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"Áf we knew
what it was we were doing,

it would not be called research,
 would it ?"

Albert Einstein
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8-OHdG  8-hydroxydeoxyguanosine
8-oxodG  7-hydro-8-oxo-2’-deoxyguanosine

A549-cells  Human epithelial lung carcinoma cells
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AP-1  Activator Protein-1
ATP  Adenosine TriPhosphate
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BER  Base Excision Repair
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i.e. id est (that is)
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OGG1  8-oxoguanine DNA glycosylase 1

PAH  Polycyclic Aromatic Hydrocarbons
PBS  Phosphate Buffered Saline
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SNP  Single Nucleotide Polymorphism

TEAC  Trolox Equivalent Antioxidant Capacity
TCR  Transcription Coupled Repair
TI  Tail Intensity
Tm  melting Temperature
TM  Tail Moment
TLC  Thin Layer Chromatography
TLS  TransLesion Synthesis

Ub  Ubiquitin
UV  Ultra Violet light

WCRF  World Cancer Research Fund
WBC  White Blood Cells
WT  Wild Type
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XRCC  X-ray Repair Cross-Complementing
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Cancer is an ancient disease, which has afflicted animals since long before man
appeared on earth [1,2]. Written records concerning cancer can be traced back to
ancient Egypt [3]. Furthermore, the ancient Greek physician Hippocrates, who lived
ca. 460 BC – 370 BC, was the first to describe cancer as ‘karkinos’. At that time the
involvement of environmental factors in the onset of disease was not known. The
causal relationship between exposure to environmental agents and cancer
development was only recognized in 1775 [4]. The English surgeon Percivall Pott
described a link between the incidence of cancerous alterations in the skin of the
scrotum of London chimney sweeps and their repeated exposure to soot. Still in the
18th century, John Hill observed an association between long-term exposure to snuff
and the occurrence of nasal mucosa cancer. By the end of the nineteenth century it
had become evident that occupational exposure to certain chemicals or mixtures of
chemicals had carcinogenic effects [5].
 In the era before the discovery of the DNA structure by Watson and Crick, the
development of cancer was believed to be due to interactions between chemical
carcinogens and proteins in specific tissues [6]. It was only by the end of the 1960s
that studies revealed the correlation between the DNA binding capacity of
carcinogens and their biological potency [5]. At that time it became clear that
environmental carcinogens to which humans are exposed exert their biological
effects by binding to the DNA. Fortunately, humans possess various DNA repair
pathways to prevent the persistence of such DNA lesions, maintaining genome
stability. However, if DNA damages are not eliminated by DNA repair systems
before cellular division, the lesions can become permanent. Due to the persistence
of the DNA lesion, incorporation of the wrong nucleotide opposite the damaged site
may occur during DNA replication, resulting in irreversible changes/mutations in the
nucleotide sequence that can subsequently lead to the onset of cancer. Figure 1
shows the distinct stages of the carcinogenic process; initiation, promotion and
progression.
 Since, DNA damages have been established as the event which “kick-starts” the
multi-step carcinogenic process [7], DNA repair systems play a crucial role in the
prevention of chemical carcinogenesis by removing the damages in time. However,
interactions between environmental, nutritional and genetic factors can deteriorate
or improve the efficiency of DNA repair processes. The significance of genetic
factors is for instance illustrated by the occurrence of rare autosomal recessive
disorders like xeroderma pigmentosum (XP) and Cockayne syndrome (CS) [8] that
involve defective DNA repair due to alterations in the genome, leading to increased
cancer rates. As such, the capacity to repair DNA damage and the subsequent risk
of developing cancer can vary between individuals and may change throughout the
life course as a consequence of interactions between genetic inheritances, dietary
and environmental exposures, and chance events.

Thesis_Langie Sabine_v04.pdf   16 16-10-2008   10:27:43



General Introduction

17

Fi
gu

re
 1

. 
O

ve
rv

ie
w

 o
f 

th
e 

m
ul

tis
ta

ge
 c

ar
ci

no
ge

ni
c 

pr
oc

es
s 

an
d 

th
e 

ro
le

 o
f 

D
N

A 
re

pa
ir,

 n
ut

rit
io

n 
an

d 
ge

ne
tic

 v
ar

ia
tio

ns
. 

D
N

A 
da

m
ag

e
in

tro
du

ce
d 

by
 e

nv
iro

nm
en

ta
l f

ac
to

rs
 li

ke
 U

V 
lig

ht
, r

ea
ct

iv
e 

ox
yg

en
 a

nd
 c

he
m

ic
al

s 
ca

n 
be

 th
e 

in
iti

at
in

g 
ev

en
t o

f t
he

 c
ar

ci
no

ge
ni

c 
pr

oc
es

s.
 D

N
A

re
pa

ir 
ca

n 
pr

ev
en

t i
ni

tia
tio

n 
of

 c
an

ce
r b

y 
re

m
ov

in
g 

th
e 

da
m

ag
es

 in
 ti

m
e.

 H
ow

ev
er

, i
nt

er
ac

tio
ns

 b
et

w
ee

n 
en

vi
ro

nm
en

ta
l, 

nu
tri

tio
na

l a
nd

 g
en

et
ic

fa
ct

or
s 

ca
n 

in
flu

en
ce

 th
e 

ef
fic

ie
nc

y 
of

 D
N

A 
re

pa
ir 

pr
oc

es
se

s.
 P

ro
m

ot
io

n 
is

 a
 re

ve
rs

ib
le

 s
ta

ge
, b

ec
au

se
 re

gr
es

si
on

 in
 c

el
l p

ro
lif

er
at

io
n 

ca
n 

ta
ke

pl
ac

e 
du

e 
to

 t
he

 o
cc

ur
re

nc
e 

of
 a

po
pt

os
is

. P
ro

gr
es

si
on

 is
 a

n 
irr

ev
er

si
bl

e 
st

ag
e,

 c
ha

ra
ct

er
is

ed
 b

y 
fa

st
er

 g
ro

w
th

, g
en

et
ic

 in
st

ab
ilit

y,
 in

va
si

on
,

m
et

as
ta

se
s 

an
d 

ch
an

ge
s 

in
 m

et
ab

ol
is

m
 a

nd
 m

or
ph

ol
og

y 
of

 th
e 

ce
lls

.

Fi
gu

re
 1

. 
O

ve
rv

ie
w

 o
f 

th
e 

m
ul

tis
ta

ge
 c

ar
ci

no
ge

ni
c 

pr
oc

es
s 

an
d 

th
e 

ro
le

 o
f 

D
N

A 
re

pa
ir,

 n
ut

rit
io

n 
an

d 
ge

ne
tic

 v
ar

ia
tio

ns
. 

D
N

A 
da

m
ag

e
in

tro
du

ce
d 

by
 e

nv
iro

nm
en

ta
l f

ac
to

rs
 li

ke
 U

V 
lig

ht
, r

ea
ct

iv
e 

ox
yg

en
 a

nd
 c

he
m

ic
al

s 
ca

n 
be

 th
e 

in
iti

at
in

g 
ev

en
t o

f t
he

 c
ar

ci
no

ge
ni

c 
pr

oc
es

s.
 D

N
A

re
pa

ir 
ca

n 
pr

ev
en

t i
ni

tia
tio

n 
of

 c
an

ce
r b

y 
re

m
ov

in
g 

th
e 

da
m

ag
es

 in
 ti

m
e.

 H
ow

ev
er

, i
nt

er
ac

tio
ns

 b
et

w
ee

n 
en

vi
ro

nm
en

ta
l, 

nu
tri

tio
na

l a
nd

 g
en

et
ic

fa
ct

or
s 

ca
n 

in
flu

en
ce

 th
e 

ef
fic

ie
nc

y 
of

 D
N

A 
re

pa
ir 

pr
oc

es
se

s.
 P

ro
m

ot
io

n 
is

 a
 re

ve
rs

ib
le

 s
ta

ge
, b

ec
au

se
 re

gr
es

si
on

 in
 c

el
l p

ro
lif

er
at

io
n 

ca
n 

ta
ke

pl
ac

e 
du

e 
to

 t
he

 o
cc

ur
re

nc
e 

of
 a

po
pt

os
is

. P
ro

gr
es

si
on

 is
 a

n 
irr

ev
er

si
bl

e 
st

ag
e,

 c
ha

ra
ct

er
is

ed
 b

y 
fa

st
er

 g
ro

w
th

, g
en

et
ic

 in
st

ab
ilit

y,
 in

va
si

on
,

m
et

as
ta

se
s 

an
d 

ch
an

ge
s 

in
 m

et
ab

ol
is

m
 a

nd
 m

or
ph

ol
og

y 
of

 th
e 

ce
lls

.

Thesis_Langie Sabine_v04.pdf   17 16-10-2008   10:27:43



Chapter 1

18

Biomarkers of chemical carcinogenesis
During daily live all living organisms are constantly exposed to a wide variety of
environmental chemicals including polycyclic aromatic hydrocarbons (PAHs) that
can introduce DNA lesions, leading to genomic instability. Some lesions like double
strand breaks can lead to chromosome aberrations, while structural damage to DNA
bases often interfere with DNA replication. If these DNA damages remain
unrepaired, they become self-perpetuating mutations that can alter the genetic
information and integrity of the DNA, contributing to ageing and human degenerative
diseases such as cancer [9-12].
 The molecular epidemiological approach by measuring molecular biomarkers
has been used in medicine and toxicology for many years to assist in monitoring of
environmental exposures, identifying of disease-causing or protective agents, and
defining of individual susceptibility or health risks. “Biomarkers” were initially defined
by an NIH Study Group as a characteristic that is objectively measured and
evaluated as an indicator of normal physiologic or pathologic processes, or
pharmacologic responses to a therapeutic intervention [13]. Nowadays, the term
usually refers to “molecular or cellular biomarkers” as indicators of biological events
that may elucidate relationships between environmental hazards, human health
effects and disease. Biomarkers are typically measured in biological samples like
blood and urine that can be collected from patients or healthy volunteers during
observational or intervention studies in a noninvasive manner. Of course it would be
more informative to look directly at the target organ, though, due to practical and
ethical considerations the availability of tissues for analysis is limited.
 Exposure to carcinogens can be assessed by measuring DNA damage, DNA or
protein adducts, and metabolites excreted in the urine. These markers are classified
as biomarkers of exposure. If these DNA adducts are not adequately repaired
before DNA replication takes place, they will become mutations. Mutations as well
as other DNA alterations (e.g. chromosome aberrations, micronuclei) introduced by
chemical carcinogens represent biomarkers of effect. Inter-individual differences in
response to these environmental agents can be due to genetic and phenotypic
variations in for instance the metabolization of carcinogens and repair of the induced
DNA damages. These differences can be monitored as biomarkers of individual
susceptibility. A broad range of biomarkers can thus be used in the molecular
epidemiology (see Figure 2), which will be explained in more detail in the following
paragraphs, using the PAH benzo[a]pyrene as an example.
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Monitoring of environmental exposure to PAHs
Polycyclic aromatic hydrocarbons (PAHs) represent a large group of structurally
related compounds that are produced during incomplete combustion of organic
materials such as wood, fossil fuels or tobacco [15]. In addition, PAHs may be
present in food as contaminants originating from for instance environmental
pollution or they can be formed during grilling of food. These hydrocarbons belong
to a class of ubiquitous environmental pollutants. Importantly, they are found to be
carcinogenic in a variety of laboratory animals and are suspected to be carcinogenic
in humans [16]. Benzo[a]pyrene (B[a]P) is the best studied PAH, especially with
regard to metabolism and toxicological potential, and is therefore generally
considered as a model carcinogen.

PAHs, including B[a]P, are lipophilic compounds which will accumulate in
organisms, unless they are metabolised and detoxified to water-soluble derivates
that can be excreted [15]. Paradoxically, B[a]P itself is not carcinogenic and obtains
its carcinogenic potential only after metabolic activation via a multi-step metabolic
process, catalysed by specific enzymes.
 The first, most common known pathway (Figure 3, vertical) starts with an
epoxidation reaction involving the addition of an oxygen atom across a double
bound. This initial step is catalysed by the mixed-function oxidase (MFO) system,
which requires NADH or NADPH and molecular oxygen to convert B[a]P to polar
hydroxyl derivates and arene oxides [17]. Epoxidation of B[a]P by MFO cytochrome-
P450 enzymes (CYP450s) leads to the formation of (±)-B[a]P-7,8-epoxides, which
are in turn substrates for epoxide hydrolases to form stereoisomeric dihydrodiols.
These  are  further  oxidized  to  the  (±)-anti- and (±)-syn-B[a]P-7,8-dihydrodiol-9,10-
epoxides (BPDE) by the action of CYP450s, with (±)-anti-BPDE being the
predominant metabolite [17]. This isomer has the greatest biological activity of the
four enantiomers. In addition (±)-anti-BPDE forms the  most  covalent  bindings  with
the DNA and as such it has the highest tumor-inducing activity [18]. Therefore,
studies as described in the present thesis specifically focused on (±)-anti-BPDE as a
model PAH.
 In the second pathway (Figure 3, horizontal), the trans-B[a]P-7,8-dihydrodiols
are further oxidized by dihydrodiol dehydrogenase members of the aldo-keto
reductase (AKR) superfamily to produce reactive and redox-active o-quinones. The
AKRs catalyze the NADP+-dependent oxidation of trans-B[a]P-7,8-dihydrodiol to
form a ketol that spontaneously rearranges to a catechol [19]. The catechol
undergoes two sequential one-electron oxidations to yield an o-semiquinone radical
anion and subsequently the corresponding redox-active and electrophilic o-
quinones. The catechol metabolite can be regenerated by NADPH-dependent two
electron reduction of the quinone metabolite resulting in redox cycling [19,21].
 A third possible pathway involves the formation of B[a]P-radical cations,
catalyzed by various enzyme systems like CYP450s, prostaglandine-H-synthetase
and peroxidases [22].
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As  a  further  detoxification  step,  the  B[a]P-epoxides  as  well  as  quinones  and
hydroperoxides can be conjugated with glutathione. This conjugation is regarded as
a crucial detoxification reaction and is mediated by glutathione S-transferases
(GSTs) such as the isoform GSTM1. The epoxides that are not conjugated with
glutathione are converted into phenols and diols. These hydrolyzed metabolites are
often not sufficiently polar to be excreted and are therefore further conjugated with
glucuronic or sulfuric acids to facilitate their excretion [15]. As a result,
predominantly water-soluble derivatives are formed and excreted. Monitoring
concentrations of B[a]P or its metabolites in body fluids and excreta, as biomarkers
of exposure, can provide information on the internal dose after B[a]P exposure.
Moreover, genetic variations in genes involved in metabolism and detoxification
such as CYP1A1, GSTM1 and GSTT1 could potentially affect an individual
susceptibility to the adverse effects of environmental carcinogens like B[a]P. For
instance, many studies have found that loss of GSTM1 was associated with higher
levels of biomarkers of exposure and effect such as DNA adducts, metabolites, and
genotoxic damage [23-26].

Although, measuring B[a]P metabolites in body fluids and excreta can be an
informative biomarker of exposure, such measurements do not necessarily
represent the biological effective dose. The concentration of B[a]P that really affects
a target tissue can be monitored as damages to DNA and proteins in these tissues
upon exposure to B[a]P. The three classes of biologically reactive B[a]P metabolites
(radical cations, BPDE and o-quinones) can covalently bind to DNA, causing DNA
adducts. For instance, the B[a]P-radical cation can form depurinating adducts with
guanine and adenine that lead to apurinic/apyrimdinic (AP) sites [27]. However,
radical cations have a short half life and are thus not likely to damage DNA in intact
cells. (±)-anti-BPDE can covalently bind to the DNA, preferably to guanine, resulting
in the formation of the stereoisomeric bulky DNA adducts, due to the covalent
interaction between the C10-position of BPDE and the 2-amino group (N2) of
guanine (Figure 4). The predominant adduct (>90%) found in (±)-anti-BPDE-
exposed cells is (+)-trans-anti-BPDE-N2-dG [28-30]. Alternative interactions of
BPDE with DNA include covalent binding at the N7-position  of  guanine  and  to  a
lesser extent with the exocyclic amino groups of adenosine and cytosine [17]. B[a]P-
7,8-quinone can produce depurinating N7 adducts with guanine [31]. Next to forming
covalent DNA adducts, B[a]P o-quinones  can  generate  significant  amounts  of
reactive oxygen species (ROS) via redox cycling [21] and can give rise to oxidative
DNA lesions like 8-oxodeoxyguanine (8-oxodG), double and single strand breaks
(Figure 3). B[a]P and trans-B[a]P-dihydrodiols have been shown to cause oxidative
DNA damage in vivo and in vitro [32,33]. Additionally, the ROS produced may react
with poly-unsaturated fatty acids to form lipid peroxidation products which can decay
to electrophiles like 4-hydroxy-2-nonenal and 4-oxo-2-nonenal causing etheno-
adducts and heptano-ethenoadducts, respectively [34,35].
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Figure 4. Structure of (+)-trans-anti-BPDE-N2-dG adduct.
  (Adapted from Rechkoblit et al. [36].)

 The bulky DNA adducts and oxidative damages introduced by the various
reactive metabolites of B[a]P can be removed by the nucleotide excision repair
(NER) and base excision repair (BER) systems, as will be described in Section 2 of
this Chapter. However, when these DNA adducts remain in the DNA, the incorrect
nucleotide might be incorporated opposite the lesion, resulting in mutations that can
be monitored as biomarkers of effect. Unlike DNA adducts, mutations are
irreversible changes in the DNA structure that can not be repaired and will be
passed on to the progeny of the originally mutated cell. The highly mutagenic DNA-
lesion (+)-trans-anti-BPDE-N2-dG was shown to produce mostly GàT
transversions, due to the incorporation of the wrong nucleotide adenine opposite the
BPDE-dG adduct [37,38]. Furthermore, AP sites introduced by radical cations and
DNA adducts caused by B[a]P-7,8-quinones, were also found to give rise to GàT
transversions [27,39]. These transversions were seen in higher frequencies in lung
cancers from smokers compared to non-smokers [40]. Moreover, good correlations
were observed between hotspots of B[a]P-induced DNA adducts and GàT
transversion hotspots in lung cancer [39,41]. Although, the formation of covalent
B[a]P-DNA adducts is known to be involved in the initiation of B[a]P carcinogenesis,
the induction of B[a]P-mediated oxidative DNA damage and its link to
carcinogenesis has been reported as well [42]. In that case, the base guanine is the
main target with 8-oxodG being the most frequent base lesion. Therefore, formation
of 8-oxodG is an important biomarker of oxidative damage to DNA [43].
Furthermore, 8-oxodG exhibits ambiguous encoding properties in the biosynthesis
of  nucleic  acids,  behaving  as  guanine  and  thymine  during  replication  and  as
guanine and uracil during transcription, because it can pair with cytosine and
mispair with adenine in the syn conformation [43]. The miscoding properties of 8-
oxodG have been implicated in biological processes such as mutagenesis
(producing predominantly GàT transversions as well) and carcinogenesis. This
high incidence of GàT mutations in tissue/cellular DNA is generally interpreted as
the primary biological effect of B[a]P-induced carcinogenesis.
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DNA repair as a biomarker in molecular epidemiology
In cases where the link between exposure and cancer is strong, measurement of
biomarkers of exposure and effect can actually give an indication of cancer risk.
This is for instance true for the agent aflatoxin, which has a causative role in liver
cancer [44]. However, the link between markers of individual exposure and cancer
risk can be affected by other steps that intervene between DNA damage and the
onset of carcinogenesis. DNA repair is most certainly one of these steps, guarding
against the transition of reversible DNA damages into irreversible changes in the
nucleotide sequence. Since, DNA repair is known to play a crucial role in the
protection against cancer, inter-individual differences in DNA repair capacity are
bound to influence the vulnerability of a person to developing cancer. In this context
DNA repair can be considered as an important marker of susceptibility in
biomonitoring studies.
 Various reliable, sensitive, robust and relevant DNA repair assays have been
developed for use in human biomonitoring studies. Although, the validation stage is
not complete yet, it seems likely that in vitro repair  assays  for  the  phenotypical
assessment of both BER and NER will become standard tools in molecular
epidemiology. Results obtained by these DNA repair assays are promising (as
reviewed by Dusinska M. and Collins A.R. [45]) and overall they indicate that both
NER and BER may be relevant biomarkers for assessing cancer risk in settings of
environmental and occupational exposures.
 Moreover, phenotypic biomarkers should be analyzed in parallel with genetic
markers, as genetic variations in DNA repair genes may have significant effects on
enzyme activity [46,47]. Genetic and phenotypic variations are both biomarkers of
individual susceptibility and may yield more valuable information when studied
together. Furthermore, the possible influence of gene-environment interaction on
DNA repair, in particular the modulation of DNA repair by nutritional factors, should
be investigated
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DNA repair systems
All living organisms are equipped with DNA repair systems that can cope with a
wide variety of DNA lesions. Each pathway utilizes unique enzymatic mechanisms
to detect and repair certain types of DNA damage (see Table 1). Most of these
mechanisms take advantage of the base-paired structure of DNA in order to repair
the damage. Humans possess several routes of DNA repair: direct reversal;
excision repair that consists of both nucleotide excision repair (NER) and base
excision repair (BER); mismatch repair; and double-strand break repair [48,49].

Table 1. Overview of human DNA repair systems. (Adapted from Tyson et al. [49].)

The importance of DNA repair for maintaining normal genomic integrity and
prevention of neoplastic phenotype is underscored by the fact that defective repair is
linked to increased susceptibility of cells to toxic, mutagenic, and carcinogenic
effects of exposure to environmental carcinogens [50]. This is for example illustrated
by the occurrence of rare autosomal recessive disorders such as xeroderma
pigmentosum (XP). Mutations in XP genes lead to defective NER and increased
cancer rates mainly due to hypersensitivity to UV [50,51].
 Despite the repair activity of the various enzymatic systems as well as the
presence of cell-cycle checkpoints, repair often does not occur before replication of
the damaged DNA is attempted. Fortunately, cells have developed mechanisms that
deal with such situations and can bypass the damaged site, allowing synthesis of
nascent DNA strand opposite the blocking lesion [48]. In other words, some of the
unrepaired DNA damage can be tolerated via DNA damage tolerance mechanisms.
However, when the amount of DNA damage is getting too extensive to be efficiently

Repair pathway Damage repaired Sources of damage

Direct reversal Alkylated bases: O6-methyl-G Alkylating agents,
nitrosoureas, streptozotocin

Base excision repair Oxidised bases alkylation,
abasic/apurinic/apyrimidinic
sites, single-strand breaks

Reactive oxygen species
(ROS), alkylating agents,
spontaneous hydrolysis

Nucleotide excision repair Bulky helix-distorting lesions UV light, cigarette smoke,
dietary factors (aflatoxin,
PAHs (B[a]P))

Mismatch repair Mismatched base pairs, small
insertion loops

Replication errors, minor
base modifications
(oxidation, alkylation)

Double-strand break repair Double-strand breaks, DNA
cross-links

Ionising radiation, cross-
linking agents (cisplatin),
replication errors
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processed by DNA repair or DNA damage tolerance mechanisms, the cell will
initiate programmed cell death (apoptosis) to eliminate itself, thereby preventing
pathological conditions (Figure 5).
 It is beyond the scope of this thesis to describe all the above mentioned DNA
repair processes in detail. Therefore, only the DNA repair and damage tolerance
mechanisms that are relevant for the better understanding of the following Chapters
will be depicted in the next paragraphs.

Figure 5. Schematic overview of the responses to DNA lesions. DNA damage ( ) will
either be tolerated (a) or repaired (b). A complex network of signalling pathways arrests
the cell cycle allowing DNA damage repair/tolerance to occur, or it may ultimately lead to
programmed cell death in situations of massive DNA damage (c). (Adapted from
Friedberg [48].)
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Base excision repair
Base excision repair (BER) recognizes and removes relatively small modified bases
that do not disrupt the DNA double helix. The BER pathway is mainly involved in the
repair of apurinic/apyrimidinic (AP) sites, where the base is missing from the DNA
backbone, but also oxidized, deaminated and alkylated bases that can cause
mispairing and induce mutations are removed [52].
 The BER system involves the joint action of various enzymes, of which the most
important ones are the DNA glycosylases. Humans possess eleven different
glycosylases that can each recognise a specific type of altered base in DNA and
catalyse the removal of this mismatch by removing the damaged nucleoside [53].
For example, the mammalian enzyme 8-oxoguanine DNA glycosylase 1 (OGG1) is
responsible for the removal of 8-oxoguanine lesions [54,55]. Repair by BER occurs
in three stages: 1) repair is initiated by a DNA glycosylase that specifically
recognizes a damaged base; 2) followed by incision of the phosphodiester
backbone by an AP endonuclease enzyme or by the glycosylase itself, generating
an AP site; 3) resynthesis of DNA by DNA polymerase b or d/e, ending with ligation.
In the second stage, BER removes short stretches of DNA of which the length is
dependent on the subpathway that is involved in the repair of the lesion: the short-
patch BER pathway removes a single nucleotide; while in the long-patch BER an
additional 2 to 13 nucleotides are removed [56].
 It is interesting to note that no diseases resulting from a defective BER have
been described so far. Reactive oxygen species (ROS) are so ubiquitous that
oxidative damage is inevitable and mutations that disable DNA repair pathways
might be lethal in embryo. On the other hand, backup pathways exist for the
removal of oxidative lesions, so that mutations have no major effect in terms of
human disease. For instance, it has been shown that NER can function as a back-
up system for BER, in cases where massive oxidative stress causes high levels of
oxidative DNA damage [57-59].

