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DNA–protein cross-links (DPCs) are caused by a large
number of human carcinogens and anti-cancer drugs.
However, cellular processes involved in decreasing a bur-
den of these genotoxic lesions remain poorly understood.
Here, we examined the impact of nucleotide excision repair
(NER), which is a principal repair pathway for bulky DNA
adducts, and the main cellular reducers on removal of
chromium(VI)-induced DPC. We found that standard and
ascorbate-restored cultures of isogenic XPA-null (NER
deficient) and XPA-complemented human fibroblasts had
very similar repair of Cr–DPC (60–65% average DPC
removal after 24 h). However, XPA absence caused depletion
of G1 and accumulation of G2 cells at low Cr(VI) doses,
suggesting that Cr–DPC were not a significant cause of cell
cycle perturbations. Interestingly, although pro-oxidant
metabolism of Cr(VI) in glutathione-depleted cells generated
significantly fewer DPC, they were repair resistant irre-
spective of the NER status of cells. Inhibition of proteasome
activity by MG132 abolished DPC repair in both XPA-null
and XPA-complemented cells. XPA loss caused two to three
times higher initial DPC formation, demonstrating the
importance of NER in removal of the precursor lesions.
Our results indicate that human NER is not involved in
removal of Cr–DPC containing non-histone proteins but it
acts as a defence mechanism against these large lesions by
preventing their formation. Therefore, individual differences
in NER activity are expected to alter sensitivity but not
persistence of DPC as a biomarker of hexavalent Cr.

Introduction

Reactive by-products of cellular metabolism and exogenous
carcinogens cause damage to both proteins and DNA. These
damages are usually viewed as separate forms of cellular
injury, such as proteotoxicity and genotoxicity. However,
there are a large number of toxic agents that induce lesions
by covalently linking proteins and DNA to form DNA–
protein cross-links (DPC). Carcinogenic metals, aldehydes
and platinum-based anti-cancer drugs are examples of DPC

inducers (1–4). In general, DPC are expected to be formed by
all bifunctional chemicals, which include several major anti-
cancer drugs commonly described as DNA cross-linkers.
Despite their early discovery, DPC remain arguably the most
poorly understood class of DNA damage with respect to their
biological properties and repair mechanisms. The determina-
tion of the mechanisms by which DPC are repaired can also
help elucidate their toxicological significance through the use
of genetic approaches to dissect the relative roles of various
forms of DNA damage, which unavoidably arise in cells
treated with bifunctional carcinogens and drugs. Studies with
prokaryotic UvrABC nuclease in vitro and various Escherichia
coli mutants showed that bacterial nucleotide excision repair
(NER) was capable of DPC excision, albeit with rapidly
declining activity for cross-links with larger proteins (5,6). In
vitro mammalian NER showed the ability to excise small
oxanine-DPC but not other types of cross-links (7–9).
Involvement of specific repair processes for chromosomal
DPC has so far been examined only for formaldehyde-induced
DNA–histone cross-links. Time-course studies with formalde-
hyde-treated human (10,11) and yeast (12) cells showed no
effect of NER on DPC removal although NER-deficient
mutants displayed lower survival. While it is tempting to view
various DPC as members of a single class of DNA lesions,
cleared by identical repair mechanisms and causing similar
genotoxic consequences, even a currently limited set of studies
on DPC mutagenicity (13–15) have already revealed a complex
situation where the site of cross-linking and the type of cross-
linked protein can have a major effect.

Chromium(VI), a widespread human carcinogen (16), is the
most potent inducer of DPC among toxic metals. The ability of
Cr(VI) to form DPC has been demonstrated in various cultured
cells and in vivo (1,17–19). Cr-induced DPC have been
implicated in repression of inducible gene expression (20) and
are believed to cause gross chromosomal abnormalities (21).
Formation of DPC and other forms of DNA damage by Cr(VI)
occurs as a result of its reduction to Cr(III) by cellular ascorbate
(Asc) and small thiols (22). DPC isolated from Cr(VI)-treated
mammalian cells contained non-histone proteins, most of which
had larger molecular weights than histones (1). Mammalian cells
are proficient in eliminating DPC after low but not very high
doses of Cr(VI) (23). DPC measurements have been used for the
assessment of human exposure to toxic forms of Cr (19,24,25),
but the value of these biomonitoring findings is limited in part
due to poorly understood responsiveness and persistence of DPC
as a biomarker.

