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a b s t r a c t
The well established toxicity of cadmium and cadmium compounds results from their additive effects on
several key cellular processes, including DNA repair. Mammalian cells have evolved several biochemical
pathways to repair DNA lesions and maintain genomic integrity. By interfering with the homeostasis of
redox metals and antioxidant systems, cadmium promotes the development of an intracellular environment that results in oxidative DNA damage which can be mutagenic if unrepaired. Small base lesions are
recognised by specialized glycosylases and excised from the DNA molecule. The resulting abasic sites are
incised, and the correct sequences restored by DNA polymerases using the opposite strands as template.
Bulky lesions are recognised by a different set of proteins and excised from DNA as part of an oligonucleotide. As in base repair, the resulting gaps are ﬁlled by DNA polymerases using the opposite strands as
template. Thus, these two repair pathways consist in excision of the lesion followed by DNA synthesis.
In this study, we analysed in vitro the direct effects of cadmium exposure on the functionality of base
and nucleotide DNA repair pathways. To this end, we used recently described dedicated microarrays that
allow the parallel monitoring in cell extracts of the repair activities directed against several model base
and/or nucleotide lesions. Both base and nucleotide excision/repair pathways are inhibited by CdCl2 ,
with different sensitivities. The inhibitory effects of cadmium affect mainly the recognition and excision
stages of these processes. Furthermore, our data indicate that the repair activities directed against different damaged bases also exhibit distinct sensitivities, and the direct comparison of cadmium effects
on the excision of uracile in different sequences even allows us to propose a hierarchy of cadmium sensibility within the glycosylases removing U from DNA. These results indicate that, in our experimental
conditions, cadmium is a very potent DNA repair poison.
© 2010 Elsevier B.V. All rights reserved.

1. Introduction
Cadmium and cadmium compounds toxicity has long been
established. Cadmium has been used in several industrial processes,
resulting in professional exposure of workers, while air-borne cadmium results in environmental exposure of the general population
through respiration and food contamination. Inhalation through
cigarette smoke is also a major mode of contamination. Cadmium
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AP, apurinic-apyrimidic site; APE1, AP endonuclease 1; 8 oxoG, 8-oxo-7, 8dihydroguanine; OGG1, 8 oxoG glycosylase; ODN, oligonucleotide; NE, nuclear
extract; THF, tetrahydrofuran; Tg, thymine glycol; CPD, cyclobutane pyrimidine
dimers; 6-4 PP, 6-4 photoproducts; AAG, (6-4PP); AAG, alkyladenine DNA glycosylase; ds, double-stranded.
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half life in humans is long (15–20 years), and Cd accumulates in
several target organs. This accumulation over time represents a
problem as Cd is a potent carcinogen and was classiﬁed in 1993
by IARC as Group I carcinogen to humans [1].
Cadmium toxicity has been investigated in vivo and in vitro in
numerous experimental systems. Depending on the animal model
or the cell type analyzed, the concentration, and the mode and
duration of contamination, Cd exposure leads either to apoptosis
or adaptation and cell survival. Cadmium interferes with several
key cellular processes [2], which together control the transcription
of a large number of target genes. Cd is intrinsically only weakly
genotoxic. However, Cd interferes with intracellular homeostasis
of redox metals like zinc, copper and iron [3]. Because of its strong
afﬁnity for sufhydril groups, it displaces Zn and Cu ions from Cysrich proteins like metallothioneins or from the Zn-ﬁnger domains
found in many enzymes, including some involved in DNA repair
[4,5]. As Cd also binds Cys-rich glutathion, the cell faces at the same
time an increase in intracellular level of redox metals and a depletion of anti-oxidant defences. These conditions create inside the cell
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a pro-oxidant environment [6,7] which can result in mutagenesis
and transformation through excessive DNA damage [8].
Spontaneous and environmentally induced DNA lesions constantly appear on genomic DNA [9]. If left un-repaired, they can
eventually result in sequence alterations and genetic rearrangements. To avoid these deleterious effects, several complementary,
partially overlapping elaborate processes have evolved to detect
and repair DNA damage [10]. Damaged bases and nucleotides are
repaired mostly by excision/synthesis mechanisms: after detection, the lesion is removed together with a variable number of
surrounding nucleotides, and the correct DNA sequence is faithfully restored using the opposite strand as template [11]. In the
nucleotide excision repair (NER) pathway, bulky lesions that distort
the DNA double helix structure are recognized either by proteins
associated with the transcription machinery or by the XPC protein, and removed as part of an oligonucleotide [12]. In the base
excision repair (BER) pathway, small base lesions are selectively
removed by a speciﬁc glycosylase [13], leaving an abasic (AP) site
which is then incised, either by the AP endonuclease 1 (APE1) or
by the glycosylase itself, if it is endowed with AP lyase activity. The
resulting DNA gap is subsequently ﬁlled with replacement of one
or a few nucleotides depending on the damage excision/incision
mechanism and the polymerase(s) recruited [14]. Thus, DNA repair
through NER and BER depends on the sequential recruitment and
activation at the damaged sites of numerous proteins in a timely
manner [14,15]. These two pathways are fairly well biochemically
deﬁned and can be reconstituted in vitro with largely different
sets of puriﬁed proteins. However, they are not fully compartmentalized as it appears that inactivation or mutation of typical NER
proteins can impair the repair of typical BER substrates [16–19].
Numerous studies showed that the efﬁciency of DNA repair
activities is affected in the context of a Cd-induced stress response
[8,20]. Indeed, for example, the activity and expression of some
of the glycosylases are regulated during the cell cycle [21,22], and
Cd interferes with the regulation of cell cycle progression by several mechanisms [23,24]. In addition, Cd exposure can prevent
DNA repair through the relocalization and sequestration in stress
granules of DNA repair factors like OGG1 [25], the glycosylase
responsible for removal of 8oxoG, the most frequent oxidative DNA
lesion. Repair of 8oxoG can also be decreased through the modulation of OGG1 expression because of the Cd-dependent reduction
of the Sp1 transcription factor activity [26–28]. In addition, Cd
effects are not limited to base damage, as Cd exposure also affects
the repair of DNA double-strand breaks by non-homologous end
joining [29]. These few examples illustrate how Cd contamination
indirectly decreases the cellular DNA repair activities. However,
Cd can also directly affect DNA repair protein activity. In vitro, Cd
exposure inhibits the DNA binding activity of puriﬁed XPA [30,31]
and XPC [29], two key components of NER, the incision activity of
puriﬁed APE1 [32] and the glycolsylase activity of OGG1 [25,33].
Thus, Cd exposure will at the same time generate an environment that is favourable to the generation of DNA lesions and
interfere with DNA repair, and its carcinogenicity may be related
to the deﬁcient repair of an excessive load of lesions. However,
because most of the previous studies were focused on the repair of
8oxoG by OGG1, we found important to address the direct effects

