
long recognized that Cr(VI) is carcinogenic for both humans
and animals1—3). Chromium accumulation in lung tissue
is found in workers with occupational exposure to Cr(VI)
and in cigarette smokers, and furthermore, workers with

were then harvested and lysed, and the luciferase activity in the occupational exposure to Cr(VI) have a higher incidence of

cells was measured. The luciferase activity was first normalized to
the -galactosidase activity. The relative luciferase activity, which
represents the relative extent of BPBENA adduct repair under

lung cancer10—12, 27—29). Together these results strongly
suggest that Cr(VI) contamination is involved in human lung

each condition, was determined as the percentage of luciferasecarcinogenesis. In this study, our results clearly demonstrate
activity expressed from BPDE-treated plasmids to that from that Cr(VI) exposure can greatly enhance both BPDE-
untreated plasmids. The relative repair capacity was calculated asinduced mutagenicity and cytotoxicity in mammalian cells,

the percentage of the relative luciferase activity of the plasmids
transfected in cells with ¥CrO, exposure to that transfected into

cells without K,CrO, exposure. The data represent three independent

experiments. The statistical difference between AT3-2 cells with
and without KCrO, exposure i < 0.01.

pGL3-luciferase plasmids containing a luciferase reporter

and we propose that these effects contribute greatly to
Cr(VI)-induced lung carcinogenesis.

Several possible mechanisms could account for the
enhancement effect of Cr(VI) on BPDE-induced mutage-
nicity and cytotoxicity. We have found that Cr(VI) pre-
exposure did not affect the total BPDE-DNA adduct forma-

gene that had been damaged by BPDE. The luciferasetion in either NER-proficient or NER-deficient cells, thus

activity, which is proportional to the extent of expression of

the reporter gene, was determined 24 h after transfection.

Since BPDE-DNA adducts block transcription, the full-
length transcript is not produced unless BREIBENA adducts

in this gene are repaired1—43). The luciferase activity is
therefore proportional to the extent of BPBENA adduct
repair, which in turn reflects the cellular repair capacity of
BPDE-DNA adducts 44—46). The relative repair capacity
detected in NER-proficient AT3-2 cells and NER-deficient
UVL-1 cells with or without Cr(VI) exposure is presented
in Figure 4. These results show that in NER-proficient AT3-2
cells, compared with cells without Cr(VI) exposure, the

excluding the possibility that the enhancement of BPDE-
induced mutageneicity and cytotoxicity by Cr(VI) preexpo-
sure is due to changes in the efficiency of BPEIENA
adduct formation in cells. However, we have shown that
Cr(VI) preexposure greatly enhanced BPDE-induced mu-
tagenicity and cytotoxicity and significantly decreased the
removal of BPDE-DNA adducts from genomic DNA and
the host cell reactivation of BPDE-modified luciferase
reporter gene in NER-proficient cells but not in NER-
deficient cells. These results clearly demonstrate that Cr(VI)
preexposure significantly decreases the cellular NER capac-
ity. Since measuring BPDEDNA adduct removal from
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genomic DNA adducts detects the global genomic repair NER proteins or proteins involved in NER regulation and
capacity of cells and the host cell reactivation assay reflectsthereby impair NER function. It has also been reported that
transcription-coupled repair capacity of cells, the results in nickel(Il) and arsenate(ll) can inhibit DNA repair by
this study suggest that Cr(VI) preexposure significantly competing with and displacing magnesium and zinc ions,
decreases both global genomic repair and transcription-essential metal ions for DNA repair proteirs2( 53). The
coupled repair, two major NER pathway in mammalian cells magnesium ion mediates DNAprotein interactions in the
(32, 33, 38). It is worth noting that BPDE-induced mutation damage recognition and incision steps and is also a cofactor
frequency in AT3-2 cells is doubled with Cr(VI) exposure for DNA polymerases and DNA ligases in the polymerization
while the inhibition of repair capacity in AT3-2 cells with  and/or ligation steps5@). Several repair proteins, such as
Cr(VI) exposure does not appear to be as dramatic. However, XPA and NEH1, contain zinc fingers, and zinc is thus
there is no a prior reason that the relationship betweenessential for maintaining the structural integrity of these
adduct-induced mutation frequency and repair capacity hasproteins 64—56). It has been found that the inhibitory effect
to be linear. Ample evidence shows that DNA damage- of nickel(ll) on repair of cyclobutane pyrimidine dimers can
induced mutation frequency is monotonically related to DNA be partially reversed by the addition of magnesi&®? 63).
damage dose, but this relationship is by no means linear.Nickel(ll) has also been found to be able to displace zinc
Since the enhancement of BPDE-induced mutations is onlyions from zinc finger structure${). Whether Cr(VI) inhibits
observed in NER-proficient cells but not in NER-deficient NER by competing with and displacing magnesium and zinc
cells, the results suggest that Cr(VI) enhances BPDE-inducedions, similar to nickel(ll), remains to be determined.
mutagenicity mainly through inhibition of NER. It is likely In summary, in this study we have clearly demonstrated
that Cr(VI) may affect mechanisms other than NER, but it that Cr(VI) can greatly enhance BPDE-induced mutagenicity
seems that these effects do not influence BPDE-inducedand cytotoxicity through the inhibition of NER in mammalian
mutations. The results that no Cr(VI)-enhanced mutagenesiscells. We propose that this inhibition of DNA repair by
of BPDE was observed in NER-deficient cells also exclude Cr(VI) may play an important role in Cr(VI)-induced human
the possibility that Cr(VI) preexposure affects the DNA carcinogenesis, especially human lung carcinogenesis.
replication fidelity in cells. These results strongly suggest

that inhibition of the NER of BPDE adducts by Cr(VI) leads ACKNOWLEDGMENT
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