In this work, we investigated factors influencing repair of
chromosomal DPC induced by Cr(VI). We were particularly
interested in examining removal of cellular Cr–DPC by NER,
as this repair process is capable of excising a wide range of
bulky and helix-distorting DNA lesions (26), including Cr–
DNA adducts with and without cross-linked amino acids
(27,28). Chromosomal DPC containing non-histone proteins
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have not yet been investigated in an isogenic human system for
NER-dependent repair. Because of their formation mechanism
(29), Cr–DPC is also a well-suited model for testing the role of
NER in preventing DPC formation.

Materials and methods

Materials

L-ascorbic acid (Asc, 99.9% pure), bovine serum albumin (99% pure), L-
buthionine-(S,R)-sulfoximine (BSO, .97% pure), glutathione (GSH, .98%
pure), sodium dodecyl sulphate (SDS, 95% pure), dehydro-L-(þ)-ascorbic acid
dimer (DHA), proteinase K, ascorbate oxidase and all salts, solvents and electro-
phoresis reagents were from Sigma (St Louis, MO, USA). K2CrO4 (ACS reagent,
.99% pure) was from Aldrich (Milwaukee, WI). MG132 (.98% pure) was
supplied by Calbiochem (Gibbstown, NJ, USA). Tissue culture media were from
Gibco BRL (Gaithersburg, MD, USA). Foetal bovine serum was purchased from
Gemini Bio-Products. PicoGreen and 1,2-diamino-4,5-dimethoxybenzene dihy-
drochloride dyes were obtained from Molecular Probes (Eugene, OR, USA).

Cells and treatment conditions

SV40-immortalized GM04312C (XP-A) and GM15876A (XPAþ) human
fibroblasts were purchased from Coriell Repository (Camden, NJ, USA). XP-A
cells were derived from a female donor with severe ultraviolet (UV) sensitivity
due to homozygous G-to-C transversion in intron 3 of the XPA gene, resulting
in the loss of the canonical 3#-splice site and XPA expression. XPAþ line was
created by stable transfection of XP-A cells with the full-length cDNA of the
XPA gene expressed under control of b-actin promoter (30). Both cell lines
were maintained in Dulbecco’s modified Eagle’s medium supplemented with
10% foetal bovine serum and 1% penicillin–streptomycin. Cells were grown at
37�C with 95% air and 5% CO2 concentrations. To avoid a potential impact of
different batches and age of serum on treatments with Cr(VI), all exposures
were done in serum-free media for 3 h. Cr(VI) doses were selected based on
their ability to produce sufficiently high initial levels of DPC for repair studies
during 24 h. To deplete cellular GSH, cells were pre-incubated with 0.1 mM
BSO for 24 h prior to Cr(VI) exposures. Cellular Asc levels were restored by
incubations with 1 mM DHA for 90 min in a Krebs–N-2-hydroxyethylpiper-
azine-N#-2-ethanesulfonic acid buffer supplemented with 0.5 mM glucose (31).
In the experiments examining the role of proteasome activity, 0.5 lM MG132
was added immediately after Cr(VI) treatments.

Cell survival

For assessment of clonogenic survival, cells were seeded onto 100-mm dishes 1
day prior to treatments with UVC (UltraLum irradiator, model UVC-18,
kmax 5 254 nm). Three dishes were used for each dose. Ten to fourteen days
after exposure, colonies were fixed with methanol and stained with the Giemsa
solution. Cytotoxicity of Cr(VI) treatments was determined using the CyQuant
assay (Invitrogen) according to the manufacturer’s instructions.