Nucleotide excision repair
Nucleotide excision repair (NER) is a complex process capable of removing a broad
spectrum of DNA-helix distorting lesions induced by UV (e.g. pyrimidine dimers) and
by numerous chemical compounds like benzo[a]pyrene [60]. Moreover, in case of
extensive oxidative DNA damage, NER is considered to be a back-up system for
BER [57,58]. NER involves over 30 distinct proteins that function as a large complex
called the nucleotide excision repairosome [48]. This complex facilitates the excision
of damaged nucleotides by generating incisions ‘5 and 3’ of the lesion and removing
a fragment of about 30 nucleotides long.
 Like BER, repair initiated by NER can be divided into three general steps: 1)
recognition of DNA damage; 2) single  strand  incisions  and  excision  of  the  lesion-
containing DNA fragment; and 3) DNA repair synthesis/ligation.
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Figure 6. Overview of the human nucleotide excision repair pathway. Detailed
information about this process can be found in the text. Bulky helix distorting DNA adduct
( ). DDB, damaged DNA binding protein; XPE, XPC, XPA, XPG, XPF, xeroderma
pigmentosum complementation groups E, C, A, G and F; CSA and CSB, Cockayne
syndrome complementation group A and B; TFIIH, transcription factor 11H; ERCC1,
excision repair cross-complementing rodent repair deficiency complementation group 1;
RPA, replication protein A; PCNA, proliferating cell nuclear antigen; RCF, replication
factor C; POLd, DNA polymerase d. (Adapted from Tyson and Mathers [49])
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The rate limiting steps in NER are damage recognition and incision, as ATP is
required for the cleavage and opening of the damaged DNA strand [56].
Furthermore, NER can operate via two subpathways: global genome repair (GGR)
acts on DNA lesions in non-transcribed regions across the genome; and
transcription coupled repair (TCR), which is a specialized pathway coupled to active
transcription and directed to DNA lesions in the transcribed strand of a gene.
 Two proteins have been identified and implicated in the lesion recognition step of
GGR-NER: the xeroderma pigmentosum group C (XPC) protein, in complex with the
UV excision repair protein RAD23 homologue B. In addition, mammalian cells
express the DNA damage binding (DDB) proteins DDB1 and DDB2 (a.k.a. XPE) that
form a heterodimer and promote the damage recognition process in GGR [61,62].
This DDB complex binds the damaged DNA with much higher affinity and specificity
than XPC [63,64]. Moreover, it is suggested that ubiquitylation of DDB results in its
dissociation from the lesion, promoting lesion transfer to XPC and subsequent
initiation of NER [64]. The XPC-RAD23B then binds directly to the lesion, causing
local unwinding so that other XP factors can be loaded onto the damaged site. As
such, the XPC-RAD23B complex is essential for the formation of the NER incision
complex.
 In the TCR subpathway damage recognition and removal is thought to be
initiated by the blockage of RNA polymerase II by a DNA lesion during transcription.
TCR requires additional proteins that are not needed for GGR, including CSA and
CSB that were found to be mutated in the human DNA repair disorder Cockayne
Syndrome (CS) [65]. CSA has an ATPase activity. CSB has homology to proteins
that are involved in chromatin remodelling. Both proteins have been shown to
exhibit interactions with basal transcription factors and excision repair proteins.
Although, the precise underlying mechanisms still remain unclear, the CSA and
CSB proteins probably attract other essential repair proteins to the site of DNA
damage, or they might assist in eliminating stalled transcription complexes from the
damaged sites so that repair can occur [66].
 After the initial recognition of the DNA damage by GG-NER or TC-NER
pathways, the two pathways converge. Both modes of NER require the activities of
XPA and replication protein A (RPA), XPB, XPD, XPF/ERCC1 and XPG. XPA binds
to the damaged DNA strand while RPA, a single-strand binding protein, envelops
the undamaged strand. Next DNA is unwounded by the helicase enzymes XPB
(unwinding  3’  to  5’)  and  XPD  (unwinding  5’  to  3’)  that  act  in  NER  as  part  of  the
general transcription complex TFIIH. Subsequently the damaged DNA strand is
incised 3’ and 5’ of the lesion by XPG and the XPF/ERCC1 heterodimer,
respectively, releasing a damage-containing oligomer of 24-32 bases long. DNA
polymerase d/e then  fills  in  the  resulting  gap,  using  the  free  3’-terminus  and  the
complementary DNA strand as a template. Finally, DNA ligase seals the newly
synthesized DNA strand to the parental strand [67].
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DNA damage tolerance pathways
Although DNA repair processes and cell cycle checkpoint controls are fully active,
some DNA lesions may persist in the genome. If these lesions block the progression
of DNA polymerases, the replication forks may collapse, which can lead to the
formation of double strand breaks and/or chromosome rearrangements that can
subsequently induce cell death. To prevent such deleterious effects, cells possess
damage tolerance systems that are able to complete replication in the presence of
persisting DNA damages.
 In general, DNA damage tolerance is controlled by the RAD6-pathway, which
encompasses several components of the ubiquitin system [68]. The RAD6 gene
product is a ubiquitin-conjugating enzyme that forms a complex with Rad18, which
is a single-stranded DNA-dependent ATPase. Once the complex is formed Rad18
will bind to ssDNA at the stalled replication fork and target Rad6 to the site of
damage [69,70]. Subsequently, Rad6 conjugates a single ubiquitin moiety to the
substrate protein PCNA (= proliferating cell nuclear antigen), a DNA polymerase
clamp. As for the following steps, DNA damage tolerance can occur via two different
mechanisms: translesion synthesis (TLS) or error-free bypass (Figure 7). The first
mechanism is considered error-prone as it uses specialized translesion
polymerases that may insert incorrect nucleotides across a damaged site, while the
second pathway is error-free because it uses the information of the undamaged
sister duplex at the replication fork [71]. It is suggested that the Rad6-Rad18
complex is involved in the first step of both mechanisms. Via which mechanism DNA
damage tolerance will occur, depends on the type of ubiquitination. It appears that
PCNA will interact with polymerases involved in the TLS pathway, when it is mono-
ubiquitinated by Rad6 [68,72]. On the other hand, poly-ubiquitination of PCNA via
lysine63-linkage seems to facilitate error-free bypass of the lesion. The complex
interplay between these two pathways and the process via which it is determined if
mono- or poly-ubiquitination of PCNA will occur is not well understood, but both
pathways are able to inhibit genomic instability and thus prevent cell death.
 In addition to the Rad6-Rad18 complex and PCNA, other proteins involved in the
error-free bypass pathway are the Ubc13/Mms2 heterodimer having ubiquitin-
conjugating activities, the ssDNA-dependent ATPase Rad5 that recruits
Ubc13/Mms2 to the site of damage, and polymerase Pold. Thus, after conjugation of
a single ubiquitin moiety to PCNA by Rad6, Ubc13/Mms2 catalyses the elongation
via ubiquitin-linkage through lysine63. It has been suggested that these lysine63-
linked poly-ubiquitin chains may be part of a novel signal transduction mechanism,
directing DNA damage tolerance into the error-free bypass pathway and recruiting
template switching proteins [75].
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Figure 7. DNA damage tolerance mechanisms. The replication fork arrests due to a
DNA lesion ( ). A) Mono-ubiquitination (  ubiquitin moiety) of PCNA by Rad6-Rad18
activates the translesion synthesis pathway as the TLS-polymerases use the damaged
DNA as template. B) Poly-ubiquitination of PCNA by Rad6-Rad18 and Ubc13/Mms2-
Rad5 complexes leads to the error-free bypass of the lesion, as it involves the regression
of the replication fork and a template switch to the undamaged sister strand. (Adapted
from Ulrich [73] and Chiu et al. [74])

BA
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 In contrast to the error-free bypass mechanism, TLS directly copies the
damaged DNA template during replication. Copying the damaged template requires
replacement of the stalled DNA polymerase by specialized low-fidelity and often
error-prone DNA polymerases [37]. It seems that these specialized DNA
polymerases have no proofreading function, indicating that TLS is inevitably
accompanied by mutations at frequencies that are dependent on the type of DNA
damage, as well as the specific polymerase that is involved [76]. Most of these low-
fidelity DNA polymerases have recently been identified and are collectively know as
Y-family DNA polymerases, including Polh, Poli, Pok and Rev1. These polymerases
are either error-prone or error-free, depending on the type of DNA damage they
encounter. An additional DNA polymerase involved in TLS (but no member of the Y-
family) is Polz, which is very inefficient in inserting nucleotides opposite DNA
lesions. However, Polz readily extends from deoxynucleotides that have been
inserted by other TLS polymerases, promoting the mutagenic bypass of DNA
lesions [77].
 One of the key factors of B[a]P-induced carcinogenesis is the formation of
mutagenic anti-BPDE-N2-dG DNA adducts. Since TLS directly copies the damaged
DNA template in an error-prone way, it represents a major mechanism of BPDE-
DNA adducts induced mutagenesis. Especially Polh is known to bypass (±)-anti-
BPDE-N2-dG adducts in an error-prone way, promoting mutagenesis by
predominantly inserting adenosine bases opposite the lesion, which will lead to the
induction of GàT transversions [37,38]. On the other hand, Polk is reported to act in
an error-free way. Thus TLS past BPDE-DNA adducts can either be error-free or
error-prone, depending on whether the correct or incorrect nucleotide is
incorporated opposite the lesion. Mutagenesis is suppressed when TLS occurs in an
error-free way, whereas error-prone TLS will promote mutagenesis.

Methodological approaches to measure DNA repair
Although, the efficiency of DNA repair processes is suggested to be an important
determinant of individual susceptibility to cancer, surprisingly little is known about
the inter-individual variations in DNA repair capacity. It is obvious that genetic and
dietary factors may influence DNA repair, but in order to elucidate these effects,
simple, fast and reliable assays to measure DNA repair are required. Several
methodological approaches to asses DNA repair have been described in scientific
literature and were applied in several biomonitoring studies [78,79].
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Indirect assays
The most commonly used assay to measure DNA repair (particularly used in case-
control studies) involves treatment of stimulated lymphocytes with typical DNA-
damaging agents like ionizing radiation, BPDE or bleomycin and scoring of the
resulting chromosome aberrations (CA) [80]. This is a relatively simple test in which
a higher number of CA induced by the genotoxic agent is assumed to express
higher “mutagen sensitivity” and thus lower DNA repair. Therefore, this assay is not
a direct measure of DNA repair, but the magnitude of the responses might be
influenced by DNA repair. Another limitation of this approach is that the general end-
point of chromosome damage could also reflect processes other than DNA repair,
such as antioxidant protection and cell cycle kinetics [81].
 An alternative method that is traditionally used for DNA repair is the unscheduled
DNA synthesis (UDS) assay [82], which is based on the incorporation of [3H]
thymidine into the cellular DNA after treatment with a genotoxic agent, as measured
in the absence of replication. The UDS assay is efficient in demonstrating repair of
UV-induced damages provided that the applied doses are sufficiently high, though, it
is less effective for the detection of the far smaller gaps occurring during BER.
 Another indirect approach is the host cell reactivation assay [83] that has been
used mainly for the estimation of NER. DNA damage is not introduced directly into
the cells, but brought into the cell by means of transfection with a plasmid containing
a reporter gene (e.g. luciferase gene) that has been damaged by UV or BPDE. The
ability of cells to repair the lesion in the plasmid can then be estimated from the
enzyme activity of the reporter gene product, resulting from the restoration of
transcription of the reporter gene. However, the outcome of this assay might be
influenced by the efficiency of transfection. Nevertheless, it has been successfully
used to investigate inter-individual differences in DNA repair and to study the effect
of dietary factors on DNA repair capacity [84,85].

Direct measurement of cellular repair
The most straight forward approach to measure DNA repair capacity is to induce
DNA damage in cells and subsequently monitor the speed of repair/removal of
these lesions over time. One direct method for the quantitative assessment of DNA
excision repair was developed by Stierum et al. [86], applying 32P-postlabelling.
Total binding of radiolabeled (±)anti-BPDE to DNA in human peripheral lymphocytes
and its subsequent removal had been reported before [87,88], but the 32P-
postlabelling-method enables the direct investigation of repair of the main BPDE-
DNA adduct that is involved in B[a]P-induced mutagenesis, namely (±)anti-BPDE-
N2-dG.
 An alternative way to measure damage removal over time is by means of the
comet assay (single cell gel electrophoresis), which in its original form measures
DNA strand breaks. Rejoining of DNA strand breaks introduced by ionizing radiation
or  agents  such  as  H2O2 is known to be a rapid process in most cell types, with a
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half-life of only a few minutes. However, freshly isolated lymphocytes appear to
repair these lesions more slowly, taking up to several hours to repair H2O2-induced
damages [89]. This assay can be improved by incorporating an additional step in
which the nucleoid DNA is incubated with a lesion-specific endonuclease. Two
enzymes can be used to measure specifically oxidative DNA damage;
endonuclease III for the detections of oxidized pyrimidines, and
formamidopyrimidine DNA glycosylase (FPG) recognizes the oxidized purine 8-
oxoguanine and ring-opened purines [90,91]. The enzyme endonuclease V can be
used for the detection of UV-induced pyrimidine dimers [92]. However, also the
repair by these lesion-specific endonucleases occurs relatively slowly in isolated
lymphocytes [93].
 Overall, these approaches are highly sensitive in detecting low levels of DNA
damage, though, the need for prolonged incubations as seen for lymphocytes is a
drawback regarding its applicability in molecular epidemiological studies.

In vitro repair assays
As an alternative to assess cellular repair, in vitro repair assays have been
developed, which depend on the capacity of a cell extract to recognize and incise
substrate DNA containing specific lesions. The whole-cell extract can be prepared
from lymphocytes, grinded tissue or cultured cells, by ‘snap-freezing’ and lysis with
Triton X-100. At this moment, there are three distinct types of in vitro repair assays.
 One of these approaches uses as substrate a closed circular plasmid that
contains a specific lesion. When incubated with the whole cell extract, repair
enzymes within this extract can incise the plasmid close to the lesion and resulting
nicked or closed plasmids can be separated by gel electrophoresis [94]. In an
alternative version of this plasmid assay, the cell extract will be incubated with the
plasmid in the presence of 32P-labelled deoxyribonucleoside triphosphates and
repair can be estimated by the incorporation of radioactive precursors into a repair
patch [95]. In this way the plasmid assay measures the overall repair starting from
incision to repair synthesis.
 Furthermore, the cell extract can be incubated with an oligonucleotide that is
constructed with a specific DNA lesion and a terminal radioactive or fluorescent tag
[96,97]. The repair enzymes in the extract will cut the oligonucleotide at the
damaged site, causing the release of the label, which can be measured as an
indicator for DNA repair using conventional gel electrophoresis.

The third type of in vitro repair assay is an modified version of the comet assay
that was originally designed to measure BER [98]. In this assay the DNA substrate
consist of gel-embedded nucleoids from cells that were pre-treated with the
photosensitizer Ro 19-8022 plus light to induce 8-oxoguanine lesions. Incubation of
these  substrate  nucleoids  with  cell  extracts  will  allow  the  initial  steps  of  BER  to
occur, i.e. damage recognition and incision, resulting in single strand breaks that
can be detected by the comet assay. An increase of DNA fragments in the comet
tail reflects the DNA repair capacity of the cell extract.
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 These in vitro repair assays are versatile methods that can be readily adapted to
measure excision capacities of extracts of human cells or tissues on DNA
substrates containing various lesions, e.g. substrates exposed to UV, X-rays or
MMS. Recently, a modified comet-based in vitro repair assay to measure the activity
of NER on substrates containing BPDE-induced DNA adducts, has been developed
at our laboratory [see Chapter 2]. Overall, these assays provide powerful tools to
further substantiate the role of DNA repair capacity in the development of cancer
and to provide answers to important research questions on the influence of gene-
environment interactions on DNA repair.

Inter-individual variation in DNA repair capacity
Each individual seems to have a characteristic level of repair activity and large inter-
individual variations were observed in healthy populations. Qiao et al. showed a 4 to
7-fold variation in NER capacity in 102 healthy subjects, as measured by the host
cell reactivation assay [84]. Furthermore, using the same assay, a 10-fold inter-
individual variation in NER was found in 63 healthy volunteers recruited to the
Dietary Antioxidant Repair Trial [99]. Factors that can contribute to these inter-
individual variations in DNA repair are genetic influences like polymorphisms in DNA
repair genes, variations in environmental exposure to carcinogens and nutritional
factors (see Figure 1).

Nutritional modulation
Dietary habits are recognized as an important exogenous factor that may influence
cancer risk and tumor behaviour. A lot of effort has been put into defining the
chemopreventive effects of dietary compounds. Case-control studies reported
overall evidence for the cancer protective effects of vegetables and fruits [100].
However, more recent large prospective studies failed to show the effects seen in
case-control studies performed in the mid-1990s and have made the overall
evidence that vegetables and fruits protect against cancer, somewhat less
impressive. A report of the WCRF/AICR summarized recently all the available
evidence on whether certain types of vegetables and fruits in general protect against
a number of cancers [101].
 Since epidemiological studies can only provide evidence of a correlation
between certain nutrients/diets and the occurrence of cancer, the evidence of causal
relationships between food, nutrition and cancer will always be incomplete.
Therefore, the development and use of intermediate biomarkers of chemical
carcinogenesis, such as DNA damage and repair, is of great importance in
elucidating the role of nutrition in carcinogenesis and in revealing the molecular
mechanisms involved. Many studies have been conducted to elucidate the effect of
diet on the levels of DNA damage, as it is considered to be the initial step of
chemical carcinogenesis (recent reviews [45,102,103]). However, DNA lesions can
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be converted to mutations only if not adequately repaired and therefore studies
regarding an individual’s DNA repair capacity would be of equal importance.
 Although the number of studies on the dietary modulation of DNA repair is
limited and there is little direct evidence for biological mechanisms through which
diet may modulate DNA repair processes, some possible mechanisms have been
proposed. In general, DNA repair could be modulated by diet due to its known
effects on transcription, mRNA stability and translation, protein stability and
trafficking. For instance, selenium (Se) compounds as well as toxic metal ions (e.g.
Cd) present in food, can affect DNA repair by altering the binding activity of the so
called zinc (Zn) finger proteins [104,105]. The group of Zn finger proteins consist of
DNA binding proteins like transcription factors and DNA repair proteins that contain
Zn atoms complexed through cysteine and/or histidine residues, making up the Zn
finger domain that is involved in DNA binding. Se and the toxic metal ions Cd, Cu,
Ni and Co, were shown to inactivate the DNA repair protein XPA by displacement of
Zn from the protein [104-106]. Thus, an adequate intake and bioavailability of Zn is
required to prevent disruption of functional domains and to assure the optimal
functioning of DNA binding proteins like XPA.
 Furthermore, DNA repair can be modulated by diet via hypermethylation of CpG
islands (short stretches of DNA that contain a high frequency of the CG sequence)
in promoter regions of repair genes, resulting in gene silencing. Folate as a methyl
donor can alter DNA methylation and thereby influence the expression of specific
DNA repair genes [107,108]. Other dietary compounds like vitamin C, Zn and Se
were found to alter DNA methylation as well [109].
 An additional important mechanism by which diet may influence DNA repair is
through redox regulation. For instance, exposure to certain environmental
contaminants in food can lead to the production of reactive oxygen species (ROS),
inducing oxidative DNA damage and oxidative stress. Toxic metals like mercury,
arsenic, lead and cadmium were reported to inhibit DNA repair by increasing the
production of ROS [110,111]. Furthermore, as mentioned above, the aldo-keto
reductase pathway of PAH activation to o-quinones provides a route for ROS
generation, amplifying the production of e.g. hydroxyl radical (•OH), superoxide
anion (O2

• ) and hydrogen peroxide (H2O2) via redox cycling (see Figure 3). In
addition, exposure to PAHs was observed to be associated with a significant
decrease in repair efficiency in human volunteers [112]. Once formed, ROS can
generate excess oxidative stress and overwhelm the cellular defense mechanisms.
Thereby, ROS can activate signal transduction pathways and transcriptionally
regulate DNA repair genes. Furthermore, exogenous nitric oxide and peroxynitrite
have been shown to inhibit OGG1 [113] and DNA ligase [114] activity. Moreover,
lipid peroxidation products (e.g. 4-hydroxynonenal, malondialdehyde) have been
reported to inhibit NER most likely by direct oxidative attack and inactivation of NER
proteins [115,116].
 Dietary antioxidants can counteract the oxidative stress-induced inhibition of
DNA repair either through scavenging of ROS, or by stimulating endogenous
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defences via signal transduction pathways. These defence systems include
enzymatic antioxidants like superoxide dismutases (SOD) and catalase, the most
abundant antioxidant glutathione (GSH), and other non-enzymatic antioxidant
nutrients like vitamin E and polyphenols. They exert their antioxidant actions by the
inactivation of ROS and binding of transition metals [117,118]. GSH was observed
to reverse the metal-induced inhibition of DNA repair [119]. Furthermore, dietary
antioxidants like vitamins B6, C and E, zinc, taurine, N-acetylcysteine, and alpha-
lipoic acid, have been shown to interrupt or minimize ROS formation and prevent
the damaging effects of lead exposure in a number of animal studies [111].
Moreover, some enzymes involved in cellular defence are controlled at the
transcriptional level through the binding of the redox sensitive transcription factor
AP-1 (activator protein-1) in the promoter region of their genes. ERCC1, a critical
gene within the NER pathway, also contains an AP-1 like binding site [120], which
can be regulated by the intracellular redox status. Moreover, some antioxidants can
also exert intracellular pro-oxidant effects. In that way they can stimulate/inhibit ROS
and modulate the redox status of the cell, resulting in changed gene expression of
DNA repair genes. In this context antioxidants are thus capable of regulating DNA
repair capacity by altering the redox status.
 So far, only a few studies have investigated the beneficial effects of dietary
compounds on DNA repair processes (reviewed in [49]). Several of these studies
looked into dietary modulation of BER or the repair of oxidative lesions. For
example, a three weeks intervention with one, two or three kiwifruits resulted in a
significant increase of OGG1 activity [121]. Only one study reported the effect of
dietary factors on NER, observing an association between low dietary folate intake
and reduced DNA repair capacity [85]. Moreover, it has been shown that dietary
supplementation with cooked carrots increased the repair of H2O2-induced lesions,
whereas supplementation with similar amounts of a- and b-carotene provided as
capsules had no effect on repair capacity [122]. This effect may be due to
interactions between antioxidants and other compounds, which render antioxidants
more bioactive in a food matrix [123]. Therefore, it can be suggested that whole food
products rather than single bioactive components have beneficial effects on DNA
repair and subsequently act against cancer.