of Cd on the repair of other types of DNA lesions repaired by BER
and/or NER. In this paper, we used two recently described multiplexed assays to analyze at the same time the direct impact of
Cd contamination on the DNA repair activities catalyzing excision/synthesis repair in an a-cellular system. Our results show that
Cd directly inhibits the repair of several oxidative, spontaneous
and UV-induced lesions, mainly by inhibiting the initial step of the
repair process.
2. Materials and methods
The plasmid and oligonucleotide chips used in this study have recently been
described [19,34]. According to their implementation, these two microsystems
allow us to measure different parameters of the BER and NER pathways in Hela
cell nuclear extracts (NE, Table 1). Hela cell NE, purchased in bulk quantities from
CilBiotech (Mons, Belgium), was prepared according to Dignam et al. [35] and dialyzed in 20 mM HEPES (pH 7.9), 100 mM KCl, 0.2 mM EDTA, 20% glycerol, 0.5 mM
PMSF and 0.5 mM DTT. NE was aliquoted before storage at −80 ◦ C. Each aliquot was
used only once.

2.1. Plasmid chips
Brieﬂy, damaged plasmids generated by chemical or physical treatment of
supercoiled pBluescript are spotted onto an hydrogel-coated slide. Each plasmid
bears a speciﬁc type of lesion(s) repaired by NER [cyclobutane pyrimidine dimers
(CPD) and 6-4 photoproducts (6-4PP), thereafter collectively referred to as CPD64] or BER [8oxoG, glycols, alkylated bases (AlkB)]. Glycols can be recognized and
excised by hNTH1 and NEIL1 [22,36], two bi-functional glycolsylases. 8oxoG is recognized and excised by OGG1, which is also a bi-functional glycosylase [37]. CPD
and 6-4PP lesions are typical NER substrates. Alkylated bases can be recognized
by AAG, a monofunctional glycosylase which therefore requires the subsequent
action of APE1 [13], or can also be repaired by NER [38]. Undamaged plasmid is
also spotted alone to control for non-speciﬁc activities. The plasmid microarrays
are incubated at 30 ◦ C with nuclear extracts in the presence of reaction buffer, ATP
and dNTPs, including Cy5-labelled dCTP which is incorporated into the plasmid following excision/synthesis repair of the lesion by the nuclear extract. Alternatively,
the incubation with NE is performed in the absence of ATP and dNTPs and in the
presence of aphidicollin. In these conditions, the activity of nuclear extract DNA
polymerases is inhibited and only excision of the lesions takes place. These excised
sites are then revealed in a second incubation in the presence of Klenow DNA polymerase and dNTPs, including Cy5-labelled dCTP [19]. The ﬂuorescence incorporated
in each plasmid spot, proportional to the repair activity is quantiﬁed at 635 nm using
a Genepix 4200A scanner (Axon Instrument) and the Genepix Pro 5.1 software (Axon
Instrument).

2.2. Oligonucleotide biochip
The oligonucleotide chip is composed of double stranded (ds) oligonucleotides
(ODN) anchored on streptavidin coated slides. They consist in duplexes, formed by
the speciﬁc hybridization of one short, Cy3-labelled, lesion-containing ODN and one
long ODN that are addressed onto biotinylated anchoring ODN complementary to
the long ODN of the duplex. The lesions included in the duplexes are: thymine glycol
paired with A, tetrahydrofuran (THF, an AP site equivalent) paired with A, U paired
with A and U paired with G. A control duplex is also prepared by using an undamaged
Cy3-labelled short ODN. Each duplex, lesion and control, is printed in duplicate
in each well. Recognition and excision of the lesion by a glycosylase, followed by
incision of the resulting AP site by APE1, or excision and incision by a bi-functional
glycosylase, upon incubation with NE results in disassembly of the duplex and loss
of the ﬂuorochrome. Therefore, the decrease of ﬂuorescence at lesion-containing
ODN spots measures the cleavage efﬁciency of the lesion. Non speciﬁc activities are
measured from control ODN without lesions. Excision rate for a given DNA lesion
is deﬁned as the percentage of residual ﬂuorescence after incubation with the NE
corrected for the eventual degradation of the control oligonucleotide with no lesion
[34].

Table 1
Overview of the activities measured on the different biochips.
Assay

Repair pathways

Activities measured

Plasmid Biochip

NER and BER
NER and BER
BER

Excision and synthesis
Excision
Excision

ODN Biochip
a

Not applicable.