Western blotting

Cells were collected by scraping, washed twice with cold phosphate-buffered
saline (PBS) and resuspended in a lysis buffer containing 50 mM Tris–HCl (pH
8.0), 250 mM NaCl, 1% NP40, 0.1% SDS, 5 mM ethylenediaminetetraacetic
acid, 2 mM Na3VO4, 10 mM Na2P2O7, 10 mM NaF, 1 mM phenylmethyl-
sulfonyl fluoride and protease inhibitor cocktail. Lysates were incubated on ice
for 10 min and then cell debris was spun down at 10 000g for 5 min at 4�C.
Proteins were separated by SDS–polyacrylamide gel electrophoresis and electro-
transferred to an immunoblot polyvinylidene difluoride membrane (Bio-Rad).
Protein bands were visualized using horseradish peroxidase-conjugated second-
ary antibodies (Upstate) and an enhanced chemiluminescence kit (Amersham).

DPC measurements

The number of DPC was measured by a K/SDS precipitation assay (32), as
modified previously (10). This frequently used method is based on the selective
precipitation of protein-linked DNA fragments from cellular SDS lysates by the
addition of Kþ ions. The percentage of the total chromosomal DNA that is
precipitated in the presence of Kþ/SDS serves as a quantitative measure of
DNA–protein cross-linking. A combination of the size of DNA fragments and
the percentage of cross-linked DNA permits calculations of the number of DPC
per basepair DNA (10). Cross-links per 108 bp 5 CF � 108/L, where CF 5 �
ln (1 � cross-linked fraction) and represents the number of DPC per DNA
fragment. The cross-linked fraction is the ratio of SDS-precipitable DNA to
total DNA. L is the weighted average length of DNA fragments produced
during shearing in the K/SDS precipitation assay. L is measured in DNA base
pairs. The size of the DNA fragments produced during the precipitation of DPC
was measured by agarose gel electrophoresis.

Determination of cellular Asc

Asc was measured by high-performance liquid chromatography (HPLC) using
a sensitive fluorescent detection of its specific conjugate with 1,2-diamino-
4,5-dimethoxybenzene dihydrochroride (31). Cells were collected by trypsini-
zation, washed three times with cold PBS (1100g for 5 min at 4�C) and
resuspended in a solution containing 50 mM methanesulfonic acid and 5 mM
diethylenetriaminepentaacetic acid. Samples were subjected to two cycles of
freezing (�80�C) and thawing (37�C), and Asc was recovered in the super-
natant after centrifugation at 12 000g for 10 min at 4�C. Pellets were resus-
pended in a 1% SDS and 50 mM NaOH solution for determination of protein
concentrations. Derivatization reactions contained 10 ll of cell extracts and 90
ll of a dye solution containing 0.2 U/ml ascorbate oxidase, 50 mM Na acetate
(pH 6.2) and 0.5 mM 1,2-diamino-4,5-dimethoxybenzene and were incubated
for 4 h at room temperature in the dark. The Asc-derived conjugate was
separated on an Ultrasphere ODS column (5 lm, 250 � 4.6 mm) using iso-
cratic elution with 75% 50 mM phosphoric acid (pH 2.0) and 25% acetonitrile
and detected by its characteristic fluorescence at 458 nm after excitation with
371 nm light (Shimadzu RF-10AxL detector).

Measurements of cellular GSH

GSH concentrations were determined by HPLC with fluorescent detection as
described previously (33). In brief, cells were collected by trypsinization, washed
three times with cold PBS and resuspended in a solution containing 40 mM
methanesulfonic acid and 1 mM diethylenetriaminepentaacetic acid. Cells were
lysed by two cycles of freezing/thawing followed by centrifugation at 12 000g
for 10 min at 4�C. The GSH-containing supernatants were reacted with 2 mM
monobromobimane and the fluorescent GSH–monobromobimane conjugate was
detected using Shimadzu LC-10ADvp HPLC equipped with Ultrasphere ODS
column (5 lm, 250 � 4.6 mm) and RF-10AxL fluorescence detector.

Flow cytometry

Cells were collected by trypsinization, washed twice with cold PBS and
resuspended in 50 ll of cold deionized water. Fixation/permeabilization was
performed by addition of 200 ll of cold 70% EtOH followed by incubation on
ice for 20 min. Cells were spun down and washed twice with 200 ll of cold
PBS with 3% foetal bovine serum. Finally, the samples were resuspended in
a solution containing 0.45 mg/ml propidium iodide and 0.5 mg/ml ribonuclease
A. After 40 min incubation at 37�C, cells were analyzed on a Becton Dickinson
FACSCaliber using Cell Quest software.