Genetic polymorphisms
Another  factor  which  can  influence  DNA  repair  efficiency  is  an  endogenous  one,
namely the genetic makeup of an individual. The human genome project revealed
that about 99.9% of human DNA sequences are the same between individuals. Only
the remaining small part of approximately 0.1% of the human genome can vary in
sequence between individuals [124]. About 90% of these variations in the human
genome consist of single nucleotide polymorphisms (SNPs). DNA sequence
variations are considered as SNPs when a single nucleotide (A, T, C or G) in the
genome sequence is altered and the frequency of the variant allele is at least 1% of
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the population. Single nucleotide polymorphisms that fall within coding sequences of
genes can give rise to a protein that has an amino acid substitution or is truncated,
leading to changes in activity, localization, or stability [125,126]. SNPs that do not
occur in protein-coding regions may still have biological consequences. For
instance, polymorphisms in promoter regions may affect the regulation and level of
expression of a protein, while SNPs in untranslated regions or near intron-exon
junctions may disturb the mRNA structure and translational process or cause
alterations in mRNA splicing, respectively [127]. These differences in genetic
variations can affect an individual’s phenotype and may predispose people to
diseases like obesity, cancer, and cardiovascular disease. Moreover, the genetic
profile of a person may affect their susceptibility towards exposure to chemical
carcinogens.
 The majority of genes encoding for proteins involved in DNA repair processes
are polymorphic [128]. Common SNPs in DNA repair genes have been associated
with cancer risk [129-131]. Several studies showed an association between the GG-
genotype of the common XPA polymorphism 23AàG and a reduced risk for lung
cancer [47,132]. Furthermore, carriers of the Asp/Asn or Lys/Gln amino acid
substitution in the codons 312 and 751 of XPD respectively, were at higher risk of
lung cancer than homozygous wild types [132]. In addition, several genetic
polymorphisms in NER and BER genes were shown to modulate the levels of
chromosomal damage, measured as micronucleus frequencies [133-135].
Moreover, the same SNPs that appear to influence cancer risk have been
associated with changes in DNA repair activity. For instance, Wu et al. observed
less efficient NER to occur in individuals carrying the A-allele of the common XPA
polymorphism 23AàG in the 5’-untranslated region [47]. Similar for polymorphisms
in the XPD gene; carriers of the variant alleles of Asp312Asn and Lys751Gln
showed reduced NER capacities [46] and increased levels of DNA adducts [136].
Genetic polymorphisms in DNA repair genes could thus affect an individual’s
susceptibility towards cancer, though, it is still not completely elucidated whether
polymorphisms in various NER genes have a profound impact on the phenotypical
activity of this repair pathway.
 Still, studies regarding associations between SNPs and cancer risk or DNA
repair are sometimes inconclusive. These differential findings may be attributed to
differences in study size and statistical power, as larger studies having greater
power can detect smaller effects. On the other hand, the interaction between
genetic profile and environmental factors like diet could be of influence as well, so
that certain associations between genotype and phenotype only appear in specific
environmental settings.
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Gene-environment interactions
Many common diseases in humans are not simply caused by a genetic variation
within a single gene, but are influenced by complex interactions among multiple
genes as well as environmental and lifestyle factors. Several studies show that
genetic polymorphisms in biotransformation, DNA repair and oxidative stress genes
are able to modulate the antioxidative or chemopreventive effects of dietary
interventions. For instance, in a dietary intervention study involving 168 healthy
volunteers consuming blueberry/apple juice, Wilms et al. observed GSTT1 wild-type
subjects to benefit most from the protecting effects of the antioxidant treatment
against oxidative DNA damage [137]. Palli et al. reported a strong inverse
association between DNA adduct levels and vegetable intake in subjects carrying
the GSTM1 null genotype only [26]. Furthermore, a few other studies have
investigated the interrelationships between genetic polymorphisms in DNA repair
genes and fruit/vegetables intake in relation to cancer risk. Gils et al. reported an
association of low intake of dietary antioxidants with an increased risk of prostate
cancer only among carriers of the homozygous wild-type “damage protective”
genotype for XRCC1-Arg399Gln [138]. Furthermore, an increased risk of lung
cancer was observed to be associated with low intake of alpha-tocopherol
supplement among carriers of the variant allele of XPD-Lys751Gln [139].
 As such, it is suggested that the response to environmental factors like diet may
often depend on specific genetic polymorphisms. Therefore, studies that investigate
interactions between relevant genetic polymorphisms and phenotypic responses will
be helpful in the assessment of susceptible groups and the selection of subgroups
among the general population that will benefit more from specific dietary
interventions. However, most of these studies are focussed on cancer risk and are
not directly linked to differences in DNA repair. Thus, further investigations into the
joint effect of genetic and dietary factors on the phenotypic DNA repair capacity will
be required. Studies within this area will be helped by the development of fast,
simple and reliable technologies that can assess DNA repair capacities, which will
provide powerful tools to further substantiate the role of DNA repair in the
development of cancer and human health.
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Aim and outline of the thesis
DNA repair processes play an important role in the maintenance of the genomic
integrity. Thus, up-regulation of DNA repair processes could protect the cells against
genotoxic assaults and may prevent the occurrence of mutations. Considering the
prominent role of DNA damage and repair in health and disease, further research on
the modulation of DNA repair is urgently needed. Unfortunately, data in the scientific
literature on dietary modulation of DNA repair are rare, especially for NER. Still,
many human cancers are directly related to exposure to chemical carcinogens, such
as PAHs, that exert their carcinogenic action through formation of DNA adducts that
are generally removed by NER. Observed inter-individual variations in NER capacity
were in the range of ~4 to 10-fold, whereas some individuals showed almost
negligible NER capacity [140], which might lead to an accumulation of DNA lesions,
increasing the risk of mutations and cancer development. Moreover, defects in NER
are known to be associated with several human autosomal recessive hereditary
disorders like xeroderma pigmentosum (XP). These XP patients exhibit extreme
sensitivity towards UV exposure and have a marked higher risk for skin cancer. Thus,
NER plays an important role in the prevention of carcinogenesis. Furthermore, in vitro
as  well  as in vivo studies suggest that modulation of the redox status by pro-
oxidants and dietary antioxidants may modulate DNA repair capacity, involving up-
or down-regulation of enzymes that play a role in repair processes [43,121,141,142].
Taken together, these observations have led to the hypothesis that reactive oxidants
like ROS have a prominent mediating role of in the effectiveness of DNA repair
mechanisms, and that a modulating effect of antioxidants may occur via the
prevention of ROS induced oxidative stress and DNA damages. Therefore, the aim
of the present thesis is to investigate whether nutritional redox modulation
concomitantly modulates nucleotide excision repair capacity, focussing on both
phenotypic and genotypic markers and comprising the full range of studies with cells
in vitro, with experimental animals as well as with ambulant human volunteers.
 To this end, as a first approach, a modified comet assay was developed to
phenotypically assess inter-individual differences in nucleotide excision repair
capacities. As described in Chapter 2, this approach involves measurement of the
capacity of human lymphocyte extracts to perform the initial steps of NER, i.e.
damage recognition and incision, on DNA substrates carrying BPDE-DNA adducts.
This in vitro repair assay was validated by comparison with other methodologies like
32P-postlabeling for the assessment of bulky DNA adduct removal, as well as by
using extracts from NER deficient (XPA and XPC) fibroblasts.
 Subsequently, the newly developed in vitro repair assay was used in an in vitro
study to elucidate the effect of oxidative stress modulators on the NER capacity.
Observed changes in the phenotypic repair capacity were compared with
differences in gene expression of NER-related genes. Results presented in Chapter
3 clearly show that NER is at least partly controlled by redox modulation in vitro.
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These in vitro studies were subsequently followed by in vivo studies in new born
piglets. In Chapter  4 it was hypothesized that oxidative stress reduces nucleotide
excision repair capacities in vivo and that an antioxidant rich diet can compensate
for these effects. Therefore, in this particular study, the effect of supplementing
lactating mother sows with an antioxidant enriched diet on the redox modulation of
NER was studied in their newborn offspring. To this end, the in vitro NER assay was
adapted for the use of frozen tissues and subsequently the repair capacity in frozen
pig colon tissues was assessed.
 In Chapter 5, the effect of genetic and dietary factors on the DNA repair capacity
in human lymphocytes was studied. Inter-individual differences by genetic
polymorphisms in NER-related repair enzymes were identified and correlations with
the phenotypically assessed NER capacities were studied. Moreover, the effect of a
four week intervention with antioxidant-rich blue berry/apple juice on an individual’s
DNA repair capacity was also taken into account in these studies.
 Since oxidative stress might cause a reduction in repair capacity, a certain
amount of DNA lesions will not be adequately repaired prior to replication. These
lesions will subsequently been handled by DNA damage tolerance mechanisms.
Ubiquitination of the DNA polymerase clamp PCNA promotes the bypass of lesions
and determines if this will occur via either the error-free damage avoidance pathway
or the TLS pathway. The role of this ubiquitination process in the bypass and
subsequent mutagenesis of BPDE-induced lesions is studied in Chapter 6.
 The main findings of the studies described in this thesis are summarized and
discussed in Chapter 7. Suggestions for future research are also given.
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Abstract
There is an increasing need for simple and reliable approaches to phenotypically
assess DNA repair capacities. Therefore, a modification of the alkaline comet assay
was developed to determine the ability of human lymphocyte extracts to perform the
initial steps of the nucleotide excision repair (NER) process, i.e. damage recognition
and incision. Gel-embedded nucleoids from A549 cells, pre-exposed to 1 µM
benzo[a]pyrene-diol-epoxide, were incubated with cell extracts from frozen or freshly
isolated lymphocytes. The rate at which incisions are introduced and the
subsequent increase in tail moment is indicative for the repair capacity of the
extracts. Freshly prepared extracts from lymphocytes of human volunteers (n=8)
showed significant inter-individual variations in their DNA repair capacity, which
correlated with the removal of bulky DNA lesions over a period of 48 hours
determined by 32P-postlabeling (R²=0.76, P=0.005). Repeated measurements
revealed a low inter-assay variation (11%). Storage of cell extracts for more than
three weeks significantly reduced (up to 80%) the capacity to incise the damaged
DNA as compared to freshly isolated extracts. This reduction was completely
restored by addition of ATP to the extracts before use, as it is required for the
incision step of NER. In contrast, extracts freshly prepared from frozen lymphocyte
pellets can be used without loss of repair activity. DNA repair deficient XPA-/- and
XPC-/- fibroblasts were used to further validate the assay. Although some residual
capacity to incise the DNA was observed in these cells, the repair activity was
restored to normal wild type levels when a complementary mixture of both extracts
(thereby restoring XPA and XPC deficiency) was used. These results demonstrate
that this repair assay can be applied in molecular epidemiological studies to assess
inter-individual differences in NER.

Thesis_Langie Sabine_v04.pdf   52 16-10-2008   10:27:45



Phenotyping nucleotide excision repair

53

Introduction
Epidemiological studies have reported large inter-individual variations in susceptibility to
environmental carcinogens and subsequent cancer risk. There is evidence that this
differential susceptibility is partly due to genetically determined variations in DNA repair
capacity (DRC) [1]. For instance, several studies have described the association
between polymorphisms in DNA repair genes and cancer risk [2-4]. DNA repair
mechanisms have evolved that protect the integrity of the genome, and these can
generally be subdivided into base and nucleotide excision repair (BER and NER,
respectively). Both pathways function as a result of the joint action of a variety of
enzymes [5]. However, it is still not completely understood whether polymorphisms in
these various DNA repair genes have a significant impact on the phenotypical activity of
these repair pathways. Furthermore, by focusing on single nucleotide polymorphisms in
DNA repair genes, other factors that could affect DNA repair capacities, for instance
dietary modulation [6] or adaptive responses [7,8], are not taken into account. Therefore,
there is an increasing need for simple and reliable approaches to phenotypically assess
DRCs. Such assays should be well-characterized in terms of sensitivity, reproducibility,
and both intra- and inter-individual variation.
 At present, several approaches to determine DRC have been described [9-13]. In
general, these assays are largely based on treatment of live cells with damaging agents
and subsequent monitoring of damage removal in time. However, such assays have two
major limitations: 1) they require freshly isolated cells, or cells that need to be handled in
such a way that their survival after cryopreservation is assured; 2) they are time-
consuming. Furthermore, treatment of cells with relatively high levels of DNA damaging
agents ex vivo could trigger a cellular response which is not present in vivo. Altogether,
these limitations hamper the application of such assays in large molecular
epidemiological studies.
 Recently, Collins et al., developed an elegant comet assay-based method to
measure phenotypical differences in BER, that was found to be applicable in molecular
epidemiological studies [14]. This alternative approach involves measurement of the
capacity of human lymphocyte extracts to perform the initial step of BER, i.e. damage
incision, on DNA substrates carrying 8-hydroxydeoxyguanosine (8-OHdG) lesions [14].
However, up to now there are to the best of our knowledge only a few comparable
comet-based assays to measure NER (e.g. [15]). Still, many human cancers are directly
related to exposure to chemical carcinogens, such as polycyclic aromatic hydrocarbons
(PAH), that exert their carcinogenic action through formation of DNA adducts which are
generally removed by NER. Therefore, we developed a modified comet assay, to
phenotypically assess inter-individual differences in nucleotide excision repair
capacities. This repair assay is based on the capacity of cell extracts to cause incisions
in PAH-adduct containing DNA (specifically, benzo[a]pyrene-7,8-dihydrodiol-9,10-
epoxide, BPDE-DNA adducts). The assay was validated by comparison with other
methodologies, such as assessment of adduct removal, as well as by using DNA repair
deficient cell lines. This newly developed assay is reliable, reproducible and can be used
on frozen tissues or cells, indicating its applicability in molecular epidemiological studies.
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Materials and methods

Principle of the assay
Gel-embedded nucleoids from A549 cells containing high levels of BPDE-DNA
adducts are incubated with cell extracts from frozen or freshly isolated lymphocytes.
The  principle  of  the  assay  is  that  NER-related  enzymes  that  are  present  in  cell
extracts will recognize the BPDE-DNA adducts. Subsequently, the DNA is incised,
causing single strand breaks that can be determined by subsequent single-cell
alkaline gel electrophoresis. Damage recognition and incision are the rate limiting
steps in NER [5]. Therefore, increased tail moments and percentages of
fluorescence in the tail are indicative for the NER capacity of the cell extracts (see
Figure 1 for an overview of the assay).

Cell strains and cell culture
A549 cells (human epithelial lung carcinoma cells) were purchased from the
American Tissue Culture Collection (ATCC) and were cultured in T75 flasks in
DMEM (Sigma, St. Louis) supplemented with 10% heat inactivated fetal calf serum
(FCS, Gibco Invitrogen, Scotland, UK) and 1% penicillin/streptomycin. Cells were
maintained at 37oC in a 5% CO2 atmosphere.
 Xeroderma pigmentosum group A and C fibroblasts (XPA-/- and XPC-/-,
respectively), and normal WT-fibroblasts were obtained from the NIGMS Human
Genetic Mutant Cell Respiratory (Coriell Institute for Medical Research, Camden,
NJ). Fibroblasts were cultured in MEM (Gibco Invitrogen, Scotland, UK)
supplemented with 20% uninactivated FCS, 1% penicillin/streptomycin, 0.4%
essential and non-essential amino acids, and 0.02% MEM vitamins.

Preparation of BPDE exposed nucleoids from A549 cells
One day prior to performing the repair assay, A549 cells were trypsinised at 80%
confluency and diluted to a final concentration of 2x106 cells/mL. Aliquots of 25 ml of
untreated A549 cells were mixed with 75 ml low melting point agarose (dissolved in
PBS) and transferred to microscope slides, which were pre-coated with 1.5% normal
electrophoresis grade agarose (Sigma-Aldrich, Germany). Gels were covered with a
cover slip and kept at 4oC for 45 minutes to solidify. Subsequently, cover slips were
removed and slides were lysed overnight in cold (4oC) lysis buffer (2.5 M NaCl, 0.1
M EDTA, 10 mM TRIS, 0.25 M NaOH, pH 10, with 10% dimethylsulfoxide and 1%
Triton X-100 that were added just before use). The next day, slides were washed for
15 minutes with PBS. The resulting nucleoids were then exposed to BPDE (1 µM in
PBS) (NCI Chemical Carcinogen Reference Standard Repository, Midwest
Research Institute, Kansas City, MO) or vehicle control (DMSO, 0.5%) for 30
minutes. Finally, the slides were washed for 15 minutes in buffer B (45 mM HEPES,
0.25 mM EDTA, 2% glycerol, 0.3 mg/mL BSA, pH 7.8).
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Figure 1. Schematic overview of the modified comet-based nucleotide excision repair
assay. Substrate DNA consisting of gel-embedded nucleoids, which are exposed to
BPDE to induce bulky-DNA adducts (ª), are incubated with cell or tissue extracts.
Standard single cell gel electrophoresis subsequently reveals the single strand breaks
introduced by the NER enzymes.
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Preparation of protein extracts
The preparation of the cell extracts is based on the method developed by Redaelli et
al. [16]. It is very simple and sufficient material for several assays can be obtained
from lymphocytes of 10 mL human blood. Lymphocytes were isolated from venous
blood of human volunteers using a standard density gradient centrifugation method
[17]. For validation purposes, we also prepared extracts from cultured wild type
(WT), XPA-/- and XPC-/- fibroblasts. Cell pellets were washed in 4x diluted
extraction buffer A (45 mM HEPES, 0.4 M KCl, 1 mM EDTA, 0.1 mM dithiothreitol,
10% glycerol, adjusted to pH 7.8 using KOH), counted and diluted to a final
concentration of 5x106 cells/mL. Then, the cell suspensions were centrifuged at
14,000 rpm for 5 minutes and pellets were either frozen at -20°C for use at a later
date or immediately resuspended in 50 ml  buffer  A  per  5x106 cells. Resulting
aliquots were snap frozen in liquid nitrogen. To each of these aliquots of 50 µL, 15
µL of 1% Triton X-100 in buffer A was added, incubated for 5 minutes, and
centrifuged at 11,000 rpm for 5 minutes at 4°C to remove cell debris. Protein
concentrations were determined by the BIO-RAD DC Protein Assay Kit
(Veenendaal, The Netherlands) using bovine serum albumin as a standard. Protein
extracts from lymphocytes were diluted with 0.23% Triton X-100 in buffer A to a
concentration of 2 mg/mL, whereas protein extracts from fibroblasts were diluted to
0.1 mg/mL. Diluted protein extracts were then stored at -80°C until use in the repair
assay.

Ex vivo repair incubation
Prior to the repair assay, diluted protein extracts were thawed and 4 volumes of
reaction buffer B (45 mM HEPES, 0.25 mM EDTA, 2% glycerol, 0.3 mg/mL BSA,
adjusted to pH 7.8 with KOH) were added. Extracts were kept on ice until use. To
assess the ex vivo repair capacity, 50 µL of the protein extract were added to each
slide, containing BPDE-exposed gel-embedded nucleoids, and incubated for 10
minutes at 37oC on a warming plate. After the incubation, slides were immediately
put on ice to stop the enzyme reactions. Subsequently, the slides were further
processed according to the conventional comet assay as described previously [18].
In brief, denaturation of the DNA was performed by immersion of the slides in
electrophoresis buffer (0.3 M NaOH, 1 mM EDTA, ca. pH 13) for 20 minutes,
followed by 20 minutes of electrophoresis at 25 V and 300 mA. The slides were
neutralized to pH 7.4 and subsequently dried using 100% ethanol. Dried slides were
stained with ethidium bromide (10 µg/mL) and comets were visualized using a Zeiss
Axioskop fluorescence microscope. Samples were tested in two independent
incubations within each single experiment. On every slide 50 cells were analysed
randomly using the Comet assay III software program (Perceptive Instruments,
Haverhill, UK). Resulting data were presented as tail moment (TM) or tail intensity
(TI) ± standard error. Tail intensity never exceeded values of 20% DNA in the tail
after an incubation period of 10 minutes with the extract, indicating that the comet
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analysis is not saturated. After subtracting background levels (Figure 2, bar A) from
all data, the final NER capacity was calculated using the formula:
DRC = (D-C)- B, or: (TMBPDE+/Extract+ – TMBPDE-/Extract+) – TMBPDE+/Extract-

in which BPDE+/Extract+ refers to BPDE-DNA adducts containing nucleoids that
were incubated with protein extract, BPDE-/Extract+ refers to non-adduct containing
nucleoids that were incubated with protein extract only, and BPDE+/Extract-
represents the nucleoids exposed to BPDE only (see Figure 2, bars D, C and B,
respectively).

Figure 2. Principle of the assay. DNA-incising activity of human lymphocyte extracts on
various nucleoids. (A) BPDE-/Extract-; nucleoids not exposed to BPDE or extract;
represents background levels. (B) BPDE+/Extract-; nucleoids exposed to BPDE alone,
no extract; functions as BPDE-control. (C) BPDE-/Extract+; not exposed to BPDE, only
to extract, reflects recognition and incision of non-specific damage. (D) BPDE+/Extract+;
BPDE pre-exposed nucleoids, incubated with extract; represents recognition and incision
of total DNA damage. Data are shown as mean TM of two independent incubations
within one experiment. Bars indicate standard error of mean.
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DNA isolation and 32P-postlabeling of BPDE-DNA adducts
To study possible inter-individual differences in adduct removal, and to compare
adduct removal with the NER capacity assessed with our modified comet assay,
lymphocytes from 8 volunteers were isolated from 30 mL blood using gradient
centrifugation [17]. After isolation, a part of these lymphocytes was used to prepare
extracts to determine DRC phenotypically, another part of the lymphocytes were
resuspended in RPMI, diluted to a concentration of 1x106 cells/mL and exposed to
0.05 µM BPDE. After 30 minutes of incubation at 37°C, medium containing BPDE
was replaced by fresh culture medium. Lymphocytes were harvested after 1, 24 and
48 hours of recovery, centrifuged at 300 g and pellets were stored at –20°C until
DNA isolation and analysis of BPDE-DNA adducts by 32P-postlabeling.
 Standard phenol extraction was used to obtain genomic DNA. 32P-postlabeling
was carried out using the nuclease P1 enrichment technique as described by Reddy
and Randerath [19] with some modifications [20]. Briefly, an aliquot containing 10 µg
DNA was digested using micrococcal endonuclease (0.25 U/µL) and spleen
phosphodiesterase (2 µg/µL) for 3.5 hours at 37°C. Subsequently, DNA-digests
were treated with nuclease P1 (2.5 µg/µL) for 30 minutes at 37°C. To stop the NP1-
reaction, 1 M Tris (pH 9.6) was added. BPDE-modified nucleotides were
subsequently labelled with [g-32P]ATP (50 µCi /sample; ICN, Indianapolis) using T4-
polynucleotide kinase (10 U/µL) for 30 minutes at 37°C. The radio-labelled adducted
nucleotide biphosphates were separated on the PEI-cellulose sheets (Machery
Nagel, Düren, Germany) by multi-directional thin layer chromatography (TLC). In all
experiments two BPDE-DNA standards with known adduct levels (1 adduct/107 and
1 adduct/108 nucleotides) were analyzed in parallel for quantitation purposes.
Quantitation was performed using Phosphor-Imaging technology (Fujifilm FLA-
3000).
 The BPDE-DNA adduct levels were corrected for the amount of DNA in the
reaction. Therefore, an aliquot of DNA-digest was diluted and labelled with
[g-32P]ATP. Nucleotides were separated on a PEI-cellulose sheet by one directional
TLC in 0.12 M NaH2PO4 (pH 6). A dAP-standard was analyzed along with the other
samples for quantitation purposes.

Validation by using NER deficient cells
Extracts prepared from NER deficient xeroderma pigmentosum group A (XPA-/-)
and group C (XPC-/-) fibroblasts and WT controls, were diluted with 0.23% Triton X-
100 in buffer A to a concentration of 0.1 mg/mL as described previously. Ex vivo
repair incubations were also performed using a complementary mix of the two
extracts (1:1, v/v). Hypothetically this should restore the NER capacity of the extract.
In parallel pre-exposed nucleoids were also incubated with extracts form WT-
fibroblasts, as a control.
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Results

Optimal incubation time and protein concentration
For all the repair assay experiments, 10 minutes was chosen as the optimal
incubation time for the extracts, since longer incubation periods induced higher
background levels, causing a reduction of the sensitivity of the assay (TMBPDE-/Extract-

= 0.26±0.09 and 0.61±0.16 for 10 and 20 minutes of incubation, respectively).
 In general, the incision activity of an extract is dependent on its protein
concentration. We observed that high protein concentrations caused a lower relative
difference between the total (BPDE+/Extract+, bar D in Figure 2) and non-specific
damage recognition (BPDE-/Extract+, bar C in Figure 2), thus resulting in a
decreased sensitivity of the assay to detect NER capacity (Table I). Therefore, we
determined the protein concentration showing the largest difference between BPDE-
/Extract+ and BPDE+/Extract+ values. To this end, protein extracts from
lymphocytes and fibroblasts (as described above) were diluted in buffer A to various
concentrations ranging from 0.1 to 5 mg/mL. For protein extracts prepared from
human lymphocytes, the optimal protein concentration was found to be 2 mg/mL
(Table I). At this protein concentration, the non-specific damage recognition resulted
in a TMBPDE-/Extract+ as  low  as  1.40  and  a  relative  difference  with  TMBPDE+/Extract+ of
3.00. Similar results were obtained by using TI as a read-out, although the relative
difference between BPDE-/Extract+ and BPDE+/Extract+ values was lower.

Table I. DNA-incision activity is related to extract concentration and differs per cell type.

BPDE-/Extract+
± SE

BPDE+/Extract+
± SE

Relative
Difference

BPDE-/Extract+
± SE

BPDE+/Extract+
± SE

Relative
Difference

Lymphocytes
5 6.78 ± 0.85 10.55 ± 0.28 1.56 23.32 ± 2.28 31.99 ± 1.24 1.37
3 3.45 ± 1.03   6.03 ± 0.37 1.75 13.11 ± 3.05 19.76 ± 1.35 1.51
2 1.40 ± 0.29   4.20 ± 0.47 3.00   8.22 ± 3.23 14.77 ± 1.68 1.80

Fibroblasts
0.5 7.44 ± 2.61   6.25 ± 0.06 0.84 20.23 ± 6.24 18.03 ± 0.17 0.89
0.3 4.25 ± 0.06   9.84 ± 0.40 2.32 12.30 ± 1.09 26.17 ± 1.18 2.13
0.1 0.64 ± 0.11   4.11 ± 0.43 6.42   2.29 ± 0.22 12.07 ± 1.10 5.27

Protein
Concentration
(mg/mL)

Tail Moment (Arbitrary Units) Tail Intesity (% DNA)

BPDE-/Extract+ represents nucleoids exposed to extract only.
BPDE+/Extract+ represents nucleoids exposed to BPDE and extract.
SE = Standard error of the mean.