Activities performed by
Excision

Synthesis

Cell extract
Cell extract
Cell extract

Cell extract
Klenow DNA polymerase
N/Aa
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Fig. 1. Global inhibition of excision/synthesis DNA repair activities in the presence
of Cd. Excision/synthesis repair of the indicated lesions by Hela NE at a ﬁnal concentration of 0.5 mg/mL was allowed to proceed for 3 h at 30 ◦ C without Cd or in
the presence of 0.03, 0.1, 0.3 and 0.6 mM Cd in the reaction mix. The histograms
represent the total ﬂuorescence incorporation in undamaged plasmids (black bars)
vs plasmids bearing DNA lesions (stripped bars) following incubation with Hela cell
NE in the absence and the presence of CdCl2 at increasing concentrations.

3. Results
3.1. Measure of BER and NER excision/synthesis activities on
plasmid biochips
We addressed the effects of Cd on excision/synthesis repair of
representative lesions substrates for BER (8oxoG, Glycols, AlkB)
and/or NER (CPD-64, AlkB) on supercoiled ds plasmids arrayed
on plasmid chips as described in Section 2. This plasmid chip
assay allows the simultaneous measurement of the repair activities
directed against each of the individual lesions. As a ﬁrst measure of
Cd effects on DNA repair activities, we compared the total amount
of ﬂuorescence incorporated in all damaged plasmids spots in each
condition, i.e. we compared the sum of the repair activities directed
against each of the individual lesions, in the absence and in the
presence of increasing concentrations of Cd. As shown in Fig. 1, Cd
induces a strong reduction of the ﬂuorescence incorporated into the
damaged substrates at each of the concentrations tested. This dosedependent reduction is of about 30% for 0.03 mM, 70% at 0.1 mM
and 90% at 0.3 and 0.6 mM CdCl2 . Thus, it appears that the inhibitory
effects of Cd on DNA repair reach a plateau at the higher concentrations. It must be noted that the incorporation of labelled dCTP in
undamaged control plasmids does not increase in the presence of
Cd, showing that Cd does not activate unspeciﬁc nucleases in the
Hela NE and that the speciﬁcity of the repair reaction is maintained.
The effects of Cd on the repair of each of the 4 lesions were
then analyzed individually. Fig. 2A shows the level of labelled dCTP
incorporation in one experiment where all the different CdCl2 concentrations were tested in parallel, and Fig. 2B shows the average
percentage of inhibition obtained in different experiments for the
repair of each lesion in each of the conditions. It is clear from
these data that Cd differentially affects the repair activities directed
against each of the lesion present on the biochip. The repair of
8oxoG is not affected at 0.03 mM CdCl2 , whereas repair of CPD64, alkylated bases and glycols is reduced, and in this group the
reduction is stronger for the repair of glycols than for the repair
of alkylated bases. In the presence of 0.1 mM CdCl2 , the repair of
8oxoG and alkylated bases is decreased by about 50% and 65%,
respectively, and it is further inhibited (to about 80%) when Cd concentration in the assay reaches 0.3 mM. In contrast, the maximum
level of inhibition is already reached at 0.1 mM CdCl2 for the repair
of CPD-64 and glycols and does not further evolve when Cd concentration is increased. It appears that a higher level of inhibition

Fig. 2. Cd inhibition of excision/synthesis repair of the different lesions. (A) Cd
dose-dependant decrease of dCTP-Cy5 incorporation in damaged plasmids. Data
represent the total ﬂuorescence incorporated following repair of each lesion in the
presence of increasing CdCl2 concentrations. Histogram bars show the average value
(±SD) from 2 microarrays for each condition in the same experiment. (B) Percentage
of remaining ﬂuorescence intensity following incubation with Hela cell NE without
and with CdCl2 at the indicated concentration, expressed as a percentage of the ﬂuorescence intensity obtained in absence of CdCl2 . These data represent the average
(±SD) value obtained from 4 to 8 microarrays per condition

is attained for the repair of glycols (around 90%) than for the other
three lesions (around 80%).
Thus, we observe a strong and steep inhibition of the repair of
glycols at the lower Cd concentration tested, whereas the repair of
8oxoG is affected only after a higher concentration is reached, is
more progressive and not so complete. The repair of CPD-64 and
alkB represent intermediate situations in the steepness and/or the
extent of the inhibitory effects of Cd. These repair processes are
complex but can be roughly divided in two main stages: the damage recognition and excision, followed by DNA synthesis to restore
DNA integrity. The fact that the threshold required for – and the
extent of – Cd effects varies for each of the lesion indicates that the
repair stage, performed essentially by the same replicative polymerases in our assay [19], is probably not the main target of Cd
inactivation. Therefore, we decided to adapt our assay to focus on
the recognition/excision step of the repair processes.
3.2. Measure of BER and NER excision activities on plasmid
biochips
The same plasmid biochips were then used with an alternative
protocol. Deoxynucleotides (including Cy5-dCTP) were omitted
and aphidicollin was added to the reaction mix to block the activity
of the DNA pol /␦ contained in the NE. Consequently, DNA lesion
recognition/excision and incision of the resulting AP site are still
performed but subsequent DNA polymerisation is prevented. The
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Interestingly, Fig. 4 shows that for glycols and 8oxoG, the
inhibitory effect of 1 mM Cd on excision represents more than 80%
of the inhibition of repair observed in the excision/synthesis assay
in the presence of 0.6 mM Cd. In contrast, in the same conditions,
the effects on excision of CPD-64 and alkylated bases represent only
between 55% and 60% of the level reached in the excision/synthesis
assay. Thus, depending on the lesion considered, repair inhibition
results mainly from the toxic effects of Cd on the initial recognition and excision steps of the process (glycols, 8oxoG), or from
the cumulative effects on both the recognition/excision and subsequent synthesis steps.