Cellular uptake of Cr(VI)

Cellular Cr concentrations were measured by a nitric acid extraction procedure
described in detail previously (34). Cell monolayers were washed twice with
warm PBS and collected by trypsinization. After additional two washes with
cold PBS, cells were resuspended in 5% nitric acid. Samples were frozen at
�80�C, heated at 50�C for 1 h and then placed on ice for 30 min. Supernatants
obtained after centrifugation at 10 000g for 10 min at 4�C were diluted
2.5 times with deionized water and used for Cr measurements. The pellet was
dissolved in 0.5 mM NaOH at 37�C for 30 min and used for protein measure-
ments. The amount of Cr in the supernatants was determined by graphite
furnace atomic absorption spectroscopy employing Zeeman background
correction (Perkin-Elmer GF-AAS, model 41022L).

Measurements of Cr–DNA adducts

Cells were washed with PBS, collected by trypsinization and then resuspended
in 50 ll of 25 mM 3-(N-morpholino)propanesulfonic acid (MOPS) (pH 7.0)
followed by addition of 0.5 ml of a solution containing 25 mM MOPS (pH 7.0),
0.5% Triton X-100 and 0.1 mg/ml RNase A (35). After 30-min incubation at
37�C, SDS was added to a 0.5% final concentration; samples were sheared five
times with a 25G needle and digested with 1 mg/ml proteinase K (60 min,
37�C). DNA was extracted twice with phenol, once with chloroform and
precipitated overnight at 4�C with two volumes of cold ethanol. DNA pellets
were washed twice with cold 70% ethanol, air-dried and dissolved in deionized
water overnight. DNA-bound Cr was measured by graphite furnace atomic
absorption spectroscopy.

Statistical analysis

Statistical significance was evaluated using the Student’s t-test. Differences
with P-values ,0.05 were considered to be statistically significant.

Results

Cellular responses in XPA-null cells

We chose to examine the role of human NER in repair of
Cr(VI)-induced DPC using a pair of isogenic human fibroblasts
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with (XPAþ) and without (XP-A) XPA expression (30). XPA
is an absolutely essential component for both global genome
and transcription-coupled NER branches (26). Unlike many
other NER factors, XPA is not known to participate in tran-
scription or other DNA repair processes, such as base excision
or recombination repair. Expression of XPA protein in the
XPAþ line was confirmed by western blotting and by dra-
matically increased resistance to killing by UVC radiation
(Figure 1A and B). Cytotoxicity and genotoxicity of Cr(VI) are
strongly influenced by cellular levels of mismatch repair
proteins (36,37) and to a lesser extent, by the oxidative DNA
damage repair protein XRCC1 (34,38). We found that XP-A
and XPAþ cells contained identical levels of XRCC1 and five
major mismatch repair proteins (Figure 1C) previously shown
to affect various aspects of Cr(VI) toxicity (36,37). Thus, XPA
status had no apparent effect on the NER-unrelated repair
systems impacting cellular responses to Cr(VI). XP-A and
XPAþ cells also displayed no significant differences (P5 0.39)
in the amount of DNA-bound Cr (Figure 1D). However,
FACS analysis of cells collected 24 h after Cr(VI) treatment
revealed a much greater sensitivity of XP-A cells to cell cycle
perturbations relative to NER-proficient XPAþ cells (Figure
2A–C). XP-A cells showed severe depletion of G1 and
accumulation of G2/M populations with low Cr(VI) damage
and increased S phase arrest at higher damage. In contrast,

XPAþ cells exhibited only minimal cell cycle changes. Within
the same dose range and post-exposure time, both cell lines
displayed no evidence of apoptotic DNA fragmentation
(Figure 2D). Assessment of cytotoxicity by the CyQuant
assay, which similarly to clonogenic assay integrates both
cell death and growth arrest, showed that XPA absence was
clearly detrimental for cell viability after Cr(VI) exposures
(Figure 2E). We have previously found that clonogenic
survival of Cr(VI)-treated XP-A cells was also lower than
that in XPAþ cells (27). The degree of cytotoxicity determined
by the CyQuant assay was less severe in comparison to the
clonogenic toxicity, which in part reflects increased cytotox-
icity of Cr(VI) in low-density cultures used in clonogenic
experiments (31). Collectively, FACS and cytotoxicity meas-
urements showed that NER was clearly an important defence
mechanism against Cr(VI)-induced DNA damage impacting
normal cell cycle progression and cell viability. Given their
very large size, unrepaired DPC could be a potential cause of
enhanced toxic responses in XP-A cells.