 Protein extracts from fibroblasts showed much higher recognition and incision
activity as compared to lymphocyte extracts (Table I). Protein concentrations as low
as 0.5 mg/mL already resulted in TMBPDE+/Extract+ of 6.25±0.06. By comparison, in the
case of lymphocytes, such levels of TMBPDE+/Extract+ were only observed at 3 mg/mL,
suggesting that fibroblasts have a ~6-fold higher repair activity. The optimal protein
concentration for fibroblasts was as low as 0.1 mg/mL, showing the lowest
recognition of the non-specific damage and relative differences of 6.42 and 5.27 for
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TM and TI, respectively. No dilutions of protein extracts lower than 2 mg/mL (for
lymphocytes) or 0.1 mg/mL (for fibroblasts) were tested to prevent the TMBPDE-/Extract+

from becoming too close to the background levels.

Effect of long-term cryopreservation
A second optimisation step was performed to evaluate the possibility to analyze
frozen materials at a later date. We showed that protein extracts will lose their
capacity to incise the damaged DNA after long-term storage at -80°C. Aliquots of the
same sample thawed at intervals less than a month generated lower TM values; up
to 80% reduction was observed compared to freshly isolated extracts (Figure 3). This
reduction was completely restored by addition of 2.5 mM ATP to the extracts before
use. This is a first indication for the validity of our assay, as ATP is required for the
incision step of NER [5]. In contrast, no decline in repair activity was observed after
use of extracts freshly prepared from lymphocyte pellets that were stored at -20°C for
up to 40 days. Addition of ATP to these extracts did not further increase NER
capacity.

Figure 3. Effect of long-term cryopreservation on DNA-incision activity. BPDE pre-
exposed nucleoids were incubated with; frozen extracts (n), frozen extracts to which 2.5
mM ATP was added before use (¨), extracts prepared out of frozen lymphocytes (l), or
extracts prepared out of frozen lymphocytes to which 2.5 mM ATP was added (¡). TMs
of two independent experiments were calculated and data are presented as the
percentage of DNA-incising activity after freezing relative to the freshly prepared
extracts. Bars represent standard error of the mean.
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Inter-individual variations in NER capacity and assay reproducibility
To evaluate the reproducibility of the repair assay, lymphocytes from four volunteers
were frozen as cell pellets at -20°C. After one month of storage, protein extracts
were prepared and used in the repair assay. The results were plotted as DRCs and
showed a clear variation in NER capacities between the different individuals (Figure
4). Six months later, thus after seven months of storage of the lymphocytes, the
experiment was repeated to check the reproducibility of the assay. The resulting
data showed the same pattern as in the first experiment and the overall variance
between the two experiments was 11.1% ± 4.4.

Figure 4. Reproducibility of the repair assay. Protein extracts from frozen lymphocyte
pellets of four volunteers were prepared after one (¨) and seven (n) months of storage
at -20°C. Data are presented as the mean repair capacities (n=2), calculated based on
TM values. Bars indicate standard error of mean.

Correlation between repair capacity and BPDE-DNA adduct removal
As a second validation step, BPDE-DNA adduct removal as studied by 32P-
postlabelling and NER capacity were evaluated in parallel. If the repair assay is
actually measuring individual NER capacities, there should be a correlation between
repair capacity as detected in our assay and BPDE-DNA adduct removal. Therefore,
lymphocytes from eight volunteers were isolated. Part of it was frozen as
lymphocyte pellets at -20°C to assess the repair capacity by the modified comet
assay. The remaining part was resuspended in RPMI and exposed to 0.05 µM
BPDE for 30 minutes.

Thesis_Langie Sabine_v04.pdf   61 16-10-2008   10:27:46



Chapter 2

62

Figure 5. Correlation between repair capacity and BPDE-DNA adduct removal.
Lymphocytes of eight volunteers were isolated; part was frozen as pellets and used to
prepare protein extracts to perform a repair assay, the remaining part was exposed to
BPDE to study DNA-adduct removal by means of 32P-postlabeling. (A) The results on
BPDE-DNA adduct removal over 48 hours were presented as regression lines through
the data points. (B) From each of these regression lines the slope, representing the
decline in DNA-adduct removal over 48 hours, was plotted against the logarithm of the
repair capacity (R²=0.76, P=0.005).
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After acute exposure to BPDE, DNA adduct levels were determined after 1, 24 and
48 hours of recovery. The results are presented as regression lines through the data
points (Figure 5A). A significant decline of BPDE-DNA adducts in time was
observed (P=0.015). Subsequently, the slopes of the individual regression lines
were plotted against the logarithmically transformed NER capacity, as detected by
our repair assay. When the repair capacity was calculated by using tail moment
values, a significant linear correlation was observed between the DRCs and BPDE-
adduct removing capacities (R2=0.76, Figure 5B). Similar results were obtained by
using tail intensity as a read out of the repair capacities (R2 = 0.53, P=0.041).

Repair capacity of XP-/- cells, as measured by the repair assay
As a final validation step, the new repair assay was tested using extracts prepared
from NER deficient XPA-/- and XPC-/- fibroblasts. Results were presented as
percentages of the DRC of XPA-/- cell  extracts  (Figure  6).  Each  extract  (XPA-/-,
XPC-/-) on its own showed residual incising capacity. However, upon using a
complementary mix of the two extracts (1:1), thereby reconstituting NER (both XPA
and XPC enzymes are present), repair capacity was restored to the normal WT
levels. This indicates that our assay indeed specifically measures NER.

Figure 6. Repair capacity of extracts from XP-/- cells. Pre- and non-exposed nucleoids
were incubated with extracts from WT-fibroblasts, from XPA-/- and XPC-/- cells
separately, or with a mixed extract containing 1:1 protein extract from both XP-/- cells.
Mean repair capacities (n=2) are presented as the percentage of the repair capacity of
XPA-/- cells, calculated based on TM (¨) and TI (n) values. Bars indicate standard error
of mean.
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Discussion
During the last decades, many techniques have been developed to detect
differences in DNA repair capacity [9-13]. However, a major drawback of these
assays is the need to carry out prolonged incubations. Even more important is that
all of these approaches require freshly isolated cell material or cells that have been
stored in such a way, that they survive cryopreservation. This dramatically reduces
their applicability in molecular epidemiological or intervention studies.
 Recently Collins and co-workers have adapted the comet assay to measure in
vitro base excision repair capacity of cell extracts [14]. We have used this as a basis
to develop an assay that assesses NER. In our assay we focus on repair of bulky
pre-mutagenic BPDE-DNA adducts, which are specifically repaired by NER. The
method has a high sensitivity of detecting strand breaks [21], the method is quick
and robust and is economical on material; only 2-3 mL human blood is needed to
obtain sufficient material to perform one assay. Moreover, lymphocytes can be
frozen as cell pellets without loss of repair activity. We think that this repair assay is
highly suitable for molecular epidemiological applications and intervention studies.
 Optimisation experiments showed that the DNA incising activity is dependent on
the extract’s protein concentration and that optimal concentrations should be
assessed for each cell type (Table I). Extracts were found to lose their activity during
long-term storage at -80°C. Addition of ATP to the extracts before use restored their
repair activity completely (Figure 3). Interestingly, in contrast to BER, the incision
step of NER is ATP dependent. These results are a first indication that the
predominant activity measured by this assay is the incising activity of NER-
enzymes. A further validation was provided by the close correlation between the
removal of BPDE-DNA adducts, specifically involving NER, and the corresponding
DRC of lymphocytes from eight individuals (Figure 5B).
 To further confirm our findings, the repair assay was also performed using
extracts from XPA-/- and XPC-/- fibroblasts (Figure 6). Although it is generally
accepted that XPA is essential for the recognition and incision of damaged DNA by
the NER pathway, the extracts from XPA deficient fibroblasts showed some residual
capacity to incise the BPDE-treated DNA in our assay. It is not yet known whether
these incisions are made by NER-related enzymes in absence of XPA, or by other
pathways that recognize BPDE-damaged sites [22]. Nonetheless, the capacity to
recognise and incise BPDE-DNA adducts is reduced in extracts of XPC and XPA
deficient cells, whereas it is restored by using a mixture of both extracts, indicating
the validity of our assay.
 In conclusion, we developed and validated an assay to phenotypically assess
NER. Our assay is able to assess inter-individual differences in DRC and has a high
reproducibility. Moreover, the assay is versatile, as it can be readily adapted to
measure excision capacities of extracts of human cells or tissues on nucleoids
containing lesions other than BPDE-DNA adducts, e.g. substrates exposed to UV,
X-rays or MMS [23]. The technique could still be fine-tuned by using nuclear cell
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extracts to improve the sensitivity even further [23], but this would decrease its
applicability in field studies, as it is more time consuming. On the other hand, many
tissue banks have stored human samples as total white blood cells (WBC) rather
than lymphocytes. Theoretically, it is possible to use protein extracts from total WBC
to assess inter-individual differences in DNA repair. However, differences between
WBC-subpopulations (e.g. lymphocytes, granulocytes and monocytes) need to be
assessed first to correctly interpret the results obtained from total WBC extracts.
Finally, this modified comet assay provides a powerful tool to further substantiate
the role of DNA repair capacity in the development of cancer and to provide
answers to important research questions on DNA repair and human health.
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Abstract
Nucleotide excision repair (NER) mainly repairs bulky DNA adducts and helix
distorting lesions, but is additionally considered to be a back-up system for base
excision repair to remove oxidative stress induced DNA damage. Therefore, it can be
speculated that NER is up-regulated or primed by oxidative stress. Exposure of
human pulmonary epithelial cells (A549) to non-toxic doses of 100 µM H2O2 indeed
showed a 2 to 4.5-fold increase in expression of XPA, XPC, ERCC4 and ERCC5,
whereas the expression of ERCC1 was 5-fold decreased. Phenotypical assessment of
NER capacity (i.e. recognition and incision of benzo[a]pyrene-DNA adducts) showed a
significant decrease to less than 50% after H2O2 exposure, which paralleled the
effects of H2O2 on ERCC1 expression. To study the possible involvement of
glutathione (GSH) in the regulation of NER, cells were pre-incubated with 0.5 mM
BSO, resulting in total GSH depletion and increased intracellular oxidative stress. In
GSH-depleted cells, the down-regulation of ERCC1 expression by H2O2 was
completely abolished and the up-regulation of ERCC4 expression was potentiated
from 2.5-fold to >10-fold. Similarly, the H2O2 induced decrease in NER capacity was
absent in GSH-depleted cells. Overall, our data suggest that NER capacity as well as
the expression of NER related genes can be modulated by oxidative stress. ERCC1
expression and NER capacity correlated strongly (R2=0.85, P<0.01) after oxidant
exposure, indicating ERCC1 as a specific target for oxidative stress induced
modification of NER.
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Introduction
Exposure of cells to endogenously or exogenously formed reactive oxygen species
(ROS) may cause damage to a variety of molecular targets, including DNA. If these
oxidative DNA lesions are not removed by DNA repair mechanisms in time, they can
become self-perpetuating mutations that contribute to ageing and human
degenerative diseases such as cancer [1-3]. The major pathway for the repair of
ROS induced DNA base damages is considered to be the base-excision repair
(BER) pathway [4,5]. However, recent studies have identified proteins belonging to
other repair pathways to be involved in the removal of oxidative DNA lesions, either
acting as back-up repair systems or as cofactors to improve the efficiency of BER
[6-8]. Especially the nucleotide excision repair (NER) pathway is considered to be
an important back-up system in cases where massive oxidative stress causes high
levels of oxidative DNA damage. For instance, there appears to be a synergism
between BER and NER in yeast [9], and Reardon et al. [10] demonstrated the
removal of 8-oxodG by NER. Furthermore, D’Errico and co-workers recently showed
that the NER related enzyme XPC plays an unexpected role in the cellular
protection against oxidative DNA damage, most likely by acting as a co-factor in
BER [7]. Another NER protein, XPG, was found to be involved in the initiation of
BER via the DNA glycosylase hNTH1 [11]. Finally, Dušinská et al [12] revealed that
also XPA might be involved in the repair of oxidized bases. Based on these
observations it is conceivable that regulation of NER is at least partly controlled by
oxidative stress mediators. Indeed, several genes that encode for NER proteins
have binding sequences in their promoter regions that can be recognized by redox-
sensitive transcription factors. For instance, the expression of ERCC1, which
functions as a 5’endonuclease in NER, can be mediated by the redox-sensitive
transcription factor AP-1 [13,14].
 The aim of the present study was to obtain further insight in the relation between
oxidative stress and nucleotide excision repair. To this end, A549 lung epithelial
cells were exposed to non-cytotoxic doses of hydrogen peroxide (H2O2) to modulate
the cellular redox-status, which was expected to result in an up-regulation of NER
related genes and increased NER capacity. As an additional tool to modify
intracellular oxidative stress, we used D,L-buthione-S,R-sulfoximine (BSO) to
deplete cellular glutathione (GSH). We assessed the expression of various NER
related genes, including XPA, XPC, ERCC1, ERCC4 (a.k.a. XPF), and ERCC5
(a.k.a. XPG)  by  quantitative  RT-PCR.  To  study  the  effect  of  oxidative  stress  on
actual NER capacity, a modified comet assay was applied [15]. A strong correlation
(R2=0.85, P<0.01) was observed between ERCC1 expression and the capacity of
NER to recognize and incise bulky DNA adducts under oxidative stress conditions.
These data suggest a crucial role of ERCC1 in redox status-modified NER capacity.
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Materials and Methods

Chemicals
Dulbecco’s Modified Eagles Medium (DMEM), Tris, KAc, alkaline phosphatase,
BSO, (low melting point) agarose, TritonX-100, glycerol and BSA were obtained
from Sigma (St. Louis, USA). Fetal Calf Serum (FCS), trypsin, TRIzol, Hanks
Balanced Salt Solution (HBSS; with and without Ca/Mg), Penicillin/streptomycin and
ethidium bromide were purchased from Gibco Invitrogen (Scotland, UK).
Benzo[a]pyrene-7,8-dihydrodiol-9,10-epoxide (BPDE) was obtained from NCI
Chemical Carcinogen Reference Standard Repository (Midwest Research Institute,
Kansas City). Dimethyl sulfoxide (DMSO), EDTA, DTT, SDS, H2O2, KOH, KCL,
NaOH, NaCl, chloroform, iso-propanol, ethanol and mercapto-ethanol were obtained
from Merck (Germany). Proteinase K and RNase were supplied by Roche (New
York, USA). Dihydrorhodamine-123 (DHR) was obtained from Invitrogen (Breda,
The Netherlands) and HEPES from MP Biomedicals (Eschwege, Germany).

Cell culture and exposure
A549 cells (human epithelial lung carcinoma cells) were purchased from the
American Tissue Culture Collection (ATCC) and were cultured in T75 flasks in
DMEM supplemented with 10% heat inactivated FCS and 1%
penicillin/streptomycin. Cells were maintained at 37oC in a 5% CO2 atmosphere. All
experiments were performed at approximately 80% confluency.
 To study the effect of oxidative stress on NER, cells were exposed to H2O2 with
or without prior exposure to BSO. Cells were exposed to 500 µM BSO dissolved in
culture medium for 24 hours to deplete GSH. At this concentration of BSO, GSH
levels were decreased to less than 1% of the control level (data not shown). For H2O2

treatment, HBSS with Ca and Mg (HBSS+/+) was used as a vehicle instead of culture
medium. For gene expression and DNA repair capacity studies, cells were
harvested at various time-periods following H2O2 exposure, with or without prior
treatment with BSO.

Measurement of cytotoxicity
Cytotoxicity of H2O2 and BSO was evaluated using the MTT-colorimetric assay
according to Mosmann [16], as described previously [17]. The test is based on the
reduction of soluble yellow 3-(4, 5-dimethylthiazol-2-yl)-2,5-diphenyl-tetrazolium
(MTT) salt to blue soluble formazan by mitochondrial succinate dehydrogenase.
Briefly, cells were seeded in 96-well plates. At confluency, cells were exposed to
various concentrations of H2O2 (0 - 1000 µM in HBSS+/+) for 2 hours, with or without
24 hours of pre-exposure to 500 µM of BSO. After incubation with H2O2,  25 µL of
MTT (1 mg/mL) dissolved in PBS, was added and cells were incubated for another 3
hours. Finally, solutions were removed, formazan crystals were dissolved in DMSO
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(200 µL) and absorption was measured using a microplate reader at 540 nm.
Absorbance was expressed as percentage of control, reflecting viability of the cells.

Measurement of intracellular oxidative stress
To determine intracellular oxidative stress, oxidation of dihydrorhodamine 123
(DHR) to rhodamine was measured using flow cytometry, as described by
Henderson and Chappell [18] with some modifications. Briefly, A549 cells were
seeded in 24-well plates at a concentration of 1.25x105 cells in 500 mL culture
medium. The next day, the cells were loaded with DHR at a final concentration of 10
mM for 30 minutes at 37oC, and subsequently exposed to 100 µM H2O2 for 1 hour
with or without prior incubation with 500 µM BSO for 24 hours. After incubation,
medium was poured off, cells were detached with trypsin and collected in tubes with
2 mL culture medium, followed by centrifugation at 11,000 rpm at 4oC for 5 minutes.
Supernatant was removed and the cells were resuspended in ice-cold 0.5% BSA-
PBS at a concentration of 5x105 cells/mL. Rhodamine fluorescence was measured
at 530 nm using FACS. Mean intracellular rhodamine fluorescence intensities were
used for data analysis.

Gene expression analysis by real-time PCR
For the gene expression studies, cells were washed with HBSS-/- and subsequently
exposed to 100 µM H2O2 dissolved in HBSS+/+ at 37oC, 5% CO2 for 15 minutes. In
parallel, control cells were incubated with HBSS+/+ only. After incubation, cells were
washed and normal culture medium was added to all cells to allow for recovery for
2, 4, 8 or 24 hours. For t = 0 hours, cells were washed and TRIzol was added
immediately. This was repeated for the other samples at the various recovery
periods. To study the role of GSH depletion on gene expression of NER-related
genes, A549 cells were incubated with BSO containing medium (as described) at
37oC, 5% CO2 for 24 hours, resulting in total GSH-depletion. A 24h-control sample
was included and incubated with culture medium only. After incubation with BSO,
medium was removed and TRIzol was added. In another set of experiments cells
were pre-exposed to 500 µM BSO for 24 hours to ensure total GSH depletion and
subsequently treated with H2O2 for 15 minutes, followed by recovery for the time
points indicated above. All experiments were at least performed in duplicate. Each
sample was lysed in 1 mL TRIzol and stored at -20oC until use for RNA isolation.
 Total RNA was isolated from Trizol according to the manufacturer’s protocol.
Isolated RNA was purified using the RNeasy® Mini Kit (Qiagen) together with
DNAse treatment (RNAse-free DNAse provided by Qiagen) according to the
manufacturer’s recommendations. Quantity and purity of the RNA was determined
spectrophotometrically. cDNA was prepared using the iScript™ cDNA Synthesis kit
(BioRad, CA, USA), starting with 1 µg of RNA. cDNA was 15x diluted in water
before use in the rtPCR reaction. Real-time PCR reactions were performed using a
BioRad MyiQ iCycler Single Color RT-PCR detection system using iQTM SYBR®
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Green Supermix, containing iTaq Polymerase, dNTPs, SYBRGreen I and buffers
(BioRad). Reactions were initiated by incubating the samples at 95 °C for 3 minutes
to activate Taq polymerase, followed by 40 cycles of 15 seconds at 95 °C and 45
seconds at 60°C. Melting curve analysis was performed starting at 60 °C with
stepwise temperature elevations of 0.5°C every 10 seconds to check for nonspecific
products. Three constitutively expressed genes were included as reference; beta-
actin, -microglobulin and cyclophilin A.
RT-PCR primers were designed using Primer express software (Applied
Biosystems; ABI 2.0) and sequences were as follows:

XPA:  5’-CCG  ACA  GGA  AAA  CCG  AGA  AA-3’  (forward)  and  5’-TTC  CAC  ACG
CTG CTT CTT ACT G-3’ (reverse),
XPC: 5’-CCC AGC CCG CTT TAC CA-3’ (forward) and 5’-TGC ATT AAC TGT AAA
TGT TCC AAT GA-3’ (reverse),
ERCC1: 5’-GGG AAT TTG GCG ACG TAA TTC-3’ (forward) and 5’-ACC CCT CGA
CGA GGA TGA G-3’ (reverse),
ERCC4: 5’-CAC CTC CCT CGC CGT GTA-3’ (forward) and 5’-CGC AAA TAT AAC
ACC ACC TTG-3’ (reverse),
ERCC5: 5’-GCA TGA AAT CTT GAC TGA TAT GAA AGA-3’ (forward) and 5’-TAA
GCA AGC CTT TGA GTT GGT ACT G-3’ (reverse),
b-actin: 5’-CCT GGC ACC CAG CAC AAT-3’ (forward) and 5’-GCC GAT CCA CAC
GGA GTA CT-3’ (reverse),
b-2 microglobulin: 5’-TGA CTT TGT CAC AGC CCA AGA TA-3’ (forward) and 5’-
AAT GCG GCA TCT TCA AAC CT-3’ (reverse)
cyclophilin A: 5’-TTC CTG CTT TCA CAG AAT TAT TCC-3’ (forward) and 5’-GCC
ACC AGT GCC ATT ATG G-3’ (reverse).

PCR efficiency of all primer sets, as assessed by the use of cDNA dilution curves,
was approximately 100%. Data were analyzed using the MyiQ Software system
(BioRad) and were expressed as relative gene expression (fold increase) using the

Ct method [19]. The mean Ct value of the three house-keeping genes was
calculated for all samples and used as reference Ct. For each gene, the average
fold change per incubation time was calculated.

Measurement of NER capacity upon oxidant exposure
To assess the effects of oxidative stress on NER capacity, A549 cells were treated
as described above. After the various incubation periods, trypsin was added to the
cells and cells were counted and diluted to a final concentration of 5x106 cells/mL.
Then, 1-2 mL of the cell suspension was centrifuged at 14,000 rpm for 5 minutes
and pellets were frozen at -20°C until preparation of cell extracts. To asses NER
capacity we applied a method that was recently developed in our laboratory [15].
Basically, this assay measures the ability of NER-related enzymes that are present
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in cell extracts, to incise substrate DNA containing benzo[a]pyrene-diolepoxide
(BPDE)-DNA adducts. The substrate nucleoids were prepared from untreated A549
cells, which were embedded in agarose and subsequently lysed overnight in cold
(4oC) lysis buffer. The resulting nucleoids were then exposed to BPDE (1 µM in
PBS) or vehicle control (DMSO, 0.5%) for 30 minutes at 4oC. To prepare cell
extracts, frozen cell pellets were thawed and resuspended in buffer A (45 mM
HEPES, 0.4 M KCl, 1 mM EDTA, 0.1 mM dithiothreitol, 10% glycerol, adjusted to pH
7.8 using KOH, 50µL per 5x106 cells). Resulting aliquots were snap-frozen, thawed
again and lysis was completed by adding 15 µL of 1% Triton X-100 in buffer A. The
lysate was centrifuged at 11,000 rpm for 5 minutes at 4°C. Next, protein
concentrations were determined and cell extracts were diluted to a concentration of
1 mg/mL, and stored at -80°C overnight. The next day, diluted protein extracts were
thawed and 4 volumes of reaction buffer B (45 mM HEPES, 0.25 mM EDTA, 2%
glycerol, 0.3 mg/mL BSA, adjusted to pH 7.8 with KOH) were added. From this
mixture, 50 µL aliquots were added to the gel-embedded nucleoids containing high
levels of BPDE-DNA adducts, and incubated for 10 minutes on a heating plate at
37°C. Alkaline treatment and electrophoresis, each 20 minutes, were conducted as
in the standard comet assay. The increase in DNA breaks at 10 minutes, leading to
increased tail moments, is indicative for the NER capacity of the cell extracts. After
subtracting background levels from all data, the final repair capacity was calculated
according to Langie et al. [15].

Statistical analyses
Results are presented as mean ± standard deviation. A non-parametric Mann-
Whitney U-test was performed to analyze differences in cell survival between
samples exposed to H2O2 and unexposed samples (with or without GSH depletion).
To examine differences in intracellular oxidative stress and NER capacities after
exposure to H2O2 and/or BSO versus the control, one-way ANOVA was used with
subsequent Dunnett correction for multiple comparisons. Differences in gene
expression between the different NER-genes were analyzed by T-tests. Correlations
between gene-expression and phenotypical DNA repair capacity were assessed by
linear regression. Statistical analysis was performed using SPSS v.12.0.1. In each
case, a P-value of <0.05 was considered statistically significant.

Results

Cytotoxicity
As cytotoxicity may directly affect gene transcription levels, we initially measured
cytotoxicity  of  H2O2 with  or  without  GSH  depletion,  to  select  for  non-toxic  H2O2

doses. Cell viability was determined after a 1 hour exposure to H2O2, with or without
a preceding 24 hour treatment with BSO. Dose-response curves of H2O2, with and
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without pre-treatment to BSO, are shown in Figure 1. Exposure up to 250 µM H2O2

did not affect the viability of the A549 cells. BSO treatment by itself was not
cytotoxic to the cells. However, pre-exposure to BSO significantly increased H2O2-
induced loss of viability at doses higher than 100 µM. Therefore, all next
experiments were performed using the non-cytotoxic dose of 100 µM H2O2.