Inhibition (%)
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Fig. 3. Cd inhibition of excision of the different lesions on plasmid biochips. The
percentage of inhibition of the excision activities following pre-incubation of Hela
cell nuclear extract (0.25 mg/mL) with 1 mM CdCl2 for 10 min at 4 ◦ C. Bars represent
the average value (±SD) of 6 microarrays

reaction was allowed to proceed for 20 min at 30 ◦ C, and then was
stopped by washing in PBS/Tween buffer. All the sites that were
incised following excision are revealed during a second incubation
in the presence of Klenow DNA polymerase and dNTPs, including
labelled dCTP. In this scheme, the incorporation of labelled dCTP
is proportional to the number of sites where DNA lesion repair
was initiated during the ﬁrst incubation, and therefore reﬂects the
recognition/excision/incision activities present in the NE tested.
Because the reaction time here (20 min) is much shorter than in
the previous excision/synthesis assay (3 h), we used a higher CdCl2
concentration (1 mM). NE were preincubated with CdCl2 for 10 min
at 4 ◦ C before performing the reaction. The effects of Cd on the excision activities were tested in these conditions at two different NE
concentrations, 0.05 mg/mL and 0.25 mg/mL. In these conditions,
the global repair activity is decreased by about 55% for both protein
concentrations (data not shown).
As previously observed for the analysis of excision/synthesis
repair reactions, the excision activities directed against each of the
different lesions are differentially affected. Fig. 3 shows the results
obtained with 0.25 mg/mL of NE. Here again, the effects of Cd exposure appear more pronounced on the excision of glycols than on the
excision of CPD-64 and AlkB. Excision of 8oxoG is affected to the
same extend as excision of thymine glycols. Overall similar results
are observed with 0.05 mg/mL of Hela NE (data not shown).
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3.3. Measure of BER excision activities on ODN biochips
We used ODN biochips to obtain complementary data on the
cleavage step of BER by glycosylases and/or APE1. In this assay,
representative DNA lesions are borne onto Cy3-labelled double
stranded ODNs. Cleavage of the lesion following recognition and
excision of the damaged site and incision of the resulting AP site
results in the loss of the ODN fragment bearing the ﬂuorescent label.
Therefore, the efﬁciency of the initial step of BER activities is measured by a loss of ﬂuorescence. We focused our analysis on a set of 4
lesions that are reproducibly well cleaved by Hela NE in this assay:
thymine glycols (Tg), cleaved by NTH1 and/or NEIL1, to allow a comparison with the previous experiments, THF, representing AP sites
cleaved by APE1 and U, incorporated either in front of A or in front
of G; U:A pairs represent mis-incorporation of dUMP during DNA
synthesis, whereas U:G pairs mimic cytosine deamination, either
spontaneous or enzymatically induced. Our assay also includes, on
each biochip, several spots in which the substrate is an undamaged
ds ODN to control for nonspeciﬁc activities.
As shown in Fig. 4A, in the absence of Cd, THF and U:G lesions
are more efﬁciently recognized and cleaved than Tg and U:A. With a
cleavage rate around 90% in the absence of Cd, THF and U:G lesions
are very efﬁciently cleaved by Hela NE at 0.02 mg/mL, whereas the
excision rate is around 40% and 30% for Tg and U:G in these conditions. To determine the extent of Cd effects on this cleavage, Hela
NE were pre-incubated 10 min at 4 ◦ C in the presence of increasing
Cd concentration ranging from 0.1 mM to 0.5 mM. The DNA repair
activities directed against the four lesions clearly exhibit different
dose-response patterns (Figs. 5 and 6). Excision of Tg is the most
sensitive. It is already diminished by about 28% in the presence of
0.1 mM Cd, and the inhibition is essentially complete at 0.3 mM
and 0.5 mM. The activities directed against THF, U:A and U:G are
unchanged at 0.1 mM. The cleavage of U:A and U:G is ﬁrst inhibited
at 0.3 mM Cd, but to widely different levels: whereas excision of
U paired with G is reduced only by 20%, there is an 75% inhibition
for U paired with A. Both of these activities are completely inhibited at 0.5 mM. Finally, cleavage of THF sites by APE1 is the less
sensitive to the inhibitory effects of Cd in this assay. Its excision
rate is diminished only at 0.5 mM Cd, and even at this relatively
high concentration, the Hela NE still retains 13% of residual activity. Interestingly, cleavage of U:A and U:G are affected before any
effect is visible on the cleavage of AP sites. Therefore, the effects of
Cd on the recognition/excision of U:A and U:G pairs clearly reﬂect
an inhibition of the glycosylases involved in this processes.
Thus, these results show again that the repair activities directed
against each of the lesions are differentially affected by Cd at the
recognition/excision/incision level.

Glycol

4. Discussion
Fig. 4. Comparison of the extent of inhibition imposed by cadmium on excision/synthesis and excision of the lesions. This ﬁgure shows a side by side
comparison of the average values of inhibition obtained with the plasmid biochips in
excision/synthesis (dark grey bars) and excision/klenow (light grey bars) protocols
in the presence of 0.6 mM and 1 mM CdCl2 , respectively

In this paper, we used two different parallelized assays to monitor simultaneously the effects of Cd on the BER and NER activities
directed against several model DNA lesions representing oxidative
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Fig. 5. Cd inhibition of the excision activities on ODN biochip. Shown is the residual
ﬂuorescence intensity (a.u. ± SD) measured on ODN microarrays following incubation in the presence of Hela cell NE without or with CdCl2 at the indicated
concentration, normalized for the ﬂuorescence intensity obtained following incubation in repair buffer only. The identity of the lesion borne onto the labelled ODN
duplex and its opposite base is indicated beneath the corresponding histogram bars.
The “control” duplex ODN bears no lesion and loss of ﬂuorescence on this spot reveals
non-speciﬁc activities, which remain constant irrespective of CdCl2 concentration