DPC repair in standard cultures of cells

Cr(VI) is a pro-carcinogen which exhibits its genotoxicity
during reduction to Cr(III). In human cells maintained under
standard tissue culture conditions, GSH is a predominant
Cr(VI) reducer (22). The formation of DPC by Cr(VI) in
normally grown XP-A and XPAþ fibroblasts yielded similarly
shaped dose–response curves (Figure 3A and B). Both cell
lines displayed nearly identical decreases in the number of
DPC during a 24-h long recovery after Cr(VI) exposure
(59 � 12% decrease in XP-A versus 61 � 5% in XPAþ cells),
indicating that NER had no significant role in DPC repair
(Figure 3A and B). In contrast to repair, the absence of XPA
had a detectable effect on the initial formation of DPC at all
three Cr(VI) doses. After adjustments for modest differences in
Cr(VI) uptake (Figure 5A), the initial levels of DPC in XP-A
cells were on average 2.2 times higher in comparison to XPAþ
cells (P , 0.001).

Formation and repair of DPC in GSH-depleted cells

To investigate repair of DPC induced by GSH-independent
Cr(VI) metabolism, cells were pre-incubated for 24 h with 0.1
mM BSO to inhibit GSH synthesis. XP-A and XPAþ cells had
identical initial GSH concentrations (1.1 mM) and showed
similar decreases in GSH content following BSO treatments
(16-fold decrease on average) (Figure 3E). GSH depletion
strongly diminished the formation of DPC by Cr(VI) in both
cell lines (2.9 � 0.6-fold in XP-A and 3.4 � 1-fold in XPAþ)
(Figure 3C and D). As in standard cultures, the absence of NER
activity in XP-A cells resulted in a higher initial DPC burden
relative to XPAþ cells (25 lM: 1.8 � 0.4-fold and P 5 0.03;
50 lM: 1.7 � 0.3-fold and P 5 0.03). These differences in
cross-linking did not result from alterations in Cr(VI) uptake,
as BSO-treated XP-A and XPAþ cells had equal cellular
concentrations of Cr, which were comparable to their GSH-
containing controls (Figure 5A and B). However, in contrast to
standard cultures, DPC generated in GSH-deficient XP-A and
XPAþ cells showed no detectable repair during 24-h recovery
(Figure 3C and D).

Effects of Asc supplementation and proteasome inhibition

Asc plays a key role in metabolism of Cr(VI) in tissues (39)
due to its .10 times higher rates of reduction over GSH (40).
Primary and immortalized human cells grown in standard

Fig. 1. Characterization of XP-A and XPAþ cells. (A) XPA western blot in
extracts from XPA-null (XP-A cells) and XPA-complemented XP-A
fibroblasts (XPAþ cells). (B) Clonogenic survival of XP-A and XPAþ
fibroblasts treated with UVC (kmax 5 254 nm). Data are means � SDs from
two independent experiments with three dishes per dose each. ***P , 0.001
relative to XP-A cells. (C) Western blots demonstrating expression of various
DNA repair proteins in XP-A and XPAþ cells. (D) Cr–DNA binding in XP-A
and XPAþ cells treated with 20 lM Cr(VI) for 3 h and collected immediately.
The amount of DNA-bound Cr was determined by graphite furnace atomic
absorption spectroscopy. Data are means � SDs from four independent DNA
samples.
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tissue culture are severely deficient in Asc (31,35,41), re-
flecting the absence of vitamin C in the majority of synthetic
media, its low concentration in serum and relatively rapid loss
in oxygenated solutions containing even trace amounts of the
redox-active metals iron and copper. Under our growth con-
ditions, intracellular Asc concentrations in 1-day old cultures
of XP-A and XPAþ cells were in the range of 20–30 lM
(Figure 4C). Cells in tissues experiencing Cr(VI)-induced
toxic effects contain 0.5–2 mM Asc (42). Pre-incubation of
XP-A and XPAþ cells for 90 min with the oxidized form of
vitamin C, DHA, raised their Asc concentrations to �0.5 mM
(Figure 4C). Examination of DPC after Asc normalization
showed that the initial formation of cross-links was on average
3.1 times higher in XP-A versus XPAþ cells (Figure 4A and B).
Significantly increased DPC formation in XP-A cells was
observed at all three doses: 3.6 � 1.5-fold and P 5 0.04 for
10 lM; 3.1 � 0.6-fold and P 5 0.02 for 25 lM and
2.5 � 0.6-fold and P 5 0.02 for 50 lM. Cr(VI) uptake in both
cell lines was practically identical and comparable to standard
cultures (Figure 5C). XP-A cells contained �19% more DNA-
bound Cr, but this small difference was not statistically signi-
ficant (P 5 0.34) due to experimental variability (Figure 4D).
Analysis of DNA fragmentation during DPC measurements in
control and Asc-supplemented cells showed the expected
presence of a single DNA band of �22 kb in each sample
(Figure 4E), which demonstrates similar technical character-
istics of different samples and the absence of apoptotic DNA
breakage.