Figure 1. Cytotoxicity of H2O2 without pre-treatment with BSO (p), and after pre-
exposure to 500 µM BSO (�). The mean cell viability (n=5) is presented as MTT
absorbance (% of control). Bars represent standard deviations (*P<0.01; H2O2 exposed
vs. non-exposed).

Intracellular oxidative stress
Rhodamine fluorescence was measured as an indicator for intracellular oxidative
stress (Figure 2). Exposure of A549 cells to a non-cytotoxic dose of 100 µM H2O2

led to an increased level of intracellular oxidative stress. After GSH depletion,
oxidative stress in the cells increased ~3-fold (P=0.018). When GSH depletion was
followed by exposure to H2O2, intracellular oxidative stress was further increased
~5-fold (P<0.001).
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Figure 2. Increased intracellular oxidative stress by H2O2 and/or BSO exposure. Data
are expressed as the mean rhodamine fluorescence (± standard deviation) of two
independent incubations (*P<0.05, ***P<0.001; H2O2 and/or BSO exposed vs. controls,
and **P=0.001; GSH-depleted cells with vs. without subsequent H2O2 exposure).

Gene expression profiles after oxidant exposure
To test the effect of oxidative stress on expression of NER genes, A549 cells were
exposed to 100 µM H2O2 and gene expression was determined by quantitative RT-
PCR. We specifically selected NER genes that encode proteins involved in the
recognition and incision phase of NER, since these phases are assessed in our
phenotypical NER capacity assay. XPA and XPC are involved in the recognition and
verification of the damaged DNA [20]. ERCC1 and ERCC4 are 5’endonucleases,
whereas ERCC5 possesses 3’ endonuclease activity. After H2O2 exposure, a 2 to
4.5-fold increase in expression of XPA, XPC, ERCC4 and ERCC5 was observed, as
compared to the control level (Figure 3A, P<0.05 for all genes). The highest
expression was observed for ERCC5, showing a peak at 8 hours post-exposure
followed by a gradual decline back to basal levels at 24h. Surprisingly, expression of
ERCC1 was ~5-fold down regulated by H2O2 exposure (P=0.01) with a subsequent
increase in expression up to ~2 fold above the basal level at 24 hours after
exposure.
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Figure 3. Gene expression profiles of XPA (p), XPC (r), ERCC1 (�), ERCC4 (�) and
ERCC5 (¢). A) Gene expression profiles after exposure of A549 cells to 100 µM H2O2.
(*P<0.05 for gene expression of ERCC5, ERCC4, XPA and XPC vs. controls, and
**P=0.01 for ERCC1 gene expression vs. control) B) Gene regulation patterns in GSH-
depleted cells, subsequently exposed to H2O2 (*P<0.05; ERCC4 gene expression vs.
control). Data are shown as the average fold increase of two independent incubations
within two separate experiments. No error bars were presented for better visualization.
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 To study the role of GSH in this redox-regulation of NER-related genes, cells
were pre-incubated with 500 µM BSO for 24 hours. BSO induces intracellular
oxidative stress by irreversibly inhibiting gamma-glutamylcysteine synthetase, an
essential enzyme for the synthesis of GSH [21]. GSH is the most abundant natural
anti-oxidant  that  reacts  with  ROS (mainly  H2O2) in the cell, preventing damage to
proteins or DNA. As a result, our initial hypothesis was that depletion of BSO would
further enhance the H2O2-induced effects on NER gene expression. Indeed, the up-
regulation of ERCC4 expression was potentiated from 2.5 fold to >10 fold. However,
the down-regulation of ERCC1 gene-expression by H2O2 was completely abolished
(Figure  3B).  The  H2O2-induced expression of the remaining three genes was
unaffected by GSH depletion.
 Depletion of GSH by BSO for 24 hours (without additional exposure to H2O2)
slightly induced the expression of ERCC1,  ERCC5  and  XPC (fold changes were
1.29±0.13, 1.42±0.17 and 1.20±0.42, respectively) compared to un-depleted cells.
On the other hand, the expression of XPC and ERCC4 was decreased (the fold
change was 0.83 and 0.62, respectively).

NER capacity in cells with increased intracellular oxidative stress
Phenotypical assessment of NER capacity by a modified comet-assay showed that
NER activity rapidly decreased to less than 50% for up to 4 hours after H2O2 exposure
(P=0.04), followed by a minimal overcompensation at 24 hours post-exposure (Figure
4A). This acute decrease in NER capacity by H2O2 was completely absent in GSH-
depleted cells. In fact, GSH depletion by itself caused an induction of NER capacity of
about 50% as compared to the control cells (i.e. no BSO and no H2O2 exposure). After
addition of H2O2, this 1.5 fold increase in NER capacity in GSH depleted cells
gradually declined back to basal levels at 24 hours (note that the medium was
replaced at t=0h and incubation was continued in absence of BSO).

ERCC1 expression correlates with NER capacity
By comparing Figures 3 and 4 it is evident that the effects of H2O2 on NER capacity
strongly paralleled the effects of H2O2 on ERCC1 gene expression. Similarly, the
H2O2 induced decrease in NER capacity was, as for the ERCC1 expression, absent
in GSH-depleted cells. To better visualize the possible relation between ERCC1
expression and NER capacity, the average fold changes of ERCC1 expression after
the various oxidant exposures (H2O2, BSO or BSO+H2O2) were plotted against the
corresponding DNA repair capacities (Figure 4B). A highly significant correlation
between ERCC1 gene expression and DNA repair capacity was observed (R2=0.85,
P<0.001). These data suggest that regulation of NER under conditions of oxidative
stress is largely explained by effects on ERCC1 gene-transcription.
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Figure 4. Redox-status modulated NER capacity, and its correlation with ERCC1
expression. A) The effect of H2O2 exposure on the NER capacity in GSH-rich (p), and in
GSH-depleted cells (�). Data are presented as the mean repair capacities (n=3),
calculated based on tail moment values. Bars indicate standard error of the mean
(*P<0.05; NER capacity after H2O2 exposure vs. control). B) Relationship between
ERCC1 expression and NER-related damage recognition and incision (R2=0.85,
P<0.001).
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Discussion

A role for GSH in the expression of NER genes
The present study shows that the expression of NER genes, at least in an in vitro
epithelial lung cell culture, can be modulated upon exposure to oxidative stress.
Exposure to H2O2 resulted in the up-regulation of most of the selected NER genes.
In contrast, the expression of ERCC1 was significantly down-regulated by H2O2.
Interestingly, for most of the genes, the modulating effect of H2O2 was reduced
when GSH-depletion preceded H2O2 exposure, except for ERCC4, for which H2O2-
induced expression was further enhanced by GSH-depletion. In general, this
suggests that H2O2-induced regulation of NER gene transcription is mediated by
GSH. Recent studies of Fratelli et al. [22] already showed that some patterns of
gene regulation as induced by exposure to H2O2 were GSH-dependent. GSH is
speculated to regulate genes in two ways. Either via its antioxidant and ROS
scavenging function, or by influencing gene expression via protein glutathionylation,
which is known to be induced by H2O2 [23,24].
 In general, the observed gene expression responses of the five selected NER
genes can be subdivided in three categories. (1) Up-regulation by H2O2 is further
enhanced by GSH-depletion. This is illustrated by the expression kinetics of
ERCC4. A possible explanation for this enhancement is the increased level of
oxidative stress by H2O2 as a result of GSH-depletion. It should be stressed,
however, that exposure to BSO alone, which also induced intracellular oxidative
stress, resulted in a down-regulation of ERCC4;  (2)  Down-regulation  by  H2O2 is
inhibited by GSH-depletion. This is the case for ERCC1 expression,  where  GSH-
depletion completely abolished the inhibitory effect of H2O2. ERCC1 was reported to
have an AP-1 binding sequence in the promoter region. Therefore, we expected
increased expression of ERCC1 after H2O2 treatment. However, Fratelli et al. [22]
showed that the expression of the AP-1 subunits, Fos and FosB, was not induced
by  H2O2 alone, but was strongly induced in GSH depleted cells. Therefore, the
restoration of ERCC1 expression in GSH depleted cells exposed to H2O2 may partly
be explained by activation of this transcription factor. These findings suggest that
GSH has a signaling role in the redox-regulated gene expression of NER genes.
Further studies are needed to understand the underlying molecular mechanisms; (3)
Up-regulation by H2O2 is minimally modified by GSH-depletion. This refers to
observations for XPA, XPC and ERCC5 showing an increased expression upon
exposure to H2O2, with no obvious effects other than a shift of the highest induction
towards earlier time points by BSO pre-exposure. Finally, it should be stressed that,
in addition to direct oxidative regulation of gene expression, as discussed above,
part  of  the  H2O2-induced gene expression effects may also be explained by DNA
damage responsive processes induced by H2O2-related induction of DNA damage.
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Oxidative effects on nucleotide excision repair capacity correlate
with ERCC1 expression
In the present study, we specifically selected NER genes that encode proteins
involved in the recognition and incision phase of NER, because these phases are
reflected in our NER capacity assay. While the major function of NER is to repair
bulky DNA adducts, components of this machinery may also have a role in repair of
oxidative DNA damage [8,10]. Since most of the selected NER genes showed an
increased expression upon exposure to H2O2, the overall effect of the oxidant
treatments was expected to result in an increase of NER capacity as measured by
the repair assay. Surprisingly, we observed an acute inhibition of nucleotide excision
repair capacity after exposure to H2O2. This is in line with studies from Hu et al. [25]
who revealed that H2O2 can have suppressive effects on unscheduled DNA repair,
suggestive of suppressed NER. Our observations are further supported by other
studies showing that oxidants, including 4-hydroxynonenal, malondialdehyde and
monochloramine, can be potent inhibitors of NER, most likely by direct oxidative
attack and inactivation of NER proteins [26-28]. Oxidative stress can indeed directly
influence enzyme activity, for instance by oxidation of GSH and protein thiols, two
important factors involved in mediating DNA repair enzyme activity [29,30]. The
restoration of this acutely H2O2-suppressed NER activity in time, as shown in Figure
4,  is  most  likely  explained  by  affecting  signal  transduction  pathways  and  gene
transcription, leading to de-novo synthesis of NER related proteins. Our data further
show that total depletion of GSH, resulted in a 50% increase in NER activity. This is
in line with previous studies, showing increased activity of NER after pre-treatment
with BSO [31], and possibly explains the absence of suppressed NER activity as
observed upon exposure to H2O2.
 Our study shows that ERCC1 is a major determinant of NER capacity. For the
incision activity of ERCC1, heterodimer formation with ERCC4 (XPF) is needed [20].
However, ERCC1 and ERCC4 expression were not correlated in the present study,
which is consistent with previous observations by Vogel et al. [32]. Combining all
data, we found a highly significant correlation between NER capacity and ERCC1
gene expression (R2=0.85, P<0.01). This is consistent with previous studies
reporting a positive correlation between repair capacity and ERCC1 expression [32-
34]. Overall, these data suggests that ERCC1 expression is a crucial target for
redox-regulated NER capacity and, in addition, can be a proxy for repair capacity.

Acknowledgements
This work was supported by the European network of excellence ECNIS (FOOD-CT-
2005-513943) on Environmental Cancer risk, Nutrition and Individual Susceptibility. A.M.
Knaapen is supported by a postdoctoral fellowship from the Netherlands Organisation for
Scientific Research (NWO, VENI-916.46.092).

Thesis_Langie Sabine_v04.pdf   82 16-10-2008   10:27:48



Redox-regulation of nucleotide excision repair

83

References
1. Ames B. N. Endogenous oxidative DNA damage, aging, and cancer. Free Radic

Res Commun 1989;7:121-128.
2. Cooke M. S., Evans M. D., Dizdaroglu M. and Lunec J. Oxidative DNA damage:

mechanisms, mutation, and disease. Faseb J 2003;17:1195-1214.
3. Floyd R. A. Role of oxygen free radicals in carcinogenesis and brain ischemia.

Faseb J 1990;4:2587-2597.
4. Cadet J., Bourdat A. G., D'Ham C., Duarte V., Gasparutto D., Romieu A. and

Ravanat J. L. Oxidative base damage to DNA: specificity of base excision repair
enzymes. Mutat Res 2000;462:121-128.

5. Seeberg E., Eide L. and Bjoras M. The base excision repair pathway. Trends
Biochem Sci 1995;20:391-397.

6. Tuo J., Jaruga P., Rodriguez H., Bohr V. A. and Dizdaroglu M. Primary fibroblasts
of Cockayne syndrome patients are defective in cellular repair of 8-hydroxyguanine
and 8-hydroxyadenine resulting from oxidative stress. Faseb J 2003;17:668-674.

7. D'Errico M., Parlanti E., Teson M., de Jesus B. M., Degan P., Calcagnile A., Jaruga
P., Bjoras M., Crescenzi M., Pedrini A. M., Egly J. M., Zambruno G., Stefanini M.,
Dizdaroglu M. and Dogliotti E. New functions of XPC in the protection of human
skin cells from oxidative damage. Embo J 2006;25:4305-4315.

8. Slupphaug G., Kavli B. and Krokan H. E. The interacting pathways for prevention
and repair of oxidative DNA damage. Mutat Res 2003;531:231-251.

9.  Gellon  L.,  Barbey  R.,  Auffret  van  der  Kemp  P.,  Thomas  D.  and  Boiteux  S.
Synergism between base excision repair, mediated by the DNA glycosylases Ntg1
and Ntg2, and nucleotide excision repair in the removal of oxidatively damaged
DNA bases in Saccharomyces cerevisiae. Mol Genet Genomics 2001;265:1087-
1096.

10. Reardon J. T., Bessho T., Kung H. C., Bolton P. H. and Sancar A. 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 1997;94:9463-9468.

11. Klungland A., Hoss M., Gunz D., Constantinou A., Clarkson S. G., Doetsch P. W.,
Bolton P. H., Wood R. D. and Lindahl T. Base excision repair of oxidative DNA
damage activated by XPG protein. Mol Cell 1999;3:33-42.

12. Dusinska M., Dzupinkova Z., Wsolova L., Harrington V. and Collins A. R. Possible
involvement of XPA in repair of oxidative DNA damage deduced from analysis of
damage, repair and genotype in a human population study. Mutagenesis
2006;21:205-211.

13. Li Q., Zhang L., Tsang B., Gardner K., Bostick-Bruton F. and Reed E. Phorbol ester
exposure activates an AP-1-mediated increase in ERCC-1 messenger RNA
expression in human ovarian tumor cells. Cell Mol Life Sci 1999;55:456-466.

14. Li Q., Ding L., Yu J. J., Mu C., Tsang B., Bostick-Bruton F. and Reed E. Cisplatin
and phorbol ester independently induce ERCC-1 protein in human ovarian
carcinoma cells. Int J Oncol 1998;13:987-992.

15. Langie S. A., Knaapen A. M., Brauers K. J., van Berlo D., van Schooten F. J. and
Godschalk R. W. Development and validation of a modified comet assay to
phenotypically assess nucleotide excision repair. Mutagenesis 2006;21:153-158.

16. Mosmann T. Rapid colorimetric assay for cellular growth and survival: application to
proliferation and cytotoxicity assays. J Immunol Methods 1983;65:55-63.

17. Borm P. J., Knaapen A. M., Schins R. P., Godschalk R. W. and Schooten F. J.
Neutrophils amplify the formation of DNA adducts by benzo[a]pyrene in lung target
cells. Environ Health Perspect 1997;105 Suppl 5:1089-1093.

18. Henderson L. M. and Chappell J. B. Dihydrorhodamine 123: a fluorescent probe for
superoxide generation? Eur J Biochem 1993;217:973-980.

Thesis_Langie Sabine_v04.pdf   83 16-10-2008   10:27:48



Chapter 3

84

19. Livak K. J. and Schmittgen T. D. Analysis of relative gene expression data using
real-time quantitative PCR and the 2(-Delta Delta C(T)) Method. Methods
2001;25:402-408.

20. Wood R. D., Araujo S. J., Ariza R. R., Batty D. P., Biggerstaff M., Evans E., Gaillard
P. H., Gunz D., Koberle B., Kuraoka I., Moggs J. G., Sandall J. K. and Shivji M. K.
DNA damage recognition and nucleotide excision repair in mammalian cells. Cold
Spring Harb Symp Quant Biol 2000;65:173-182.

21. Griffith O. W. Mechanism of action, metabolism, and toxicity of buthionine
sulfoximine and its higher homologs, potent inhibitors of glutathione synthesis. J
Biol Chem 1982;257:13704-13712.

22. Fratelli M., Goodwin L. O., Orom U. A., Lombardi S., Tonelli R., Mengozzi M. and
Ghezzi P. Gene expression profiling reveals a signaling role of glutathione in redox
regulation. Proc Natl Acad Sci U S A 2005;102:13998-14003.

23. Fratelli M., Demol H., Puype M., Casagrande S., Eberini I., Salmona M., Bonetto V.,
Mengozzi M., Duffieux F., Miclet E., Bachi A., Vandekerckhove J., Gianazza E. and
Ghezzi P. Identification by redox proteomics of glutathionylated proteins in
oxidatively stressed human T lymphocytes. Proc  Natl  Acad  Sci  U  S  A
2002;99:3505-3510.

24. Fratelli M., Demol H., Puype M., Casagrande S., Villa P., Eberini I.,
Vandekerckhove J., Gianazza E. and Ghezzi P. Identification of proteins
undergoing glutathionylation in oxidatively stressed hepatocytes and hepatoma
cells. Proteomics 2003;3:1154-1161.

25. Hu J. J., Dubin N., Kurland D., Ma B. L. and Roush G. C. The effects of hydrogen
peroxide on DNA repair activities. Mutat Res 1995;336:193-201.

26. Feng Z., Hu W. and Tang M. S. Trans-4-hydroxy-2-nonenal inhibits nucleotide
excision repair in human cells: a possible mechanism for lipid peroxidation-induced
carcinogenesis. Proc Natl Acad Sci U S A 2004;101:8598-8602.

27. Feng Z., Hu W., Marnett L. J. and Tang M. S. Malondialdehyde, a major
endogenous lipid peroxidation product, sensitizes human cells to UV- and BPDE-
induced killing and mutagenesis through inhibition of nucleotide excision repair.
Mutat Res 2006.

28. Hiramatsu K., Ogino T., Ozaki M. and Okada S. Monochloramine inhibits ultraviolet
B-induced p53 activation and DNA repair response in human fibroblasts. Biochim
Biophys Acta 2006;1763:188-196.

29. Cesarone C. F., Scovassi A. I., Scarabelli L., Izzo R., Orunesu M. and Bertazzoni
U. Depletion of adenosine diphosphate-ribosyl transferase activity in rat liver during
exposure to N-2-acetylaminofluorene: effect of thiols. Cancer Res 1988;48:3581-
3585.

30. Krokan H., Grafstrom R. C., Sundqvist K., Esterbauer H. and Harris C. C.
Cytotoxicity, thiol depletion and inhibition of O6-methylguanine-DNA
methyltransferase by various aldehydes in cultured human bronchial fibroblasts.
Carcinogenesis 1985;6:1755-1759.

31. Reliene R. and Schiestl R. H. Glutathione depletion by buthionine sulfoximine
induces DNA deletions in mice. Carcinogenesis 2006;27:240-244.

32. Vogel U., Dybdahl M., Frentz G. and Nexo B. A. DNA repair capacity: inconsistency
between effect of over-expression of five NER genes and the correlation to mRNA
levels in primary lymphocytes. Mutat Res 2000;461:197-210.

33. Wei Q., Xu X., Cheng L., Legerski R. J. and Ali-Osman F. Simultaneous
amplification of four DNA repair genes and beta-actin in human lymphocytes by
multiplex reverse transcriptase-PCR. Cancer Res 1995;55:5025-5029.

34. Dabholkar M. D., Berger M. S., Vionnet J. A., Egwuagu C., Silber J. R., Yu J. J. and
Reed E. Malignant and nonmalignant brain tissues differ in their messenger RNA
expression patterns for ERCC1 and ERCC2. Cancer Res 1995;55:1261-1266.

Thesis_Langie Sabine_v04.pdf   84 16-10-2008   10:27:48



Thesis_Langie Sabine_v04.pdf   85 16-10-2008   10:27:48



Thesis_Langie Sabine_v04.pdf   86 16-10-2008   10:27:48



Chapter 4

In vivo dietary modulation of
nucleotide excision repair

in colon tissue
of newborn piglets

Submitted

Sabine A.S. Langie
Pawel Kowalczyk

Barbara Tudek
Romuald Zabielski
Tomasz Dziaman

Ryszard Oli ski
Frederik J. van Schooten

Roger W.L. Godschalk

Thesis_Langie Sabine_v04.pdf   87 16-10-2008   10:27:48



Chapter 4

88

Abstract
Nucleotide excision repair (NER) is important for the maintenance of genomic
integrity, but is inhibited by oxidative stress. Dietary antioxidants could thus protect
DNA by reducing the formation of oxidative DNA damage, but also by protecting
NER against oxidative stress induced inhibition. To obtain further insight in the
relation between oxidative stress and NER activity in vivo, the redox status in
newborn piglets was modulated by intramuscular injection of iron at day 3 after birth.
Indeed, injection of iron significantly increased 8-oxo-7,8-dihydro-2’-deoxyguanosine
(8-oxodG) levels in colon and urine at day 7-14 after birth. In parallel, the influence
of maternal dietary supplementation with antioxidants was investigated in their
offspring. Supplementation resulted in reduced iron concentrations in colon
(P=0.004) at day 7 and a 40% reduction of 8-oxodG in colon DNA (P=0.044) at day
14 after birth. NER capacity in animals that did not receive antioxidants was
significantly reduced to 32% at day 7 as compared to the initial NER capacity on day
1 after birth. This reduction of NER capacity was less pronounced in antioxidant
supplemented piglets (69%). Overall, these data indicate that NER can be
modulated by oxidative stress in vivo, which can be compensated for by antioxidant
supplementation.
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Introduction
The general population is constantly exposed to environmental carcinogens that
may cause damage to a variety of molecular targets including DNA. If these DNA
lesions are not removed by DNA repair mechanisms in time, they can become self-
perpetuating mutations that contribute to ageing and human degenerative diseases
such as cancer [1-3]. As such, DNA repair impairment is an important risk factor in
the pathogenesis of certain diseases. One of the major DNA repair processes is
nucleotide excision repair (NER), which is involved in the removal of bulky-DNA
adducts resulting from exposure to chemical carcinogens like polycyclic aromatic
hydrocarbons.
 An important modulator of DNA repair activity seems to be oxidative stress,
which results from an imbalance between formation of reactive oxygen species
(ROS) and the available antioxidant defences. ROS are produced as a
consequence of normal cellular metabolism, but may also arise from pathological
processes and extra-cellular sources. Furthermore, it has been shown that these
ROS and reactive nitrogen species (RNS) can affect transcription of repair
enzymes, but may also directly inactivate repair enzymes by oxidation and
nitrosation, respectively. For example, exogenous nitric oxide and peroxynitrite have
been shown to inhibit OGG1 [4], DNA ligase [5], formamidopyrimidine-DNA-
glycosylase [6], and O6-alkylguanine-DNA-alkyltransferase by direct nitrosylation
[7]. Moreover, in one of our previous studies, the regulation of NER was also at least
partly controlled by oxidative stress mediators in vitro [8]. A balance between
oxidants and antioxidants is thus crucial to prevent oxidative stress and subsequent
adverse effects on DNA repair processes.
 Therefore, we hypothesize that oxidative stress reduces nucleotide excision
repair capacities in vivo and that an antioxidant rich diet can compensate for these
effects. The in vivo model used in this study was newborn piglets, because of their
similarities to humans regarding: i) morphology and function of organs, ii) oxidative
DNA damage removal, and iii) metabolic rates [9,10]. Newborns were chosen
because their antioxidant systems, as in humans and other mammals, are shown to
be poorly developed and thus oxidative stress can be modulated more easily
[11,12]. Furthermore, in this particular study the colon was selected as target organ,
because DNA damage caused by ROS is a major contributor to colorectal cancer
[13] and colon cancer is the third most commonly occurring cancer in both men and
women [14-16]. To induce high levels of oxidative stress, newborn piglets were
intra-muscularly injected with iron on day 3 post-partum, which is known to catalyze
the generation of ROS [17]. Note that this is a standard procedure found in every
production farm worldwide, though, in our study design it was considered as an
oxidative stress inducer. In parallel, the influence of supplementation of mother
sows with an antioxidant rich diet, from day 80 of pregnancy until the end of the
study at day 14 post-partum, was investigated on oxidative stress parameters and
the modulation of DNA repair capacity (DRC) in the newborn offspring. Oxidative
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stress was determined by assessing levels of the most commonly studied oxidative
DNA lesion 8-oxo-7,8-dihydro-2’-deoxyguanosine (8-oxodG) in colon tissues and by
measuring urinary excretion of 8-oxodG. Effects on NER capacity were assessed by
a modified alkaline comet assay, which relies on the ability of protein/enzyme
extracts to recognize and incise DNA substrates containing bulky lesions induced by
benzo[a]pyrene-diol-epoxide (BPDE) [18].