(8oxoG, glycols), UV-induced (CPD-64) or spontaneous (U, AP sites)
damage repaired by BER and/or NER.
Our results show that Cd exerts a direct inhibitory effect on the
repair of all the lesions considered here, irrespectively of whether
they are BER or NER substrates. This inhibition of excision/synthesis
repair could be due to the inactivation of only one (or a few) crucial factor(s) common to all the pathways, like for example XRCC1
or the gap ﬁlling activities. XRCC1 seems to participate in different steps of the BER and NER processes [39–41], whereas different
DNA polymerases participate in gap ﬁlling in BER and NER. If one (or
all) of these molecules was a direct target of Cd, one would expect
a similar level of inhibition for the repair of each of the lesions
at a given Cd concentration, and it is clearly not the case. Furthermore, even if this explanation could be evoked to explain the results
obtained in our ﬁrst set of experiments on excision/synthesis repair,
we later show that, at least in the case of glycols and 8oxoG,
the inhibitory effects of Cd are already imposed onto the activities required for recognition/excision/incision of the DNA lesions.
Indeed, the comparison of the levels of inhibition attained during
excision/synthesis and excision/klenow experiments conducted on
the same substrates clearly indicates that for these two lesions,

Fig. 6. Effects of Cd on the cleavage rate of modiﬁed bases and AP site. The cleavage rate represents the percentage of residual ﬂuorescence at each lesion spot after
incubation with the NE without or with CdCl2 at the indicated concentration, corrected for the non-speciﬁc activities measured on the control duplex ODN shown in
Fig. 5.
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inhibition of excision/incision activities accounts for most of the
observed effects. In addition, the side by side comparison of activities in the same experimental conditions shows that the response of
glycosylases to Cd is not homogeneous: excision of glycols appears
sensitive to lower Cd doses and is strongly inhibited, whereas activities directed against 8oxoG or U are less sensitive and require
higher Cd concentration in the same assay; cleavage of THF sites,
representing AP sites, is less sensitive to Cd inhibition than cleavage of U, either in front of G or in front of A. Thus, although Cd
interferes with all the steps of excision/synthesis DNA repair, our
multiplexed assays allow us to deﬁne a hierarchy of sensitivities to
the direct toxic effects of Cd on DNA repair mechanisms within the
glycosylases, and from glycosylases to APE1 to post cleavage steps.
In both assays, the excision/cleavage of glycols is the activity the
most sensitive to Cd inhibition. Thus, even at relatively low Cd concentration, when APE1 activity is not yet impacted by Cd, repair of
glycols is prevented because of an effect on the initiation of the BER
process. Glycols can be recognized and excised by NTH1 or NEIL1
[22,36]. These two proteins are bi-functional enzymes endowed
with both glycosylase and AP lyase activities. However, they do not
share structural homology, and they use distinct mechanisms for
the removal of the damaged bases and for the APE1-independent
incision of the resulting AP site [37,42]. Despite these differences,
the sharp and deep decrease in glycols excision/cleavage by Cd
indicates that all repair activities, irrespective of their nature, are
affected. How this inhibition is achieved can only be hypothesized
at that stage. A common mechanism could be that these proteins
are directly and irreversibly inactivated, as was shown for puriﬁed
OGG1 in vitro [33]. However, other non-mutually exclusive possibilities exist to explain Cd inhibition of these two proteins. For
example, NTH1 possesses a [4Fe–4S] cluster that is required for
proper positioning of the molecule onto its target [43]. Cd might
displace Fe ions from this cluster and inactivate the protein, as
was shown for another transition metal (Co) in a bacterial system
[44]. To investigate this possibility, we tried to mimic this potential Cd effect by pre-incubating our NE in the presence of dimethyl
bipyridyl, an iron chelator, before measuring DNA lesion excision
using our oligonucleotide biochips. This treatment did not change
the efﬁciency of the reactions (data not shown). Thus, if Cd-induced
Fe ions displacement results in NTH1 inactivation, NEIL1 activity
compensates this loss and maintains a normal level of glycol excision in our assay. NEIL1 does not display any obvious feature like
a Zn-ﬁnger or a Fe–S cluster that could explain its high sensitivity to Cd. It is, however, predicted to be a Zn binding protein (see
the NEIL1 Gene Card at http://www.genecards.org/) [45]. Therefore,
NEIL1 inactivation might result from changes induced upon Zn/Cd
exchange at a site close to structures like the “Zn-ﬁnger like” or
the H2TH domains [46] that would alter their conformation and/or
function in DNA recognition.
Interestingly, our cleavage assay revealed a clear difference in
the Cd sensitivity of the repair activities responsible for U cleavage in U:G and U:A base pairs. In the presence of 0.3 mM CdCl2 ,
the cleavage rate of U in U:A pairs is inhibited by 75%, whereas
it is inhibited by only 20% in U:G pairs. The activities responsible for the recognition/excision/incision of U in these two contexts
are therefore different. In our assay, three uracil-DNA glycosylase
can potentially perform U cleavage: UNG2, SMUG1 and TDG [47].
In human cells, U opposite A seems to be excised only by UNG2,
whereas U in U:G pairs is excised mainly by UNG2 with a minor
contribution by SMUG1 and TDG, which can increase in conditions
where UNG2 is limiting [48,49]. Our data would then indicate that
UNG2 is more Cd-sensitive than SMUG1 and/or TDG: in the presence of 0.3 mM CdCl2 , cleavage of U:A by UNG2 is strongly inhibited
while U:G cleavage is still performed at a high level, probably by
SMUG1 and/or TDG. In U:G pairs, U results from cytosine deamination and is mutagenic, leading to C → T transitions if unrepaired,
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whereas U:A mismatches resulting from faulty dUMP incorporation
in DNA are not mis-coding [9]. Thus, the differential sensitivity of
U:G repair activities in the presence of Cd have important functional
consequences as they allow to maintain a good level of protection
in the cell in a context of stress. However, it should also be noted
that although not mis-coding, U incorporation in front of A is not
totally neutral; it can for example alter the binding of transactivating factors onto their cognate target sequences [50]. The pattern of
expressed genes in a contaminated cell will therefore be modiﬁed
not only through the effects of Cd on multiple signalling pathways
[2], but also because of its inhibition of DNA repair.