In contrast to the formation, average rates of DPC repair in
XP-A and XPAþ cells were very similar (66 � 14 and
64 � 13% repair after 24 h, respectively) (Figure 4A and B).
Although removal of DPC in cells treated with the lowest dose

of 10 lM Cr(VI) was moderately faster than for higher doses,
the rates of repair remained the same for XP-A and XPAþ cells
(84.1 and 82.3%, respectively). Thus, irrespective of the pre-
dominant Cr(VI) activation pathway, NER does not influence
the overall rate of removal of DNA-cross-linked proteins in
chromate-treated human cells. An alternative DPC clearing
mechanism to oligonucleotide excision could involve degra-
dation of cross-linked proteins by proteasomal or other pro-
teolytic activities. To test a potential role of proteasomes in
removal of Cr–DPC, we examined the levels of remaining
cross-links after 12-h recovery in the absence and presence of
the proteasome inhibitor MG132 (Figure 6A and B). We found
that a non-toxic dose of 0.5 lM MG132 completely blocked
repair of DPC in both XP-A and XPAþ cells.

Discussion

Repair of Cr-induced DPC

NER is a versatile DNA repair system that is capable of
removing a wide assortment of DNA lesions (26). Preferred
NER substrates are typically bulky DNA adducts and helix-
distorting modifications. The bulkiness of the attached group
can stimulate mammalian NER independently of structural
changes in the DNA duplex (8,27). Thus, it was conceivable
that human NER could also be capable of removing Cr(VI)-
induced DPC. Smaller amino acid–Cr–DNA cross-links have
already been established as substrates for removal by human
NER (27). However, we found that repair of Cr(VI)-induced
DPC in NER-proficient and -deficient human fibroblasts was
essentially identical. The overall rate of DPC removal in XP-A
and XPAþ cells was comparable to that measured in rat kidney

Fig. 2. Cell cycle changes and survival of Cr(VI)-treated XP-A and XPAþ cells. Cell cycle distribution was determined by FACS of propidium iodide-stained
nuclei. Data are means � SDs from three independent measurements. Statistics: *P , 0.05 and ***P , 0.001 relative to XP-A cells. (A) Changes in percentage of
cells in G1 phase. (B) Changes in percentage of cells in S phase. (C) Changes in percentage of cells in G2/M phase. (D) Percentage of cells with subdiploid amount
of DNA. (E) Cytotoxicity of Cr(VI) treatments at 48 h post-exposure (means � SDs, n 5 4).
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and lung but lower than in liver (17). Inhibition of 26S pro-
teasomes by MG132 completely abolished DPC repair in cells
irrespective of their NER status. We have previously proposed
that DPC repair in human cells is a two-step process involving
the initial digestion of cross-linked proteins by nuclear pro-
teasomes followed by removal of the remaining small peptide–
DNA cross-links by NER (10). In agreement with this model,
subsequent in vitro NER assays with mammalian extracts
showed lack of excision for DPC with 16 and 37 kDa proteins
whereas shorter peptide–DNA cross-links with the same
chemical linkages or protease-digested DPC were very good
NER substrates (8,9). It should be noted that residual peptide–
DNA adducts are not detectable by our DPC assay. Increased