Materials and Methods

Chemicals
Dulbecco’s Modified Eagles Medium (DMEM), Tris, KAc, alkaline phosphatase, (low
melting point = LMP) agarose, TritonX-100, glycerol and BSA were obtained from
Sigma (St. Louis, USA). Fetal Calf Serum (FCS), trypsin, TRIzol, Hanks Balanced
Salt Solution (HBSS; with and without Ca/Mg), Penicillin/streptomycin and ethidium
bromide were purchased from Gibco Invitrogen (Scotland, UK). Benzo[a]pyrene-7,8-
dihydrodiol-9,10-epoxide (BPDE) was obtained from NCI Chemical Carcinogen
Reference Standard Repository (Midwest Research Institute, Kansas City). Dimethyl
sulfoxide  (DMSO),  EDTA,  DTT,  SDS,  H2O2, KOH, KCL, NaOH, NaCl, chloroform,
iso-propanol, ethanol and mercapto-ethanol were obtained from Merck (Germany).
Proteinase K and RNase were supplied by Roche (New York, USA).

Animals and design of the study
The experiments described here were conducted in compliance with the European
Union regulations concerning the protection of experimental animals. The study
protocol was approved in advance by the Local Ethical Committee, WULS, Warsaw,
Poland. Care of the animals during the duration of the study was in accordance with
the committee guidelines. A total of 12 pregnant sows (Sus scrofa domesticus,
Landrace x Pietrain) were kept in standard farm conditions (state farm Dobrzyniewo,
Poland) with approximate 70% humidity and a temperature of 22 ± 2°C in standard
cages with straw bedding. At day 80 of the pregnancy the sows were randomly
divided into 2 groups, control (n=6) and supplemented with antioxidant rich food
ingredients (n=6). The sows from the control group were fed with the standard diet
for pregnant (dry matter (DM) 87.6%, mean energy (ME) 11.35 MJ/kg, crude protein
(CP) 13.1%) and lactating (DM 87.3%, ME 12.93 MJ/kg, CP 15.4%) sows. The sows
from the supplemented group received the standard diet for pregnant and lactating
sows supplemented with a blend of substances (Table I) that contribute to an
increased antioxidant status. This blend contained taurine (Otis, Poland), L-carnitine
(Lonza, Poland), tocopherol acetate (Sigma-Aldrich, Poland), flaxseed and
rapeseed providing a-linolenic (C18:3n-3) and linoleic (C18:2n-6) fatty acids, and
linden inflorescence (Kawon, Poland) as a source of flavonoids and other
antioxidants, e.g. phenolic acids. The supplementation diet was modified in such a
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way that energy and protein content was similar to that in the control diet as
published before [19,20]. Blood plasma, colostrum and milk analysis demonstrated
substantial transfer of n-3 fatty acids, plant polyphenols and other antioxidants from
the supplemented diet into sow blood and milk. Only plasma and milk
concentrations of carnithine were found not to be influenced [19,20]. Sows were
supplemented from day 80 of pregnancy (pregnancies in pigs have duration of
approx. 115 days) up to the 14th day of lactation. Fresh diet and water were
provided each day ad libitum.

Table I. The composition of the standard diet and the bioactive substances used for
supplementation of pregnant and lactating sows, in g per 1 kg of feed.

Piglets were delivered at term and clinically healthy. The average number of
delivered piglets was 11.3 and 10.5 per sow, respectively, in the control and
supplemented group (P=0.88). On day 3 post-partum the piglets were
intramuscularly injected with 200 mg iron dextran (FeDex), which is considered a
traditional treatment in the swine industry to prevent anaemia. One piglet from each
litter was sacrificed for tissue sampling by CO2 inhalation  on  postnatal  days  1,  2
(before FeDex injection), 4, 7, and 14. Piglets sacrificed at day one after birth
represent the unsuckling newborns that did not receive FeDex injection and thus
serve as untreated controls. A schematic overview of the study design is shown in
Figure 1. Urine was collected by urinary bladder puncture and samples were stored
at -80°C until analyses. Colon tissue was isolated, snap frozen and stored at -80°C.
Tissues were subsequently grinded using mortar and tamper that were cooled in
liquid nitrogen. Grinded tissues were divided over eppendorf tubes containing 50-
100 mg of tissue, snap frozen and stored at -80°C until analysis of the repair
capacities or 8-oxodG levels.
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Figure 1. Schematic overview of supplementation and sampling time points. Dietary
intervention of mother sows started at day 80 of the pregnancy and continued until day
14 of lactation. After birth, newborn piglets from the control as from the supplemented
group were injected with 200 mg of iron dextran. At days 1, 2, 4, 7 and 14 after birth
newborn piglets were sacrificed, and urine samples and tissues were collected.

Measurement of iron levels in colon tissue
Total amounts of iron were measured in pig colon tissues by atomic absorption
spectrometry. Grinded tissues (n=3-9 per group per day) were hydrolyzed overnight
in  1  mL  of  7M  HNO3 at 60°C. After centrifugation, 20 µL of the supernatant was
directly injected into a graphite furnace atomic absorption spectrometer with
Zeeman background correction (Varian, Bergen op Zoom, The Netherlands). Fe
concentrations (ng/mL) were determined at 372 nm. Solutions with known
concentrations of Fe were used for calibration. All the glassware was rinsed with 1%
HNO3 to avoid contamination. Total Fe-concentration in ng Fe per mg colon tissue
was calculated from the calibration curves and the weight of tissue.

Determination of 8-oxodG in colon tissues
To detect the base oxidation product 8-oxodG, HPLC with electrochemical detection
(ECD) was performed. Grinded frozen colon tissues (50-100 mg, n=3-4 per group
per day) were thawed and genomic DNA was obtained using standard phenol
extraction [21]. The DNA extraction procedure was optimized to minimize artificial
induction of 8-oxodG, by using radical-free phenol, minimizing exposure to oxygen
and by addition of 1 mM deferoxamine mesylate and 20 mM TEMPO (2,2,6,6-
tetramethylpiperidine-N-oxyl), according to the European Standards Committee on
Oxidative DNA Damage (ESCODD, ref [22]). DNA concentrations were quantified
by spectrophotometry and samples were frozen at -20°C until further use. HPLC-
ECD of 8-oxodG was based on a method described earlier [23]. Briefly, 30 µg DNA
was digested to deoxyribonucleosides by treatment with, 6 mL  0.5M  NaAc,  9 mL
10mM ZnCl2 and 1.5 mL nuclease P1 (stock: 1 U/µL), and incubation for 90’ at 37 oC.
Subsequently, 30 mL 0.5M Tris-HCl (pH 7.4) and 1.5 mL alkali phosphatase (0.014
U/µL) was added followed by incubation at 37 oC  for  45’.  The  digest  was  then
analysed by HPLC-ECD, using a SupelcosilTM LC-18S column (250 x 4.6 mm)
(Supelco Park, Bellefonte, PA) and a DECADE electrochemical detector (Antec,
Leiden, The Netherlands). The ECD-signal was first stabilized with mobile phase
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(94mM KH2PO4, 13mM K2HPO4, 26mM KCL and 0.5mM EDTA, 10% methanol) for
approximately 3 hours at a flow rate of 1 mL/min. After stabilization, 8-oxodG was
detected at a potential of 400 mV and dG was simultaneously monitored by UV
absorption at 260 nm.

Measurement of NER capacity in colon tissues
To asses the effects of dietary supplementation with an antioxidant rich diet on NER
capacity in the piglets’ colon tissues, we applied a modified comet assay [18].
Basically, this assay measures the ability of NER-related enzymes that are present
in cell/tissue extracts, to incise substrate DNA containing benzo[a]pyrene-
diolepoxide (BPDE)-DNA adducts. The substrate nucleoids were prepared from
untreated A549 cells (human epithelial lung carcinoma cells), which were purchased
from the American Tissue Culture Collection (ATCC) and were cultured in T75
flasks in DMEM supplemented with 10% heat inactivated FCS and 1%
penicillin/streptomycin. Cells were maintained at 37oC  in  a  5%  CO2 atmosphere.
A549 cells were tripsinized at approximately 80% confluency, embedded in LMP
agarose and subsequently lysed overnight in cold (4oC)  lysis  buffer  (2.5  M  NaCl,
0.1M EDTA, 0.01M Tris, 0.25M NaOH plus 1% Triton X-100 and 10% DMSO added
just before use). The resulting nucleoids were then exposed to BPDE (1 µM in PBS)
or vehicle control (DMSO, 0.5%) for 30 minutes at 4oC. To prepare protein/enzyme
extracts, 50-100 mg of grinded frozen colon tissues were thawed and resuspended
in buffer A (45 mM HEPES, 0.4 M KCl, 1 mM EDTA, 0.1 mM dithiothreitol, 10%
glycerol, adjusted to pH 7.8 using KOH, 100 µL per 50 mg tissue). Resulting
aliquots were snap-frozen, thawed again and lysis was completed by adding 30 µL
of 1% Triton X-100 in buffer A per 100 µL of extract. The lysate was centrifuged at
11,000 rpm for 5 minutes at 4°C. Next, protein concentrations were determined by
means of the BioRAD DC protein assay (Veenendaal, The Netherlands), using
bovine serum albumin as a standard. Then tissue extracts were diluted to a
concentration of 0.3 mg/mL, and stored at -80°C overnight. The next day, diluted
protein extracts were thawed and 4 volumes of reaction buffer B (45 mM HEPES,
0.25 mM EDTA, 2% glycerol, 0.3 mg/mL BSA, adjusted to pH 7.8 with KOH) were
added. From this mixture, 50 µL aliquots were added to the gel-embedded nucleoids
containing high levels of BPDE-DNA adducts, and incubated for 10 minutes on a
heating plate at 37°C. Alkaline treatment and electrophoresis, each 20 minutes,
were conducted as in the standard comet assay. The increase in DNA breaks at 10
minutes, leading to increased tail moments, is indicative for the NER capacity of the
cell extracts. After subtracting background levels from all data, the final repair
capacity was calculated according to Langie et al. [18].
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Urine analysis
Processing of urine samples for estimation of 8-oxodG levels was performed
according to Dziaman et al. [24]. Briefly, 0.05 nmol of [15N5]-8-oxodG as internal
standard and 10 µL of acetic acid (Sigma, HPLC grade, concentration 99%) were
added to 2 mL of urine. After centrifugation (2000 x g, 10 min), supernatant was
filtered using a Millipore GV13 0.22 µm syringe filter and 500 µL of this solution was
injected into the HPLC system. Purification of 8-oxodG by HPLC was performed as
described by Gackowski et al. [25]. GC/MS analysis was performed according to the
method described by Dizdaroglu [26].

Statistical analysis
Results are presented as mean values ± standard error. Differences in iron content,
levels of oxidative damage, repair capacities, and urinary excretion were analyzed
by T-tests. Relationships between various parameters were assessed by linear
regression. Statistical analysis was performed using SPSS v.15.0. A P-value 0.05
was considered statistically significant.

Figure 2. Iron concentrations in the colon of non-supplemented controls (£) and
supplemented piglets (¢). The level of iron in the colon tissues of the control group was
significantly increased at day 7 (*P=0.002). The supplementation of piglets resulted in a
lower iron concentration in the colon tissues at day 7 as compared to the controls
(**P=0.004). Data are presented as the mean values (n=3-9) and bars indicate standard
errors of the mean.
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Results

Iron-induced oxidative stress in animal model
The iron-induced oxidative stress was studied in the newborn piglets by assessment
of; i) the iron content in colon tissue, ii) 8-oxodG  levels  in  tissue  and iii) urinary
excretion of 8-oxodG. Upon injection of FeDex at day 3, the iron levels in the colon
significantly increased at day 7 (P<0.001) to 5-times the initial level (Figure 2, white
bars). At day 14 after birth, the iron concentrations in the colon had decreased again
to the initial background levels. 8-OxodG levels in colon were significantly ~3-fold
increased at day 7 and 14 after birth and after iron treatment (Figure 3, white bars).
These elevated levels of 8-oxodG correlated with the amount of iron in colon tissue
(R=0.477, P=0.010). Urinary excretion of 8-oxodG increased gradually upon FeDex
exposure to significantly ~3-fold higher levels at day 14 compared to day 1 (Figure
4, white bars).

Figure 3. Levels of 8-oxodG in the colon tissues; from piglets not supplemented with
antioxidant enriched diet (£), and from supplemented piglets (¢). In both groups 8-
oxodG in the colon tissues was significantly increased at day 7 and 14 as compared to
day 1 after birth (**P=0.016, ***P=0.003 for the controls, and **P=0.012, *P=0.050 for the
supplemented piglets, respectively). Moreover, supplementation significantly reduced the
8-oxodG levels on day 14 (*P=0.044 supplemented vs. controls). Data are presented as
the mean values (±standard error).
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Antioxidant enriched dietary supplementation
The intervention with antioxidant enriched diet was shown to be effective in reducing
iron levels in the colon tissues of the supplemented piglets; 53% lower levels were
observed at day 7 as compared to the controls (Figure 2, grey bars), which is
expected to result in reduced levels of oxidative stress in the colon as well. Indeed,
the level of 8-oxodG in colon of the supplemented group was significantly reduced
to 60% at day 14 as compared to the unsupplemented group (Figure 3, grey bars).
Moreover, Figure 4 shows that the increase in the urinary excretion of 8-oxodG
occurred sooner and the removal was more efficient in the supplemented piglets
(already ~2-fold increase at day 4 and ~8-fold at day 14) as compared to the
controls (~3-fold increase at day 14).

Figure 4. Urinary excretion rates of 8-oxodG in newborn piglets of the control (£) and
supplemented (¢) groups. Urinary 8-oxodG levels of the control group are significantly
increased at day 14 versus day 1, though, the supplemented piglets show significantly
increased urine levels of 8-oxodG already at day 4. Moreover, significant differences in
8-oxodG excretion between the supplemented group and the controls were observed
from day 4 onwards. Mean data values are presented as percentages of day 1. Bars
indicate standard error of the mean (*P=0.050, **P<0.003, ***P<0.005).

Furthermore, we noted that the initial excretions of 8-oxodG at day 1 were lower in
the supplemented group than in the controls (0.58±0.24 vs. 1.39±0.42 respectively),
which could be an effect of the supplementation of the mother sows during
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pregnancy. In case the urinary excretion data were calculated as percentages of
day 1, a significant difference in excretion of 8-oxodG was seen between the
supplemented and non-supplemented newborn piglets. In the supplementation
group, excretion of 8-oxodG was significantly enhanced by 100% at day 4, 365% at
day 7, and by 510% at day 14 as compared to the control group (P=0.050, P=0.028
and P=0.003, respectively).

Effects of oxidative stress with and without antioxidant intervention
on DNA repair
First of all, it should be noted that the NER capacities at day 2 (prior to FeDex
injection) were already decreased with ca. 20% in both the supplemented and
control group. However, the subsequent iron-induced oxidative stress in the piglets
was paralleled by a further decline of the NER capacity to 32% at day 7 as
compared to day 1 after birth, which was partly restored to 54% at day 14 (Table II).
Moreover, a significant inverse correlation of NER with the levels of Fe (R=-0.734,
P=0.016) and the formation of 8-oxodG in the colon were seen (R=-0.701,
P=0.024). A significant beneficial effect of the antioxidant supplementation on
phenotypic NER capacity was seen at day 7 after birth (Table II, P=0.050), which
was significantly less reduced by oxidative stress than in the group of
unsupplemented animals (reduced to 69% in stead of 32%, respectively).

Table II. Mean repair capacities in colon tissues of newborn piglets as calculated from
tail moment values (± standard errors) and as percentage of day 1.

* Significant difference in NER capacity between these groups (P=0.050).
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Discussion
Ongoing research has focused on factors that can modulate the rate of DNA repair.
Previous in vitro studies showed that increased oxidative stress can inhibit NER [8],
which was confirmed in vivo in the current study. The modulation of oxidative stress
by antioxidant rich diets could theoretically protect NER against a reduction in its
activity and could thus improve the maintenance of genomic integrity. Indeed, in this
study, supplementation of mother sows with an antioxidant enriched diet seemed to
partly compensate the oxidative stress-induced reduction of the NER capacity in
colon tissues of their newborn offspring.
 Although the oxidative stress observed in the newborn piglets may partly be a
consequence of a sudden increase in oxygenation after birth [24], the intramuscular
injection of 200 mg FeDex resulted in elevated amounts of iron in the colon and
subsequently increased levels of 8-oxodG in colon DNA. Increased urinary excretion
rates of 8-oxodG, as additional biomarker of oxidative stress upon injection with
FeDex, confirms previous observations in rats [27]. This increase in oxidative stress
was paralleled by a decline in NER capacity to 32% of the initial levels in newborn
piglets (Table II). Although, it is not yet clear which factors contribute to this
reduction of NER capacity, several factors that are released during oxidative stress
have the ability to inhibit NER, such as lipid peroxidation products (e.g. 4-
hydroxynonenal, malondialdehyde), most likely by direct oxidative attack and
inactivation of NER proteins [28-30].
 We proposed that the inhibiting effects of oxidative stress on DNA repair could
be compensated for by antioxidant supplementation. In the present study, the
supplementation consisted of a blend of bioactive compounds (Table I). All of these
compounds posses antioxidant activity, mainly by acting as scavengers of ROS and
lipid peroxidation products [31-34]. Moreover, studies have shown that this
antioxidant rich diet improved the development of intestinal mucosa in comparison
to the commercial diets (with little antioxidants) used in the pig industry [19] and
some of the dietary compounds (e.g. fibres, phytic acid and polyphenols) were
found to bind pro-oxidant metals like iron resulting in decreased absorption by
intestinal epithelial cells [35]. For instance, Glahn et al. showed that phytic acid and
polyphenols inhibited iron uptake by the colon cell line, Caco-2 [36]. Furthermore,
Grinberg et al. reported that the iron binding capacity of polyphenols accounted for
most of its protective effect against oxidative stress [37]. These observations are in
correspondence with the lower levels of total iron in colon tissue and a lower amount
of 8-oxodG in the colon DNA from offspring of antioxidant supplemented sows as
shown in the current study. Some studies have also reported significant effects of
these dietary factors on the levels of 8-oxodG in cellular DNA [38-41], but it should
be mentioned that this could not be reproduced by others [31,38,42].
 As hypothesised, nucleotide excision repair capacities were beneficially affected
by the supplementation with the blend of bioactive compounds. Although the repair
capacity still decreased in time after birth and iron administration, this reduction was

Thesis_Langie Sabine_v04.pdf   98 16-10-2008   10:27:49



Dietary modulation of NER in newborn piglets

99

significantly smaller as compared to animals that were not supplemented. Until now,
a small number of studies has assessed the influence of diet and dietary
compounds on DNA repair processes .[43,44]. One study in particular showed an
increased BER capacity in human lymphocytes upon supplementation with kiwifruits
in vivo [45].
 In the present study, lower levels of 8-oxodG in colon tissues of supplemented
piglets was linked with enhanced urinary excretion of 8-oxodG as compared to the
control group. The levels of 8-oxodG in cellular DNA represent a dynamic
equilibrium between rates of oxidative DNA damage and rates of repair of the
damage. Therefore, the excretion rate (which most likely represents repair
processes) combined with determination of 8-oxodG in cellular DNA may resolve
the basic issue concerning the possible link of rates of repair versus rates of
damage. As a matter of fact, only comparison of these two parameters can give
information about the meaning of oxidative DNA damage excreted in urine. For
example, an agent like Fe is responsible for increases of oxidative stress and as a
consequence increased 8-oxodG levels in cellular DNA and in urine. In the above
mentioned animal groups, a simultaneous increase of urinary 8-oxodG levels was
observed as possible repair products. Moreover, the dietary intervention decreased
the level of 8-oxodG in tissue, but increased urinary excretion of 8-oxodG. This
strongly suggests that the diet might in fact be profitable stimulating DNA repair and
therefore decreasing background cellular levels of 8-oxodG. On basis of these
observations, one could argue that the lower levels of 8-oxodG in the colon tissues
in the supplemented group are the direct result of improved NER capacities. Indeed,
it has been suggested that the NER pathway is involved in the repair of oxidized
bases [46-48], though, additional DNA repair routes, like elimination of 8-oxodGMP
by Nudix hydrolases from the nucleotide pools, are important contributors to the
presence of oxidatively modified 2'-deoxyribonucleosides in urine [49-51]. It is not
possible to distinguish cause and effect in the present study. Therefore, our data
rather suggest that the formation of 8-oxodG in the colon is merely an indicator of
increased oxidative stress, which subsequently inhibits DNA repair, also because
NER capacity and the levels of Fe, as an inducer of oxidative stress, are inversely
correlated (R=-0.734, P=0.016).
 Collectively, our data demonstrate that oxidative stress may inhibit nucleotide
excision repair in vivo. These deleterious effects can be compensated for by an
antioxidant enriched diet. Although, the underlying mechanisms remain unclear, a
reduction in repair capacity during diseases that involve oxidative stress might
contribute to mutagenesis and carcinogenesis. Dietary interventions could guard
against these effects by protecting the DNA repair processes that maintain the
integrity of the DNA. As such, considering the prominent role of DNA damage and
repair in health and disease, further research on the modulation of DNA repair is
urgently needed.
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Abstract
Gene-environment interactions determine inter-individual variations in nucleotide
excision repair (NER) capacity. Oxidative stress was previously found to inhibit
NER, thus supplementation with dietary antioxidants could prevent NER to be
reduced by oxidative stress, especially in genetically susceptible subjects.
Therefore, to study the effects of genetic polymorphisms in NER-related genes and
dietary intake of antioxidants on an individual’s DNA repair capacity (DRC),
lymphocytes of 168 subjects were isolated before and after a four week intervention
with an antioxidant rich blueberry/apple juice. A total of 11 genetic polymorphisms in
the NER genes XPA, XPB, XPC, XPD, ERCC1, ERCC5, ERCC6 and RAD23B was
assessed by multiplex PCR with single base extension. On the basis of genotype-
combinations, a subset of individuals (n=36) was selected for phenotypically
assessing NER capacities, which appeared to be significantly affected by the XPA-
A23G polymorphism (P=0.002); XPA-AA carriers having ~3-fold lower DRC than
XPA-GG carriers. NER capacities assessed before and after the dietary intervention
correlated significantly (R2=0.71, P<0.001, slope=0.95), indicating that inter-
individual differences in DRC are maintained over a 4 week period. Although the
blueberry/apple juice intervention improved antioxidant status, on average it did not
affect NER capacities. Nonetheless, carriers of at least one variant allele for XPC-
K939Q or RAD23B-A249V did benefit from the intervention, showing improved NER
after the intervention compared to homozygous wild-types. However, these dietary
effects on NER capacity did not outweigh the impact of the XPA-genotype. In
conclusion, the XPA-A23G polymorphism was the predominant predictor for NER
capacity.
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Introduction
Molecular epidemiological studies have reported large inter-individual variations in
susceptibility to environmental carcinogens and subsequent cancer risk, which may
partly be due to genetically determined variations in DNA repair capacity (DRC) [1-4].
One particular DNA repair mechanism, the nucleotide excision repair (NER) pathway,
protects the integrity of the genome by recognizing and eliminating a broad spectrum
of bulky lesions like UV-induced pyrimidine dimers, aromatic DNA adducts, cross-
links, and several types of oxidative damage [5]. NER is a versatile DNA repair system
involving the joint action of a variety of enzymes like XPC-RAD23B, CSB, XPA, XPF-
ERCC1, and others [6,7]. It is clear that NER plays a crucial role in cancer prevention,
because defects in this pathway lead to several severe human disorders [8].
Furthermore, several studies suggest that genetic polymorphisms in various NER
genes may have a profound impact on the phenotypical activity of this repair pathway.
For instance, Zhu et al. showed that single nucleotide polymorphisms (SNPs) in
coding and regulatory regions of XPC can alter both gene expression and enzyme
activity (11); the K939Q variant allele of XPC resulted in reduced DRC, whereas
another variant allele of XPC (A499V) increased DRC [9]. The common polymorphism
23AàG, situated in the 5’ untranslated region (5’-UTR) of XPA, was associated with
more efficient DRC [10]. Dušinská et al. indeed found a significant association
between the XPA-AA genotype and elevated levels of 8-oxoguanine in lymphocyte
DNA [11]. In addition, several genetic polymorphisms in DNA repair genes were
shown to modulate the levels of bulky-DNA adducts [9,12,13] or chromosomal
damage [14-16]. So, several studies identified associations between polymorphisms in
DNA repair genes with the amount of DNA damage and the capacity to repair these
damages.
 Next to the effect of SNPs on DNA repair activity, other factors, like diet should
also be taken into account. Although there is sufficient evidence for chemopreventive
effects of certain dietary compounds [17], only a few studies have reported that dietary
compounds influence DNA repair processes (reviewed by Tyson and Mathers [18]). In
fact, to the best of our knowledge, there is only one study that investigated the effect
of dietary factors on NER, observing an association between low dietary folate intake
and reduced DRC [19]. As such, there is an increasing need to study the impact of
diet on NER activity.
 We previously showed that especially oxidative stress can inhibit NER activity
[20,21]. Thus, enhanced dietary intake of antioxidants may represent an opportunity
for improving NER by reducing oxidative stress. Therefore, we studied the dietary
modulation of DNA repair by using samples from a four-week intervention study with
healthy volunteers, consuming 1L of blueberry/apple juice per day [22]. This
intervention was found to be efficient in enhancing antioxidant defence and reducing
the levels of ex vivo induced oxidative DNA damage [22,23]. In the current study, our
aim was to investigate the effect of this intervention as well as the effect of genetic
polymorphisms in NER genes on the phenotypic NER capacity as assessed by a
modified alkaline comet assay, which was recently developed at our laboratory [24].
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Materials and Methods

Study population
The study population consisted of 168 healthy volunteers, 114 female and 54 male,
aged 18–45 years (for more details see references [22,23]). Volunteers were
recruited through advertisement in local newspapers and were included if they were
non-smokers, did not use any medication (except for oral contraceptives) or any
vitamin supplementation. Subjects were informed about the details of the study and
gave their written informed consent. The protocol was approved by the Medical
Ethical Committee of Maastricht University and the Academic Hospital Maastricht.