5. Conclusions
In conclusion, we show in this study that cadmium directly
inhibits the activity of the proteins responsible for the excision/synthesis repair of a variety of lesions representing spontaneous and environmentally induced DNA damage. We used nuclear
extracts prepared from un-manipulated Hela cells. Therefore, the
repair events observed in our assays result from the activity
of nuclear proteins expressed stoichiometrically at their normal
respective levels. The simultaneous analysis of the repair of several
lesions allowed us to deﬁne a hierarchy in the sensitivity of the different repair activities to the detrimental effects of Cd. We could
show that the effects of Cd are already targeted at the initial recognition/excision steps of the BER and NER processes, which are both
severely affected. In our cleavage assay, inhibition of APE1 activity
required a higher Cd concentration than inhibition of the glycosylases, independently of whether they are mono- or bi-functional.
Consequently, the repair of each type of lesion will already be individually inhibited at the lower Cd concentration, making Cd a very
effective DNA repair poison, irrespective of the requirement for
APE1. NER has been shown to participate in the repair of BER substrates [16–19] and could possibly substitute for Cd-induced BER
inactivation in contaminated cells. However, our results clearly
show that the repair of NER substrates is inhibited as efﬁciently
as the repair of BER substrates. This inhibition can be related to the
reported effects of Cd on XPA [30,31] and XPD [29] activities. Therefore, the cross talk between BER and NER activities may eventually
provide more ﬂexibility to a cell confronted with DNA damage,
but it does not confer any beneﬁcial advantage in case of Cd contamination and the cells are left defenceless and unable to handle
mutagenic oxidative base damage.
Finally, our work shows for the ﬁrst time, to the best of our
knowledge, that Cd inhibits the repair of U in DNA, resulting both
from mis-incorporation and from C deamination. These lesions,
as AP sites, are common in any cell [9], and must constantly be
repaired to avoid mutagenic events. The necessity to continuously
repair these lesions is underscored by the high levels of expression of UNG2 and APE1 [51]. The inhibition of these enzymes by Cd
may result in an excessive burden of unrepaired U and Ap sites in
the nucleus of contaminated cells. This genotoxic consequence of
Cd exposure might participate in the deregulation of physiological
cellular processes by altering the pattern of gene expression on the
one hand (U), and increasing the mutation rate on the other hand
(AP site), thereby interfering with the normal control of cell growth
and division. Thus, in addition to its effects on signal transduction
and intra-cellular redox status, Cd activity toward DNA repair pathways, including UNG2 and APE1, most certainly contributes to its
carcinogenic properties.

Conﬂict of interest statement
None declared.