sensitivity of cell cycle to Cr(VI)-induced perturbations in
standard cultures of XPA-null cells despite their normal DPC
repair clearly demonstrated the importance of NER in removal
of genotoxic Cr–DNA damage. Thus, it appears that abundant
Cr–DNA adducts (27) but not DPC are likely to be the main
cause of impaired cell cycle progression in XP-A cells. This
conclusion is not contradicted by the fact that XP-A cells had
2.2 times higher yield of DPC because cell cycle perturbations
caused in these cells by 10 lM Cr(VI) were much more severe
than cell cycle changes in XPAþ cells treated with 25 lM
Cr(VI) (Figure 2).

In contrast to standard and Asc-supplemented cultures, we
did not detect DPC repair in GSH-depleted XP-A and XPAþ
cells. These findings indicate that Cr(VI) metabolism by the
secondary reducing systems (22) likely led to the inactivation
of DPC repair. Loss of DPC repair in normal cells has been
previously found only after very large doses of Cr(VI) (23).

Fig. 3. Formation and repair of DPC in normal and GSH-depleted cells. DPC
were measured by the K-SDS precipitation assay in cells collected immediately
(0 h) and 24 h after 3-h long exposures to Cr(VI). Cr-induced DPC values are
background subtracted and represent means � SDs from three independent
experiments in triplicates. Statistics: *P , 0.05 and **P , 0.01 relative to 24
h samples. (A) DPC levels in XP-A cells grown under standard tissue culture
conditions. (B) DPC in XPAþ cells grown under standard conditions. (C)
DPC in XP-A cells pre-treated with 0.1 mM BSO for 24 h prior to Cr(VI)
treatments. (D) DPC in XPAþ cells pre-treated with 0.1 mM BSO for 24 h
prior to Cr(VI) treatments. (E) Cellular levels of GSH in control and 0.1 mM
BSO pre-treated cells (grey bars, XP-A cells; black bars, XPAþ cells). GSH
concentrations were measured by HPLC detection of the specific GSH–
monobromobimane conjugate.

Fig. 4. Effects of Asc supplementation on DPC formation and repair. Cells
were pre-loaded with 0.5 mM Asc during a 90-min long incubation with 1 mM
DHA prior to Cr(VI) exposures. DPC data are means � SDs from three
independent experiments in triplicates. Statistics: *P , 0.05, **P , 0.01 and
***P , 0.001 relative to 24 h samples. (A and B) DPC in Asc-supplemented
XP-A and XPAþ cells, respectively. (C) Cellular levels of Asc in control and
1 mM DHA-treated XP-A and XPAþ fibroblasts. Asc concentrations were
measured by HPLC. (D) Cr–DNA binding in Asc-preloaded XP-A and XPAþ
cells treated with 20 lM Cr(VI) for 3 h and collected immediately. (E)
Ethidium bromide-stained agarose gels of DNA fragments generated during
DPC measurements.
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The absence of GSH strongly sensitizes cells to Cr(VI)-induced
oxidative stress associated with increased production of hydro-
gen peroxide and reactive Cr intermediates (34,43). In normal
cultured cells, induction of the same degree of oxidative stress
is achieved only with much higher Cr(VI) concentrations (34).
Thus, it is possible that inhibition of DPC repair in GSH-
depleted cells treated with low-moderate doses and in normal
cells with high Cr(VI) doses is caused by the same mecha-
nisms. The repression of DPC repair could result from oxi-
dation of critical SH- and other protein groups by reactive
products of Cr(VI) metabolism (44,45). The type of cells can
also influence the sensitivity of DPC repair to inhibitory
influences since Cr(VI)-resistant A549 cells (43,46) were able
to partially remove Cr(VI)-induced DPC under GSH-depleted
conditions (29). It should be noted, however, that BSO-treated
A549 cells retained 2.2 times higher GSH concentrations

in comparison to XP-A/XPAþ cells. A549 cells also contain
1.9 times higher amounts of cysteine (G. Quievryn and
A. Zhitkovich, unpublished results), which is another Cr(VI)-
reducing thiol in human cells (22).