Dietary intervention
Since we were particularly interested in raising plasma antioxidant levels by the
intervention, volunteers were given a list of food ingredients rich in antioxidants,
which they had to avoid during a 5-day washout period. The food items on this list
were described in a previous study [22]. The design of this intervention as well as
the efficacy of the washout period was based on a pilot study, described earlier [23].
Each subject acted as his/ her own control. The 5-day washout period was followed
by a 4-week intervention period with a custom-made blueberry/apple juice mixture,
produced specifically for this study by Riedel Drinks (Riedel, Ede, The Netherlands),
of which subjects consumed 1 L/day. This blueberry/ apple juice mixture contained
high levels of antioxidants, predominantly in the form of flavonoids. Supplementation
with this juice for 4 weeks was reported to be effective, as the intervention
significantly increased plasma antioxidant concentrations and total plasma
antioxidant capacity [22]. The impact of seasonal variation in dietary habits or
increased sensitivity was overcome by year-round random sampling.

Collection of samples
After the 5-day washout period, the first blood sample was obtained between 8 and
9 AM by venapuncture. Volunteers were allowed to have breakfast before sampling.
After the 4-week intervention period, the second blood sample was also drawn
between 8 and 9 AM. Again, breakfast was allowed but no juice. Venous blood
samples were obtained into one 10 mL EDTA vacuum tube for plasma analyses and
into two 10 mL vacuum lithium heparin tubes (venoject II, Terumo-Europe, Leuren,
Belgium) for isolation of lymphocytes. The EDTA tubes were centrifuged for 10 min
at 265g at 4ºC to separate plasma for the analysis of the trolox equivalent
antioxidant capacity (TEAC value) and determination of antioxidant concentrations
as described previously [22]. All plasma samples were kept at -80ºC until analysis.
Lymphocytes were isolated from heparinized venous blood of human volunteers
using a standard density gradient centrifugation method [25], aliquoted and stored
as cell pellets at -20°C. One aliquot was used to isolate DNA for genotyping
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purposes, using standard phenol extraction procedures. Another lymphocyte aliquot
was used to prepare extracts to phenotypically assess NER capacity.

Selection of Polymorphisms
In this study, single nucleotide polymorphisms (SNPs) in NER genes (Table I) were
selected on the basis of (a) their association with cancer development; or (b) their
expected influence on DNA repair based on literature review, as shown in Table II.
DNA sequences and allele frequencies were obtained from the Cancer SNP 500
database (http://snp500cancer.nci.nih.gov).

PCR Primer Design and Multiplex PCR Amplification
Primer 3 software (http://www.broad.mit.edu/cgi-bin/primer/primer3_www.cgi) and
(http://www.premierbiosoft.com/netprimer/netprlaunch/netprlaunch.html) Netprimer
software were used to design PCR primers [see Knaapen et al. [26] for more
detailed information]. Primers were obtained from Qiagen. First, the isolated DNA
containing SNPs was amplified in one nineplex and one duplex PCR reaction. For
the nineplex PCR, a 10 µL reaction mixture was prepared containing PCR buffer, 10
mM deoxynucleotide triphosphates, 50 mM MgCl2,  5  U/µL  of  Platinum®  Taq
Polymerase (Invitrogen), and 40 ng/µL of template DNA. The final primer
concentrations were 2.0 µM (for XPC-03, ERCC6-01, ERCC1-05, ERCC1-06 and
ERCC1-30), 0.8 µM (for XPA-02), 1.2 µM (for XPB), 1.6 µM (for XPC-01) and 4.0
µM (for Rad23B-04). For the duplex PCR, the final primer concentrations were 2.7
µM (for XPD-02) and 12.3 µM (for ERCC5-01) [see Table I for corresponding rs-
numbers]. PCR was conducted as follows: denaturation at 94 °C for 3 min; 30
cycles of 94°C for 30 sec, 63°C for 30 sec, and 72°C for 30 sec; and a final
extension at 72°C for 5 min. After PCR amplification, the products were pooled (5
µL of the nineplex and 3 µL of the duplex PCR product) and incubated (37°C for 45
min) with 4 µL of ExoSAP-IT (Amersham, Roosendaal, The Netherlands) to digest
residual deoxynucleotide triphosphates and primers. Enzymes were deactivated at
75°C (15 min).

Multiplex Genotyping
Genotyping was performed by single base extension (SBE) using SnaPShotTM as
described by the manufacturer (Applied Biosystems, Nieuwekerk a.d. IJssel, the
Netherlands), with some modifications. Briefly, SBE primers were designed using
Primer 3 and Netprimer software to bind immediately adjacent 5’ to the specific
SNP, with a template specific part of 20 to 33 bp and a Tm of 66ºC to 69ºC (Table I).
To facilitate detection of eleven polymorphisms in one single run, the length of the
extension primers was adjusted to a distinct size by addition of a nonhomologous
tail to their 5’ site [26]. To this end, 5.5 µL of the purified PCR product (containing
eleven fragments) was mixed with 2.5 µL of SNaPshot reaction mixture, 1 µL of
pooled SBE primers, and 1 µL of water. The final concentration for all
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SBE primers was 4 µM, except for XPA-02, ERCC5-01 and XPB (2 µM). SBE was
performed using 25 cycles of 96°C for 10 sec and 60°C for 30 sec. Subsequently,
the samples were incubated at 37°C for 1h with 1 U of shrimp alkaline phosphatase
(Amersham), followed by enzyme deactivation at 75°C for 15 min. The SBE
products were finally analyzed by capillary electrophoresis, for which 1 µL of the
(fivefold-diluted) SBE product was mixed with 13 µL of deionized formamide and 0.4
µL of Genescan-120 LIZTM size marker. Samples were denatured at 95 °C for 5
min and run on an ABI-Prism® 3100 genetic analyzer using a 36-cm capillary array
and POP-6 polymer. Analyses were performed with GenescanTM software (version.
3.7; [26]).

Measurement of NER capacity
A subpopulation of 36 healthy volunteers, 28 female and 8 male, aged 18–45 years,
was selected for the phenotypical assessment of NER. Since we previously
observed that ERCC1 expression can be a proxy for NER capacity [20], selection of
subjects occurred according to their ERCC1 genotype. More specifically, samples
from homozygous wild-types and homozygous carriers of the variant allele for the
three studied SNPs in ERCC1 were predominantly selected for DNA repair analysis.
Power calculations based on an a of 0.05, a minimal group size of 4 and taking into
account the variation in DRC, indicated that it will be possible to find a statistically
significant 2 fold difference with a power of >80%.
 To phenotypically assess the NER capacity in human lymphocytes, we applied a
modified comet assay recently developed in our laboratory [24]. Basically, this assay
measures the ability of a cell/tissue extract to incise substrate DNA containing
benzo[a]pyrene-diolepoxide (BPDE)-DNA adducts. Thus, this assay reflects an
individual’s capacity to recognize and incise damaged DNA, which are important
first steps in the NER process. The increase in DNA incisions/breaks, leading to
increased tail moments, is indicative for the NER capacity of the cell extracts. After
subtracting background levels from all data, the final repair capacity was calculated
according to Langie et al. [24].

Statistical analysis
Differences in DNA repair capacities and TEAC before and after the intervention
were analyzed by paired T-tests. To investigate the effect of the total number of low-
activity alleles on the NER capacity, genotypic polymorphisms were coded as number
of low-activity alleles, based on literature and their expected modulating effect on the
DRC (Table II); 0 (homozygous for high-activity allele), 1 (heterozygous; carrying one
high- and one low-activity allele), and 2 (homozygous for low-activity allele) [similar
approach as previously reported by Ketelslegers et al. [27]]. Subsequently, the total
sum of low-activity alleles was computed and related to NER capacity. Stepwise
multivariate, linear regression was used to asses the impact of sex, age, TEAC and
various polymorphisms on the phenotypically assessed NER capacity. The
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relationship between NER capacity before and after intervention was assessed by
linear regression. Statistical analysis was performed using SPSS v.15.0. In each
case, a P-value 0.05 was considered statistically significant.

Results

SNPs and Genotype frequencies
In Table II, all analysed SNPs, amino acid changes related to the polymorphism,
function of the proteins in NER and the expected effect of the variant allele on the
DRC are listed. Furthermore, the frequencies of the wild-type, heterozygous and
variant alleles as observed in our study population (n=168) are represented and
appear to be in Hardy-Weinberg equilibrium.

Effects of genetic factors on the NER capacity
As a first approach to investigate the influence of the genetic profile on the
phenotypic DRC, the total sum of putative low-activity alleles was calculated and
related to the NER capacities assessed before the dietary intervention. A significant
inverse correlation between the amount of low-activity alleles and the NER
capacities was observed (Figure 1; R2=0.68, P=0.044).
 The impact of all genetic polymorphisms individually, as well as age and sex on
DRC was assessed by stepwise regression analysis. Sex and age had no effect on
NER. XPA-A23G (P=0.005) and XPC-K939Q (P=0.050) revealed to be significant
predictors of the NER capacity (Figure 2 A and B) before the intervention.
Individuals that were homozygous for the variant allele of XPA-A23G (n=17) showed
a 2.4 fold higher NER capacity as compared to those carrying the homozygous wild-
type alleles (n=5). Individuals carrying at least one variant allele of XPC-K939Q
(n=16) had a ~2-fold lower NER capacity than carriers of the homozygous wild-type
genotype (n=20). The influence of the sum of low-activity alleles of both XPA-A23G
and XPC-K939Q on the NER capacity before the intervention is shown in Figure 2C
(P<0.001); individuals having one or more low-activity alleles for these two genes
(n=24) showed a reduction of the NER capacity to 35% as compared to individuals
carrying no such low-activity alleles (n=12). When analysing samples of the same
individuals from after the intervention, the association between the XPC-K939Q
variant allele and NER capacity disappeared, suggesting that this association was
affected by gene-diet interactions. The SNP XPA-A23G remained to be a significant
predictor for the NER capacity after the intervention (Figure 3; P=0.002).

Effects of dietary factors and gene–diet interactions on NER capacity
The 4 week intervention with blueberry/apple juice was reported to be effective in the
total study population (n=168), as it significantly increased the total plasma antioxidant
status, monitored as trolox equivalent antioxidant capacity (TEAC value) [22].
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Figure 1. Relationship between NER capacity and the sum of low-activity alleles in NER
related genes. The sum of low-activity alleles was computed for each individual by adding
the number of alleles that putatively have adverse effects on DRC (Table II). An increase in
this sum of total low-activity alleles was associated with decreased NER capacity (R2=0.68,
P=0.044). Data are presented as mean DRC ± standard error of mean (n= 4-9).

Figure 2. The effect of genetic polymorphisms on the phenotypic NER capacity assessed
before the blue berry/apple juice intervention. NER capacity was significantly affected by
(A) XPA-A23G (P=0.005) and (B) XPC-K939Q (P=0.050; since there was only one
individual with the CC-genotype, subjects with the AC and CC genotypes were pooled for
statistical reasons). (C) The effect of the sum of low-activity alleles for these two genes on
NER capacity (0= homozygous carriers of high-activity alleles in both XPA and XPC, 1=
carriers of at least one low-activity allele in XPA or XPC) (P<0.001). Data are shown as
mean NER capacities as computed from the TM values. Bars represent the standard error
of the mean.
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Figure 3. The effect of XPA-A23G
polymorphism on the NER capacity
assessed after the intervention with
blue berry/apple juice (P=0.002).
Data are presented as mean NER
capacities ± SE.

Figure. 4. Correlation between the NER
capacities measured before and after
the blueberry/apple juice intervention
(R2=0.7051, P<0.001, slope=0.947).

Figure 5. The influence of specific
genetic polymorphisms on the effect
of the dietary intervention on NER
capacity. Carriers of one or more
low-activity alleles for XPC-K939Q
and/or RAD23B-A249V showed an
increased DNER capacity (P=0.050)
as compared to individuals with none
of the low activity alleles. Data are
presented as D of  the  mean  NER
capacities (±SE).
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Similar results were found for the selected subpopulation (n=36); mean TEAC
values were significantly elevated (P=0.032) from 791 µM (±6.61) to 805 µM
(±7.90). However, when studying the effect of the dietary intervention on DRC, no
clear effects of the 4 week blueberry/apple juice intervention on the phenotypically
assessed NER capacity and no significant correlations between DRC and TEAC
values were observed. In fact, NER capacities measured before the intervention
correlated strongly with the NER capacities detected after the intervention (Figure 4;
R2=0.71, P<0.001, slope=0.95).
 Although the diet did not affect the repair capacity in general, it can be
postulated that individuals with a certain genetic background may still benefit. To
further study gene-diet interactions regarding changes in DRC, differences between
the NER capacities measured after and before the intervention were calculated for
each  individual  (DNER=NERafter - NERbefore). This DNER, as an indicator of the
intervention effect, was tested by multiple stepwise linear regression analysis
against all SNPs, DTEAC, age and sex. No effects of sex, age and DTEAC were
observed. However, the intervention differentially affected NER capacity in subjects
that carried the SNPs XPC-K939Q and RAD23B-A249V. Interestingly, the
homozygous wild-types carriers of XPC-K939Q (n=20) that previously showed a ~2-
fold higher NER capacity than homozygous carriers of the variant/low-activity allele
(n=1), benefited less from the intervention with the blueberry/apple juice as
compared to those that carried the variant alleles (DNER was -0.19 ± 0.18 resp.
3.42; P<0.001). Also for RAD23B-A249V, we observed that homozygous carriers of
the low-activity alleles (n=4) benefited more from the intervention by a significantly
increased NER capacity as compared to subjects homozygous for the wild-
type/high-activity allele (n=20) (DNER was 1.03 ± 0.89 resp. -0.20 ± 0.16; P=0.026).
The influence of the sum of low-activity alleles in XPC-K939Q and RAD23B-A249V
on the DNER showed a small but statistically significant increase in NER capacity
upon  the  intervention  for  those  having  more  than  1  low-activity  allele  (n=25)
compared with those carrying no low activity alleles (n=11) (Figure 5; P=0.050).
 Similar results were observed when considering the total sum of low-activity
alleles in all studied genes; a mean DNER (±SE) of -0.19 ± 0.18 was observed for
carriers of <9 low-activity alleles (n=9), which increased to a mean DNER of 0.22 ±
0.23 for carriers of 9 low-activity alleles (n=11). In other words: again improved
NER capacity upon dietary intervention was detected in individuals carrying multiple
low-activity alleles. It should be noted here, however, that the effects of the dietary
intervention on the phenotype-genotype relationships were considerably smaller
than the effect of the genotype alone. Variations in NER capacity between carriers
of high-activity alleles and carriers of one or more low-activity alleles were in the
range of 3-fold, whereas differences in DRC upon intervention (DNER) were merely
in the range of –0.5 to + 0.5.
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Discussion
There is increasing evidence for an association between genetic polymorphisms in
DNA repair related genes and cancer risk [1-4]. An obvious rationale behind this
relationship is that genetic polymorphisms may phenotypically alter DRC. In the
current study, eleven genetic polymorphisms in NER related genes were assessed
and related to an individual’s phenotypic DRC; variant alleles of the SNP XPA-A23G
conferred increased NER capacity, while the variant alleles of XPC-K939Q were
associated with reduced NER capacity. Furthermore, the effect of a four week
dietary intervention with an antioxidant rich blueberry/apple juice on the phenotypic
NER capacity was evaluated and possible genotype-diet interactions were studied.
Although, the NER capacity was not affected by the dietary intervention in general,
carriers of variant/low-activity alleles of XPC-K939Q and RAD23B-A249V seemed to
benefit from the intervention, which was not observed in their homozygous wild-type
counterparts. Therefore, our results support the hypothesis that genetic
polymorphisms significantly affect DRC, which can be further modulated by diet.
However, in this particular study, the effect of diet seems to play a minor role as
compared to the effects of genotypic variation.
 Although the majority of genes encoding proteins involved in DNA repair
processes are polymorphic [28], only a limited number of studies have examined the
actual phenotypic effects of these genetic polymorphisms. Therefore, our first aim
was to further elucidate these genotype–phenotype relationships with respect to the
NER process. In one of our previous studies, we observed a significant correlation
between the ERCC1 expression and the phenotypic NER capacity in vitro [20].
Furthermore, several studies indicate that the polymorphism in ERCC1 may partly
determine NER capacity [29,30]. ERCC1 encodes a subunit of the NER complex,
which is required for the incision step of NER [6,7]. The common polymorphisms
ERCC1-N118N and Q504K, which have been reported to affect ERCC1 mRNA
stability and mRNA levels, were associated with a higher risk for certain types of
cancer [31]. Based on these results, we expected to find associations with SNPs in
the ERCC1 gene. However, we did not observe any significant correlation of the
studied ERCC1 polymorphisms with the NER capacity in the present work. Since
the  functional  relevance  of  SNPs  in ERCC1 remains unclear and inconsistent
results have been reported [30,32], further investigation into the effect of these
polymorphisms on DRC is needed.
 On the other hand, individuals with the common XPA-A23G homozygous variant
GG genotype exhibited a significantly ~3-fold higher NER capacity compared to
carriers of at least one wild-type allele. The XPA protein is involved in both global
genome (GGR) and transcription-coupled repair pathway of the NER process,
playing an essential role in the assembly of the pre-incision complex [7]. In the GGR
pathway XPA binds to the protein complex XPC-RAD23B, which is essential for the
recruitment of all subsequent NER factors in the pre-incision complex. The common
AàG single-nucleotide substitution in the 5’ untranslated region (5’-UTR) of the
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XPA gene, is located 4 nucleotides upstream from the ATG start codon [33]. The
functional relevance of this SNP is unknown, though, it has been demonstrated that
the 5’-UTR region may regulate gene expression through post-transcriptional control
mechanisms [34,35]. In addition, several studies showed that individuals with this
AàG substitution in the 5’-UTR of XPA had a reduced risk of lung cancer
[10,36,37]. Furthermore, in correspondence to our results, Wu et al. observed a
more efficient DRC in subjects carrying the XPA-GG variant alleles [10]. Moreover in
the current study, the association between this XPA polymorphism and NER
capacity was also found after the blueberry/apple juice intervention, indicating that
the XPA-A23G SNP is a good predictor for NER capacity.
 One of the most common polymorphisms in the XPC gene is the K939Q (AàC),
of which the variant allele has been associated with increased risk of skin [38],
breast [39], lung [36], and bladder cancer [40,41]. In this study, carrying at least one
variant allele of XPC-K939Q reduced NER capacity to ca. 50% as compared to
individuals carrying the homozygous wild-type genotype. Similarly, the variant allele
of the XPC-K939Q polymorphism was shown to be associated with depressed
levels of NER in vitro [42]. Furthermore, others observed significantly higher BPDE-
induced and irradiation-induced levels of DNA damage in individuals that carried the
variant allele of XPC-K939Q [9,43].
 In our previous in vitro study [20], we observed that NER activity was inhibited by
oxidative stress, especially by the down-regulation of ERCC1 expression. It can thus
be postulated that a diet rich in antioxidants may protect NER. However, no effects
were found in the current intervention study on NER capacity. A reasonable
explanation for the absence of dietary effects in the current study is that the study
population consisted of healthy non-smoking volunteers. Since healthy volunteers
encounter relatively low levels of oxidative stress, it may be difficult to detect small
additional effects of dietary intake of antioxidants. Future studies on the beneficial
effects of diets rich in antioxidants should thus focus on for instance subjects
suffering form diseases that involve increased oxidative stress. Additionally, in the
current intervention study, we observed a strong correlation between the NER
capacity before and after the supplementation period (R²=0.71, P<0.001), indicating
that inter-individual variations in NER are maintained over a considerable time,
which has also been reported for BER [44]. In contrast, BER seems to be modifiable
by the intake of antioxidants even in healthy subjects [45], but data are not
consistent [46,47].
 Although we did not observe an overall effect of diet on NER capacity, it is still
possible that a subgroup may benefit from the intervention (gene-diet interactions).
Indeed, subjects carrying variant alleles for XPC-K939Q and/or RAD23B-A249V had
enhanced NER capacities after the intervention. The protein encoded by RAD23B
binds XPC, forming a heterodimeric complex, which plays a key part in the DNA
damage recognition step in the NER GGR pathway [7]. Although, the biological
function of the RAD23B-A249V polymorphism is not clear, variant alleles of
RAD23B-A249V were associated with increased lung cancer risk and higher BPDE
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sensitivity as compared to the homozygous wild-types [2,3]. It is interesting to find
that genetic polymorphisms in both XPC as well as RAD23B interact in the
intervention study, because the proteins of both genes also interact during their
function in NER.
 Furthermore, the enhanced NER capacities seemed to be associated with
increased TEAC values in subjects that carry 1 low-activity allele of XPC-K939Q
and RAD23B-A249V, though, this correlation was not statistically significant. It is not
yet clear how this interaction between the genotype and antioxidant intake can be
explained, but it deserves extra attention. Therefore, further and larger studies are
needed to clarify possible correlations between an individual’s antioxidant capacity
and DNA repair capacity, both in the whole population as in several subgroups. Until
now only a few studies have investigated the interrelationship between genetic
polymorphisms in DNA repair genes and fruit/vegetables intake, mostly in relation to
cancer risk and not directly linked to actual repair capacities [48,49]. As far as we
know, we are the first to report a joint effect of genetic polymorphisms in NER
related genes and dietary intervention on the phenotypically assessed NER
capacity.
 Overall, our results show that genetic factors have more impact on the NER
capacity as compared to the effects of the blueberry/apple juice intervention.
Furthermore, the common genetic polymorphism XPA-A23G revealed to be a good
predictor for the NER capacity, which was not affected by the dietary intervention.
The XPC-K939Q variant allele was found to be related to lower NER capacity, but
this association was affected by gene-diet interactions as carriers of the XPC-
K939Q variant allele in combination with the RAD23B-A249V variant allele showed
an increased NER capacity upon intervention with blueberry/apple juice. In
conclusion, studies to genotype-phenotype interactions seem to be helpful in the
identification of susceptible subpopulations and individuals that may benefit from
specific dietary interventions. However, further and larger studies into the joint effect
of genetic and dietary factors on the phenotypic DNA repair capacity are required.
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Abstract
Benzo(a)pyrene exerts its mutagenic effects via induction of benzo(a)pyrene-diol-
epoxide (BPDE)-DNA adducts. Such helix-distorting adducts are not always
successfully repaired prior to DNA replication, which may result in a blocked
replication fork. To alleviate this stall, cells utilize DNA damage tolerance systems
involving either error-free damage avoidance or error-prone translesion synthesis.
Studies in yeast suggest the modification of PCNA by lysine 63-linked poly-ubiquitin
(K63-polyUb) chains as a key mediator of the error-free damage avoidance
pathway. Recently, we extended this observation to human cells, showing the
occurrence of poly-ubiquitination of PCNA in UV-irradiated human cells. In the
present study, we hypothesized that disrupting the formation of K63-polyUb chains
inhibits damage avoidance and favors error-prone repair involving low-fidelity
polymerases (e.g. POLh), causing increased BPDE-induced mutagenicity. To test
this hypothesis, we generated A549 cells expressing either a mutant ubiquitin
(K63R-Ub) which blocks further ubiquitination through K63, or the wild type ubiquitin
(WT-Ub). We show that PCNA is poly-ubiquitinated in these cells upon BPDE-
exposure and that disruption of K63-polyUb chain formation has no effect on BPDE-
induced toxicity. In contrast, significantly higher frequencies of BPDE-induced HPRT
mutations were observed in K63R-Ub expressing cells, of which the majority (74%)
was GàT transversions. BPDE treatment caused an enhanced recruitment of POLh
to the replication machinery of the K63R-Ub expressing cells, where it co-localized
with PCNA. Suppression of POLh expression by using siRNA resulted in a 50%
reduction of BPDE-induced mutations in the K63R cells. In conclusion, we
demonstrated that formation of K63-polyUb chains protects BPDE-exposed human
cells against translesion synthesis-mediated mutagenesis. These findings indicate
that K63-polyubiquitination guards against chemical carcinogenesis by preventing
mutagenesis and thus contributing to genomic stability.
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Introduction
Humans are continuously exposed to a wide variety of DNA-damaging
environmental carcinogens such as polycyclic aromatic hydrocarbons (PAHs). The
most studied PAH is benzo[a]pyrene (B[a]P) whose mutagenic and carcinogenic
potential has been demonstrated in both humans and animals [1]. After uptake, the
chemically unreactive B[a]P is metabolically activated into its predominant reactive
form, (±)-anti-benzo[a]pyrene-7,8-dihydrodiol-9,10-epoxide (BPDE). This metabolite
can covalently bind to the DNA, preferably to guanine, resulting in the formation of
(+)-trans-anti-BPDE-N2-dG being the most predominant adduct (>90%) [1-3]. The
formation of these (±)-anti-BPDE-N2-dG DNA adducts is one of the key factors of
B[a]P-induced mutagenesis, producing mostly G à T transversions upon error-
prone replication of adducted DNA templates [4].
 Generally, nucleotide excision repair (NER) is the primary pathway to remove
large helix-distorting DNA lesion, such as BPDE-DNA adducts. Nevertheless,
despite NER activity and the presence of cell-cycle checkpoints, many of such bulky
lesions may persist until replication, thereby stalling the replication fork. To avoid an
aberrant cessation of the cell-cycle caused by such a blockage, cells have evolved
DNA damage tolerance (DDT) systems (also known as post-replication repair) to
circumvent the damage and continue replication in the presence of lesions [5,6].
Studies in bacteria (E.coli), yeast as well as mammalian cells [5-8], revealed that
DDT can be accomplished through the action of error-prone low-fidelity translesion
synthesis (TLS) polymerases (e.g. Y-family DNA polymerases). Studies in
mammalian cells have revealed TLS to be an important mechanism in the response
to BPDE-DNA adducts [8,9]. In general, TLS can either be error-free or error-prone,
depending on the type of DNA damage, as well as the specific polymerase that is
involved. Candidates for performing TLS bypassing bulky-DNA adducts are POLh,
POLk, POLi, REV1 (Y-family polymerases) and POLz (B-family) [6,10]. In contrast
to its anti-mutagenic role in response to UV radiation, bypass of (±)-anti-BPDE-DNA
adducts by POLh will promote mutagenesis by predominantly inserting the incorrect
nucleotide opposite the lesion [9,11].
 There is now evidence showing that yeast have a second DDT pathway distinct
from TLS, referred to as error-free damage avoidance. Although its mechanism is
yet unclear, it may involve replication fork reversal, thereby using the information of
the undamaged sister duplex at the replication fork [12,13]. Studies in yeast have
shown that this pathway requires modification of proliferating cell nuclear antigen
(PCNA) with lysine 63-linked polyUb (K63-polyUb) chains [12-14]. Specifically, upon
exposure to DNA-damaging agents PCNA becomes mono-ubiquitinated by the
ubiquitin conjugase–ubiquitin ligase (E2-E3) complex RAD6-RAD18 at its Lys164
residue, promoting its interaction with TLS-polymerases [12,15]. Subsequent Lys63-
linked poly-ubiquitination of PCNA by the E2-E3 complex UBC13/MMS2-RAD5 then
facilitates the error-free damage avoidance pathway. As far as we know, only
studies in yeast and metazoans (i.e. X. laevis) confirmed this K63-linked poly-
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ubiquitination [12,14,16], and there is still debate on the importance of such damage
avoidance mechanism in mammalian cells [17]. However, we recently demonstrated
the formation of PCNA-linked polyUb polymers in UV-exposed human pulmonary
epithelial cells (A549 cells) [18]. In addition, in the same study it was shown that
formation of K63-polyUb chains protected against UV-induced mutations. The aim of
the present study was to investigate the effect of lysine 63-linked poly-ubiquitination
processes on BPDE-induced mutagenesis in mammalian cells. To this end, we
applied previously established A549 cell lines stably expressing ubiquitin either in its
WT-form (WT-Ub) or as Lys63-mutants (K63R-Ub) which blocks further
ubiquitination through K63 [18]. We show that PCNA is poly-ubiquitinated after
BPDE treatment and that disruption of K63-polyUb chain formation enhances
BPDE-induced mutagenicity, likely involving increased recruitment of the Y-family
polymerase POLh. Therefore, we implicate the formation of these specific polyUb
chains in the protection against chemical carcinogenesis.