Acknowledgements
This project was partly founded by COMICS-FP6-2005LIFESCIHEALTH-7-STREP, Contract Number: 037575, the Environmental and Nuclear Toxicology program and supported by CEA’s
program Technologies for Health.
References
[1] Beryllium, cadmium, mercury, and exposures in the glass manufacturing industry, in: Working Group Views and Expert Opinions, Lyon, 9–16 February 1993,
IARC Monogr Eval Carcinog Risks Hum. 58 (1993) 1–415.
[2] F. Thevenod, Cadmium and cellular signaling cascades: to be or not to be?
Toxicol. Appl. Pharmacol. 238 (2009) 221–239.
[3] A. Martelli, E. Rousselet, C. Dycke, A. Bouron, J.M. Moulis, Cadmium toxicity in animal cells by interference with essential metals, Biochimie 88 (2006)
1807–1814.
[4] M. Asmuss, L.H. Mullenders, A. Hartwig, Interference by toxic metal compounds
with isolated zinc ﬁnger DNA repair proteins, Toxicol. Lett. 112–113 (2000)
227–231.
[5] A. Hartwig, M. Asmuss, H. Blessing, S. Hoffmann, G. Jahnke, S. Khandelwal, A.
Pelzer, A. Burkle, Interference by toxic metal ions with zinc-dependent proteins involved in maintaining genomic stability, Food Chem. Toxicol. 40 (2002)
1179–1184.
[6] J. Liu, W. Qu, M.B. Kadiiska, Role of oxidative stress in cadmium toxicity and
carcinogenesis, Toxicol. Appl. Pharmacol. 238 (2009) 209–214.
[7] M. Filipic, T.K. Hei, Mutagenicity of cadmium in mammalian cells: implication
of oxidative DNA damage, Mutat. Res. 546 (2004) 81–91.
[8] G. Bertin, D. Averbeck, Cadmium: cellular effects, modiﬁcations of
biomolecules, modulation of DNA repair and genotoxic consequences (a
review), Biochimie 88 (2006) 1549–1559.
[9] T Lindahl, Instability and decay of the primary structure of DNA, Nature 362
(1993) 709–715.
[10] J.H. Hoeijmakers, Genome maintenance mechanisms for preventing cancer,
Nature 411 (2001) 366–374.
[11] O.D. Scharer, Chemistry and biology of DNA repair, Angew. Chem. Int. Ed. Engl.
42 (2003) 2946–2974.
[12] L. Staresincic, A.F. Fagbemi, J.H. Enzlin, A.M. Gourdin, N. Wijgers, I.
Dunand-Sauthier, G. Giglia-Mari, S.G. Clarkson, W. Vermeulen, O.D. Scharer,
Coordination of dual incision and repair synthesis in human nucleotide excision
repair, EMBO J. 28 (2009) 1111–1120.
[13] H.E. Krokan, R. Standal, G. Slupphaug, DNA glycosylases in the base excision
repair of DNA, Biochem. J. 325 (Pt 1) (1997) 1–16.
[14] K.H. Almeida, R.W. Sobol, A uniﬁed view of base excision repair: lesiondependent protein complexes regulated by post-translational modiﬁcation,
DNA Repair (Amst) 6 (2007) 695–711.
[15] N.O. Knudsen, S.D. Andersen, A. Lutzen, F.C. Nielsen, L.J. Rasmussen, Nuclear
translocation contributes to regulation of DNA excision repair activities, DNA
Repair (Amst) 8 (2009) 682–689.
[16] M.S. Satoh, C.J. Jones, R.D. Wood, T. Lindahl, DNA excision-repair defect of xeroderma pigmentosum prevents removal of a class of oxygen free radical-induced
base lesions, Proc. Natl. Acad. Sci. U. S. A. 90 (1993) 6335–6339.
[17] J.T. Reardon, T. Bessho, H.C. Kung, P.H. Bolton, A. Sancar, In vitro repair of
oxidative DNA damage by human nucleotide excision repair system: possible explanation for neurodegeneration in xeroderma pigmentosum patients,
Proc. Natl. Acad. Sci. U. S. A. 94 (1997) 9463–9468.
[18] B.M. Bernardes de Jesus, M. Bjoras, F. Coin, J.M. Egly, Dissection of the molecular
defects caused by pathogenic mutations in the DNA repair factor XPC, Mol. Cell.
Biol. 28 (2008) 7225–7235.
[19] J.F. Millau, A.L. Rafﬁn, S. Caillat, C. Claudet, G. Arras, N. Ugolin, T. Douki, J.L.
Ravanat, J. Breton, T. Oddos, C. Dumontet, A. Sarasin, S. Chevillard, A. Favier, S.
Sauvaigo, A microarray to measure repair of damaged plasmids by cell lysates,
Lab Chip 8 (2008) 1713–1722.
[20] C. Giaginis, E. Gatzidou, S. Theocharis, DNA repair systems as targets of cadmium toxicity, Toxicol. Appl. Pharmacol. 213 (2006) 282–290.
[21] H. Dou, C.A. Theriot, A. Das, M.L. Hegde, Y. Matsumoto, I. Boldogh, T.K. Hazra,
K.K. Bhakat, S. Mitra, Interaction of the human DNA glycosylase NEIL1 with proliferating cell nuclear antigen. The potential for replication-associated repair of
oxidized bases in mammalian genomes, J. Biol. Chem. 283 (2008) 3130–3140.
[22] T.K. Hazra, T. Izumi, I. Boldogh, B. Imhoff, Y.W. Kow, P. Jaruga, M. Dizdaroglu,
S. Mitra, Identiﬁcation and characterization of a human DNA glycosylase for
repair of modiﬁed bases in oxidatively damaged DNA, Proc. Natl. Acad. Sci. U.
S. A. 99 (2002) 3523–3528.
[23] C. Meplan, K. Mann, P. Hainaut, Cadmium induces conformational modiﬁcations of wild-type p53 and suppresses p53 response to DNA damage in cultured
cells, J. Biol. Chem. 274 (1999) 31663–31670.
[24] U. Bork, W.K. Lee, A. Kuchler, T. Dittmar, F. Thevenod, Cadmium-induced DNA
damage triggers G2/M arrest via chk1/2 and cdc2 in p53-deﬁcient kidney proximal tubule cells, Am. J. Physiol. Renal. Physiol. (2009).
[25] A. Bravard, A. Campalans, M. Vacher, B. Gouget, C. Levalois, S. Chevillard, J.P.
Radicella, Inactivation by oxidation and recruitment into stress granules of
hOGG1 but not APE1 in human cells exposed to sub-lethal concentrations of
cadmium, Mutat. Res. 685 (2009) 61–69.

Author's personal copy
S. Candéias et al. / Mutation Research 694 (2010) 53–59
[26] R.J. Potts, R.D. Watkin, B.A. Hart, Cadmium exposure down-regulates 8oxoguanine DNA glycosylase expression in rat lung and alveolar epithelial cells,
Toxicology 184 (2003) 189–202.
[27] C.K. Youn, S.H. Kim, D.Y. Lee, S.H. Song, I.Y. Chang, J.W. Hyun, M.H. Chung,
H.J. You, Cadmium down-regulates human OGG1 through suppression of Sp1
activity, J. Biol. Chem. 280 (2005) 25185–25195.
[28] R.D. Watkin, T. Nawrot, R.J. Potts, B.A. Hart, Mechanisms regulating the
cadmium-mediated suppression of Sp1 transcription factor activity in alveolar
epithelial cells, Toxicology 184 (2003) 157–178.
[29] M. Viau, J. Gastaldo, Z. Bencokova, A. Joubert, N. Foray, Cadmium inhibits
non-homologous end-joining and over-activates the MRE11-dependent repair
pathway, Mutat. Res. 654 (2008) 13–21.
[30] M. Asmuss, L.H. Mullenders, A. Eker, A. Hartwig, Differential effects of toxic
metal compounds on the activities of Fpg and XPA, two zinc ﬁnger proteins
involved in DNA repair, Carcinogenesis 21 (2000) 2097–2104.
[31] E. Kopera, T. Schwerdtle, A. Hartwig, W. Bal, Co(II) and Cd(II) substitute for Zn(II)
in the zinc ﬁnger derived from the DNA repair protein XPA, demonstrating
a variety of potential mechanisms of toxicity, Chem. Res. Toxicol. 17 (2004)
1452–1458.
[32] D.R. McNeill, A. Narayana, H.K. Wong, D.M. Wilson, 3rd Inhibition of Ape1 nuclease activity by lead, iron, and cadmium, Environ. Health Perspect. 112 (2004)
799–804.
[33] A. Bravard, M. Vacher, B. Gouget, A. Coutant, F.H. de Boisferon, S. Marsin, S.
Chevillard, J.P. Radicella, Redox regulation of human OGG1 activity in response
to cellular oxidative stress, Mol. Cell. Biol. 26 (2006) 7430–7436.
[34] S. Sauvaigo, S. Caillat, F. Odin, A. Nkengne, C. Bertin, T. Oddos, Effect of aging
on DNA excision/synthesis repair capacities of human skin ﬁbroblasts, J. Invest.
Dermatol. 130 (2010) 1739–1741.
[35] J.D. Dignam, R.M. Lebovitz, R.G. Roeder, Accurate transcription initiation by
RNA polymerase II in a soluble extract from isolated mammalian nuclei, Nucleic
Acids Res. 11 (1983) 1475–1489.
[36] M.T. Ocampo, W. Chaung, D.R. Marenstein, M.K. Chan, A. Altamirano, A.K.
Basu, R.J. Boorstein, R.P. Cunningham, G.W. Teebor, Targeted deletion of
mNth1 reveals a novel DNA repair enzyme activity, Mol. Cell. Biol. 22 (2002)
6111–6121.
[37] M.L. Hegde, T.K. Hazra, S. Mitra, Early steps in the DNA base excision/singlestrand interruption repair pathway in mammalian cells, Cell Res. 18 (2008)
27–47.
[38] J.L. Tubbs, V. Latypov, S. Kanugula, A. Butt, M. Melikishvili, R. Kraehenbuehl,
O. Fleck, A. Marriott, A.J. Watson, B. Verbeek, G. McGown, M. Thorncroft, M.F.
Santibanez-Koref, C. Millington, A.S. Arvai, M.D. Kroeger, L.A. Peterson, D.M.
Williams, M.G. Fried, G.P. Margison, A.E. Pegg, J.A. Tainer, Flipping of alkylated