NER and formation of DPC

While the absence of NER had no effect on repair of DPC, their
formation in XP-A cells was significantly elevated, particularly
in Asc-restored cells. This finding implicates NER in repair of
DNA lesions that act as DPC precursors. Formation of DPC by
Cr(VI) proceeds through a three-step process involving reduc-
tion to Cr(III), rapid Cr(III)–DNA adduction and finally, a rate-
limiting reaction of protein conjugation (29). DPC precursors,
binary Cr(III)–DNA adducts, are substrates for human NER
(27), which explains increased DPC yields in NER-negative
cells. Thus, even though NER plays no detectable role in repair
of DPC, it protects cells against these large DNA lesions by
inhibiting their formation. Overall, of the three mechanisms
that cells can employ to decrease DPC burden, namely dimini-
shing formation, removing attached proteins and repairing
residual cross-links, the first and the last approaches are NER
dependent. This conclusion should apply to many other cross-
linking agents that form DPC via capture of proteins by DNA
adducts. However, when DPC are caused through attacking of
DNA by adducted/oxidized proteins (47,48), the role of NER
should be limited to only removal of products of proteolytic
degradation of DPC.

Cr–DNA adducts are a heterogeneous group of DNA modi-
fications largely comprised of various Cr–DNA cross-links
with GSH, Asc and selected amino acids (22). Binary Cr–DNA
conjugates are estimated to represent only a small fraction of
total Cr–DNA adducts in cells. A strongly inhibited DPC
production in Asc-normalized XPAþ cells despite a marginal
19% decrease in the amount of total Cr–DNA binding suggests
that DPC-forming binary Cr–DNA adducts are probably better
NER substrates than more abundant small Cr–DNA cross-links.

DPC as biomarkers of Cr(VI) exposure

Although DPC measurements have long been used for the
assessment of Cr(VI) exposure (19,21,24,25,49), the factors
impacting responsiveness and persistence of this biomarker
remained largely unknown. Our findings indicate that the slope
of DPC formation as a function of internal Cr(VI) dose will be
increased (higher sensitivity) under conditions that suppress
NER. Human exposure to Cr(VI) is frequently accompanied by
co-exposure to Ni(II) and Co(II) ions (50), which are both
known NER inhibitors (51–53). Co-exposure to agents
producing DNA lesions that act as very good NER substrates
(i.e. UV-DNA cross-links, polycyclic aromatic hydrocarbon–
DNA adducts) should competitively suppress the removal of
Cr–DNA adducts and promote a higher yield of Cr–DPC.
However, once DPC are formed, their stability and conse-
quently the duration of Cr(VI) exposure they can integrate
should be NER independent. It would be interesting to
investigate whether co-exposure factors with strong pro-
oxidant properties can also cause inhibition of Cr–DPC repair,
as was observed in GSH-depleted cells.

Conclusions

In contrast to a common view of NER as being capable of
excising a broad spectrum of bulky lesions, our results showed
that removal of chromosomal DPC in Cr(VI)-treated human
cells was NER independent. Clearing of Cr–DPC was blocked

Fig. 5. Cr(VI) uptake measurements. Data are means � SDs from three
independent samples. (A) Control cells. (B) Cells pre-treated with 0.1 mM
BSO for 24 h. (C) Cells pre-incubated with 1 mM DHA for 90 min.

Fig. 6. Inhibition of proteasomes suppresses DPC repair. Cells were exposed to
Cr(VI) for 3 h and collected immediately (0 h) or following a 12-h recovery
period in the presence or absence 0.5 lM MG132. Data are means � SDs
(n 5 6). (A) DPC repair in XP-A cells. (B) DPC repair in XPAþ cells.
Statistical significance relative to the 12-h samples without MG132: *P, 0.05
and **P , 0.01.
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by inhibition of a proteasomal activity, implicating proteolysis
of cross-linked proteins in DPC repair. NER was important for
preventing DNA–protein cross-linking via removal of the
precursor DNA lesions. Thus, even though NER does not act
on DPC directly, it protects cells against these large genotoxic
lesions by diminishing their formation.
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