[39]
[40]

[41]

[42]

[43]
[44]
[45]

[46]

[47]

[48]

[49]

[50]

[51]

59

DNA damage bridges base and nucleotide excision repair, Nature 459 (2009)
808–813.
K.W. Caldecott, XRCC1 and DNA strand break repair, DNA Repair (Amst) 2
(2003) 955–969.
A. Campalans, S. Marsin, Y. Nakabeppu, R.T. O’Connor, S. Boiteux, J.P. Radicella,
XRCC1 interactions with multiple DNA glycosylases: a model for its recruitment
to base excision repair, DNA Repair (Amst) 4 (2005) 826–835.
J. Moser, H. Kool, I. Giakzidis, K. Caldecott, L.H. Mullenders, M.I. Fousteri, Sealing
of chromosomal DNA nicks during nucleotide excision repair requires XRCC1
and DNA ligase III alpha in a cell-cycle-speciﬁc manner, Mol. Cell 27 (2007)
311–323.
L. Wiederhold, J.B. Leppard, P. Kedar, F. Karimi-Busheri, A. Rasouli-Nia, M. Weinfeld, A.E. Tomkinson, T. Izumi, R. Prasad, S.H. Wilson, S. Mitra, T.K. Hazra AP,
endonuclease-independent DNA base excision repair in human cells, Mol. Cell
15 (2004) 209–220.
O.A. Lukianova, S.S. David, A role for iron–sulfur clusters in DNA repair, Curr.
Opin. Chem. Biol. 9 (2005) 145–151.
C. Ranquet, S. Ollagnier-de-Choudens, L. Loiseau, F.D.R. Barras, M. Fontecave,
Cobalt stress in Escherichia coli, J. Biol. Chem. 282 (2007) 30442–30451.
D. Lancet, M. Safran, T. Olender, I. Dalah, T. Iny-Stein, A. Inger, A. Harel, G.
Stelzer, GeneCards tools for combinatorial annotation and dissemination of
human genome information, GIACS Conf. Data Complex Syst. (2008).
S. Doublie, V. Bandaru, J.P. Bond, S.S. Wallace, The crystal structure of human
endonuclease VIII-like 1 (NEIL1) reveals a zincless ﬁnger motif required for
glycosylase activity, Proc. Natl. Acad. Sci. U. S. A. 101 (2004) 10284–10289.
T. Visnes, B. Doseth, H.S. Pettersen, L. Hagen, M.M. Sousa, M. Akbari, M. Otterlei,
B. Kavli, G. Slupphaug, H.E. Krokan, Uracil in DNA and its processing by different
DNA glycosylases, Philos. Trans. R Soc. Lond. B: Biol. Sci. 364 (2009) 563–568.
B. Kavli, O. Sundheim, M. Akbari, M. Otterlei, H. Nilsen, F. Skorpen, P.A. Aas,
L. Hagen, H.E. Krokan, G. Slupphaug, hUNG2 is the major repair enzyme for
removal of uracil from U:A matches, U:G mismatches, and U in single-stranded
DNA, with hSMUG1 as a broad speciﬁcity backup, J. Biol. Chem. 277 (2002)
39926–39936.
T. Visnes, M. Akbari, L. Hagen, G. Slupphaug, H.E. Krokan, The rate of base
excision repair of uracil is controlled by the initiating glycosylase, DNA Repair
(Amst) 7 (2008) 1869–1881.
D.K. Rogstad, P. Liu, A. Burdzy, S.S. Lin, L.C. Sowers, Endogenous DNA lesions
can inhibit the binding of the AP-1 (c-Jun) transcription factor, Biochemistry
41 (2002) 8093–8102.
E. Cappelli, T. Hazra, J.W. Hill, G. Slupphaug, M. Bogliolo, G. Frosina, Rates of
base excision repair are not solely dependent on levels of initiating enzymes,
Carcinogenesis 22 (2001) 387–393.