Materials and Methods

Cell strains and culture
As previously described, A549 cells were stably transfected with 6xhis-tagged wild-
type ubiquitin-GFP (WT-Ub-GFP) or K63R mutant ubiquitin-GFP (K63R-Ub-GFP)
constructs using FuGene 6 (Roche Molecular Biochemicals, Mannheim, Germany)
[19]. Plasmids were co-transfected with a plasmid conferring resistance to
puromycin.
 To study POLh-GFP foci formation, a set of A549 and HeLa cells were
transfected with WT-Ub-puro or K63R-Ub-puro constructs using lipofectamin
(Invitrogen Life Technologies, Carlsbad, California). These Ub-puro cell lines were
phenotypically comparable to the original Ub-GFP expressing cells as demonstrated
by Chiu et al. [18].
 To assess the role of POLh in the mutagenicity of BPDE, K63R-Ub expressing
A549 cells were transfected twice with siGENOME SMARTpool reagent specific for
human POLH (Dharmacon) using oligofectamine (Invitrogen). The transfections
were done 72 and 24h before treatment to achieve optimal long term knockdown of
POLh of approximately 13 fold as determined by quantitative RT-PCR, as described
previously [18].
 Cells were cultured in a humidified atmosphere at 37°C (5% CO2), in DMEM
(Sigma, St. Louis) supplemented with 10% heat inactivated FCS (Gibco Invitrogen,
Scotland, UK) and 0.11% filtered puromycin (1 µg/mL) to establish stable
transfectants. For experiments, cells were cultured in DMEM supplemented with
10% heat inactivated FCS and 0.01% gentamicin, and grown until confluency.
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Cell treatments
Before BPDE-exposure, medium was aspirated and cells were washed with sterile
HBSS (-Ca/-Mg) (Gibco Invitrogen, Scotland, UK). BPDE (NCI Chemical
Carcinogen Reference Standard Repository, Midwest Research Institute, Kansas
City, MO) was dissolved in anhydrous dimethyl sulfoxide (DMSO, Merck, Darmstadt,
Germany) at a concentration of 20 mM. This stock solution was diluted in culture
medium to the desired concentrations of 0.1 – 1 µM and immediately added to the
cells.  The  final  DMSO  concentration  was  always  0.5%  [20].  After  30  min  of
incubation at 37°C, medium containing BPDE was replaced by fresh culture
medium. To study PCNA poly-ubiquitination, UV-irradiated cells were used as a
positive control. This was performed on 80% confluent cells in 6-cm dishes using a
UVC (254-nm) germicidal lamp at a dose rate of 1 J/m2/s.

Clonogenic cell survival
The sensitivity of A549 cells expressing K63R-Ub or WT-Ub to BPDE was assayed
using a clonogenic survival assay. Therefore, cells were seeded at a density of
4x105 cells per 60 mm dish (Falcon, Le Pont De Claix, France) and grown for 24h
before exposure to BPDE (0 – 1.0 µM) or DMSO. Cells were treated for 30 min with
the indicated dosages after which they were harvested and seeded at least in
duplicate for each concentration. After ~12 days of growth the medium was
removed and colonies were fixed and stained with 2% bromophenol blue in 70%
ethanol. Any groupings of cells containing 50 or more cells were counted as a
colony. For each dose, survival was calculated from the relative colony forming
ability of the BPDE-exposed cells compared to the DMSO-treated controls. All
experiments were normalized for the plating efficiency. LC50 values were estimated
from the obtained concentration-response curves.

HPRT-mutation analysis
For the determination of HPRT-mutant frequencies in K63R-Ub and WT-Ub
expressing cells, cells were seeded at 1x106 cells per 100 mm dish (Falcon, Le Pont
De Claix, France) and cultured in hypoxanthine, aminopterin, and thymidine (HAT)
supplemented culture medium for one week, to eliminate background HPRT
mutations. Subsequently, cells were exposed to the indicated concentrations of
BPDE (30 min, 37°C) and were maintained for one week to allow for phenotypic
expression of the acquired mutations. Cells carrying mutated HPRT were then
selected in gentamicin-containing medium supplemented with 30 µM 6-thioguanine
(6-TG). After ~14 days of culture, cells were fixed and stained with 2% bromophenol
blue in 70% ethanol. 6-TG resistant colonies consisting of 50 or more cells were
counted. In parallel, cells were plated (200 cells/100 mm dish) in medium lacking 6-
TG to determine the plating efficiency at the time of selection. Mutation frequency
for each treatment was calculated as follows; mutation frequency = #
colonies/(plating efficiency x # cells seeded).
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Mutation spectrum
BPDE-induced HPRT mutants were obtained as described above. To excluded
sister clones only a single colony per treated population was isolated and grown in 6
well plates until enough cells were obtained for RNA-isolation. Each sample was
lysed in 1 mL Trizol and stored at -20°C until use for RNA isolation. Total RNA was
isolated from Trizol according to the manufacturer’s protocol. Isolated RNA was
purified using the RNeasy® Mini Kit (Qiagen) together with DNAse treatment
(RNAse-free DNAse provided by Qiagen) according to the manufacturer’s
recommendations. Quantity and purity of the RNA was determined
spectrophotometrically. cDNA was prepared using the iScript™ cDNA Synthesis kit
(BioRad, CA, USA). The HPRT cDNA was amplified by PCR, followed by DNA
sequencing on a ABI 3700 using a BigDye Terminator v1.1 cycle sequencing kit
(Applied Biosciences) using the following overlapping primers: HPRT1 5’-CTT CCT
CCT CCT GAG CAG TC-3’; HPRT2 5’-AAG CAG ATG GCC ACA GAA CT-3’;
HPRT3 5’-CCT GGC GTC GTG ATT AGT G-3’; and HPRT4 5’-TTT ACT GGC GAT
GTC AAT AGG A-3’ [18].

DNA isolation and 32P-postlabeling of BPDE-DNA adducts
To study possible differences in BPDE-DNA adduct removal, A549 cells stably
expressing K63R-Ub or WT-Ub were  exposed  to  0.1  µM  BPDE.  After  30  min  of
incubation at 37°C, medium containing BPDE was replaced by fresh culture medium
and cells were harvested after 0, 1, 8, and 24h of recovery. Cells were centrifuged
at 1000 g and pellets were stored at –20°C until DNA isolation. Standard phenol
extraction was used to obtain genomic DNA [21]. 32P-postlabeling was carried out
using the nuclease P1 enrichment technique as described by Reddy and Randerath
with some modifications [21]. Briefly, an aliquot containing 10 µg DNA was digested
using micrococcal endonuclease (0.25 U/µL) and spleen phosphodiesterase (2
µg/µL) for 3.5 hours at 37°C. Subsequently, DNA-digests were treated with
nuclease P1 (2.5 µg/µL) for 30 min at 37°C. To stop the NP1-reaction, 1 M Tris (pH
9.6) was added. BPDE-modified nucleotides were subsequently labeled with (g-
32P)ATP (50 µCi/sample; ICN, Indianapolis) using T4-polynucleotide kinase (10
U/µL) for 30 min at 37°C. The radiolabelled adducted nucleotide biphosphates were
separated on PEI-cellulose sheets (Machery Nagel, Düren, Germany) by multi-
directional thin layer chromatography (TLC). In all experiments two BPDE-DNA
standards with known adduct levels (1 adduct/107 and 1 adduct/108 nucleotides)
were analyzed in parallel for quantification purposes. Quantification was performed
using Phosphor-Imaging technology (Fujifilm FLA-3000).
 Additionally,  to  asses  the  amount  of  DNA  in  the  reaction,  an  aliquot  of  DNA-
digest was diluted and labeled with (g-32P)ATP. Nucleotides were separated on a
PEI-cellulose sheet by one directional TLC in 0.12 M NaH2PO4 (pH 6) for 5-6h. A
dAP-standard were analyzed along with the other samples for quantitation
purposes.
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Western Blots
To study PCNA poly-ubiquitination upon BPDE-exposure, immunoblotting
techniques were carried out as described previously [18]. Briefly, A549 and HeLa
cells were treated with BPDE for 1h and lysed 5h post-treatment (20 mM Tris-HCl
[pH 7.5], 150 mM NaCl, 1% Triton-X-100, 2 mM EDTA, and 5% glycerol with 200

g/mL phenylmethylsulfonyl fluoride, 2 mM NaVO4, 2 mM NaF, and 2 mM NaPPi
protease-inhibitor cocktail). Since, in our previous study UV was shown to induce
poly-ubiquitination of PCNA [18], UV-irradiated cells (30J/m2) were  used  as  a
positive control. Samples were sonicated, soluble fractions were recovered, and
proteins were quantified. Proteins were resolved on a single-phase 10% SDS-
polyacrylamide gel and electroblotted onto a Hybond C nitrocellulose membrane
(Amersham Pharmacia Biotech, Piscataway, New Jersey, United States). The
following antibodies were used: rabbit polyclonal anti-Ub (Dako, Glostrup,
Denmark), mouse monoclonal anti-PCNA PC10 (Chemicon,
http://www.chemicon.com), and mouse monoclonal anti-actin as reference (Sigma).
Proteins were visualized using SuperSignal West Pico Chemiluminescent Substrate
(Pierce Biotechnology Rockford, Illinois, United States).

Immunoprecipitations
Immunoprecipitation of PCNA was performed as described previously [18]. In brief,
cells were treated with BPDE as described above and harvested in lysis buffer. An
anti-PCNA antibody was incubated overnight with 500 g of protein lysate. The
following day, lysates were incubated with 100 L of Gamma-Bound Sepharose
Beads (Amersham Pharmacia Biotech). After 48h beads were washed extensively
in lysis buffer, and proteins were eluted by boiling in Laemmli's SDS sample buffer.
Immunoblotting was performed as described above except that the membranes
were autoclaved for 20 min in ddH2O after protein transfer, and proteins were
visualized as described above.

GFP-POLh foci formation
A549 and HeLa cells stably expressing WT-Ub-puro and K63R-Ub-puro were grown
on 35 mm glass bottom dishes (MatTek Corporation, Ashland, U.S.A) until 80%
confluency. Plasmids expressing POLh-GFP fusion  protein  (a  generous  gift  of  Dr.
Alan R. Lehmann, Genome Damage and Stability Centre, University of Sussex,
Falmer, Brighton U.K.) were transfected into the cells using lipofectamine according
to the manufacturer’s protocol (Invitrogen Life Technologies, Carlsbad, California).
After 24h of incubation, POLh-GFP transfection efficiency was checked by
fluorescence microscopy, and cells were exposed to 0.1 and 0.5 µM BPDE for 30
min at 37°C. Then 6h post-incubation, cells expressing GFP-POLh proteins were
visualized using a live-cell microscopy unit mounted on a Leica DR IRBE inverted
microscope, equipped with a polychromator that allows generation of light of the
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required wavelength, using a 63x magnification level. Both the polychromator and
filterwheel were controlled via the PC using specialized Openlab software. To
determine the percentage of cells with POLh foci, only the POLh expressing cells
were evaluated. At least 100 cells were counted for each experimental condition by
an experienced and blinded observer.
 For co-localization studies, WT-Ub-puro and K63R-Ub-puro expressing A549
cells were transiently transfected with a POLh-GFP plasmid in a chamber slide (BD
Biosciences Pharmingen). Cells were exposed to 0.1 and 0.5 µM BPDE (30 min at
37°C),  24  hours  post-transfection.  For  detection  of  PCNA  and  POLh, cells were
fixed in cold methanol for 20 min at -20°C followed by 30 sec in cold acetone to
allow mild permeabilisation of the cells. Cells were washed twice with PBS and then
incubated at room temperature with both anti-PCNA and anti-POLh antibodies. After
1h, cells were washed with PBS and then incubated with Alexa 488-conjugated goat
anti-rabbit IgG (Invitrogen) and Texas red–conjugated goat anti-mouse (Invitrogen)
secondary antibodies for 45 min. After washing in PBS, cells were dehydrated for 1
min in 70% ethanol followed by two 1-min incubations in 100% ethanol. Cells were
then mounted with Fluorescent Mounting Media (Dako) and visualized by two
photon microscopy.

Statistical analysis
All data are presented as the mean ± standard error of at least 2 independent
experiments, unless stated otherwise. Differences in BPDE-DNA adduct removal
and mutation frequencies between the different cell strains were analyzed by T-test.
To examine differences in HPRT-mutation frequencies after exposure to various
concentrations  of  BPDE  versus  the  control  (0  µM  BPDE),  one-way  ANOVA  was
used with subsequent Dunnett’s-correction for multiple comparisons. A non-
parametric Mann-Whitney test was performed to analyze differences in Polh foci
formation between the two cell lines. Statistical analysis was performed using SPSS
v.12.0.1. In each case, a difference was considered significant at P<0.05.

Results

Disruption of K63-polyUb chain formation has no effect on the
sensitivity of transfected A549 cells to BPDE
To test the effect of disruption of K63-polyubiquitination on the sensitivity of
transfected cells to BPDE, clonogenic survival assays were performed using a dose
range from 0 to 1 µM BPDE (Figure 1). We observed no statistical difference in the
sensitivity of both cell lines to acute (30 min) treatment with BPDE. Similar
observations were seen in mammalian [18] and yeast [15] cells demonstrating that
expression of K63R-Ub does not affect the sensitivity towards UV. A possible
explanation for the absence of a difference in sensitivity to acute BPDE exposure is
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that cells that are unable to form K63-polyUb chains can compensate for the loss of
this pathway by utilizing the error-prone TLS arm of the DDT pathway. Therefore,
these results suggest that inhibition of K63-polyUb chain formation does not
sensitize cells to the toxic effect of BPDE indicating that WT-Ub and K63R-Ub
expressing cells bypass BPDE-induced replication fork blockage with equal
efficiency.

Figure 1. BPDE-induced cytotoxicity in A549 cells stably expressing K63R-Ub (�) or
WT-Ub (�). Cells were exposed for 30’ to increasing concentrations of BPDE. Survival
was evaluated by means of a clonogenic survival assay and expressed as the mean of
three independent experiments (± standard error).

Disruption of K63-polyUb chain formation enhances BPDE-induced
HPRT-mutations and induces a characteristic mutation spectrum
To evaluate whether K63-polyUb chain disruption affects BPDE-induced
mutagenesis, we determined the mutation frequency at the HPRT locus upon BPDE
exposure. Following the correction for cell survival, A549 cells stably expressing
K63R-Ub showed a dose dependent and significant increase in the frequency of
HPRT-mutations (~54, 87, 19 fold increase at exposure levels of 0.1, 0.5 and 1 µM
BPDE, respectively) as compared to their WT-Ub expressing counterparts (Figure
2). This increased BPDE-induced mutagenicity in the K63R-Ub expressing cells
suggests that the formation of K63-polyUb chains is indeed a prerequisite for the
error-free bypass of BPDE-DNA adducts.
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Figure 2. Effect of K63R-Ub expression on BPDE-induced mutagenicity. After exposure
to BPDE, mutation frequencies at the HPRT gene were determined via selection in
medium containing 6-TG. Mutations were corrected for survival and BPDE-induced
mutation frequencies were obtained by subtracting the background frequencies, which
were 0.59 and 10.37 x10-5 clonable cells for WT-Ub (�) and K63R-Ub (�) expressing
cells respectively. The mean values of two independent experiments are shown with
standard errors. (*P<0.001, K63R-Ub vs. WT-Ub)

 Furthermore, we examined the spectrum of BPDE-induced mutations in
individual clones of K63R-Ub expressing cells. Sister clones were excluded as only
a single colony per treated population was isolated, as described above. Upon
examination of the four overlapping sequences from each HPRT cDNA and removal
of background mutations, 19 BPDE-induced mutations were found. 74% of these
mutations were GàT transversions, while GàC transitions accounted for 21%
(Table I). The large number of GàT mutations suggests that POLh is the relevant
mutagenic TLS polymerase (see Discussion). A single TàG  mutation  was
unexpectedly observed suggesting that either the adenosine on the minus strand
contained the BPDE-adduct, or more likely, the mutation occurred as a result of
misincorporation directly following a guanine adduct (see Table I). Interestingly and
in contrast to the previously reported UV-induced mutation spectra [18], most of the
BPDE-induced base substitutions had the guanine adduct on the non-transcribed
(+) strand. These data are consistent with the mutation spectrum of BPDE-treated
human fibroblasts or T-lymphocyte clones that were conducted in other studies
[22,23]. Collectively, these data suggest that inhibition of K63-polyUb chain
assembly results in an increased mutagenic effect of BPDE-exposure, indicating the
involvement of error-prone TLS.
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Tabel I. BPDE-induced mutation spectrum in K63R-Ub expressing cells.

A549 cells stably expressing K63R-Ub were exposed to 0.5 µM BPDE, further cultured
for 7 days and then seeded in medium containing 6-TG. Single colonies were picked
from each dish to ensure that no sister clones would be analyzed. The HPRT gene was
then amplified by PCR followed by sequencing using four overlapping primers. The
mutants are grouped by the type of observed point mutations.

Disruption of K63-polyUb chain formation does not affect the
occurrence and repair of BPDE DNA-adducts
Mutagenicity of BPDE is directly related to the number of BPDE-DNA adducts in the
cell [22,24]. Therefore, to exclude the possibility that the distinct mutagenic effects
of BPDE in K63R-Ub versus WT-Ub transfected cells as described above, could be
explained by either different initial BPDE-DNA adduct levels, or differences in time-
dependent adduct removal, we evaluated the kinetics of BPDE-DNA adduct levels
over a period of 24 hours by 32P-postlabelling. Representative DNA adduct profiles
of both A549 cell lines, acutely exposed to 0.1 µM BPDE, are shown in Figure 3
(insert). For both the WT-Ub and K63R-Ub expressing cells, clear BPDE-dG spots
were observed after a 30 min incubation period (t = 0h). The intensity of the (±)-anti-
BPDE-dG spots rapidly reduced in time, indicating effective removal of the BPDE-
DNA adducts. Quantitative analysis revealed that the initial adduct level caused by
acute treatment with 0.1 µM was similar between both cell lines (32.9±4.8 and
31.6±6.9 adducts/108 nucleotides for WT-Ub and K63R-Ub expressing cells,
respectively). Moreover, no significant differences (P>0.5) in removal of BPDE-DNA
adducts were observed between A549 cells stably expressing K63R-Ub or WT-Ub
(Figure 3). In both cell lines, DNA-adduct levels are reduced by 50% within 8h. To
correct for possible dilution effects on DNA-adduct levels due to DNA synthesis
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during cell replication, adduct levels were corrected for cell proliferation for each
time point (#cells at t = recovery / #cells at t = 0h). Overall, these data suggest that
the NER capacities of both A549 cell strains are comparable, and that NER is not
affected by genetic modification of the Lys63-poly-ubiquitination process.

Figure 3. Removal of (±)-anti-BPDE-N2-dG adducts in WT-Ub (�) and K63R-Ub (�)
expressing A549 cells after acute exposure to 0.1 µM BPDE. Chromatograms of 32P-
labeled BPDE-DNA adducts. A549 cell strains stably expressing K63R-Ub and WT-Ub
show clear spots immediately after exposure to BPDE (Insert). After recovery of 24h
spot-intensities were reduced. Quantification was performed on the circled spots, which
represent the (±)-anti-BPDE-N2-dG adducts. (±)-anti-BPDE-DNA adduct removal in A549
cells strains at various time intervals. Data are expressed as the mean adduct levels of
two independent experiments (± standard error).

BPDE induces PCNA poly-ubiquitination
Thus far our data support the idea that K63-linked ubiquitin chains are critical in the
recovery of replication forks after the production of BPDE induced DNA damage.
Based on our previous study [18], we postulated that the likely substrate of these
chains is PCNA. Other studies have shown that BPDE exposure leads to mono-
ubiquitination of PCNA [25] while PCNA poly-ubiquitination has not previously been
reported. We investigated whether PCNA is poly-ubiquitinated in mammalian cells
after BPDE treatment. Both A549 and HeLa cells were treated with 0.5 or 1 mM
BPDE or 30 J/m2 UVB as a positive control. Five hours post-treatment, a prominent
mono-ubiquitinated and a faint di-ubiquitinated band was observed in both UV and
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Figure 4. Poly-ubiquitination of PCNA upon UV- and BPDE-exposure. (A) Immunoblot
form A549 and HeLa cells that were irradiated with 30 J/m2 UV or exposed to 0.5 and 1
mM BPDE. Cells were lysed 6h post-treatment followed by immunoblotting for PCNA. A
high and lower exposure of the PCNA immunoblot is shown. (B) A549  cells  were
exposed to BPDE and lysed in boiling SDS, diluted in lysis buffer and subjected to
immunoprecipitation with a PCNA antibody and detected with PCNA or Ub antibodies.
The controls in the immunoprecipitations were ‘‘L+B’’, in which lysates were incubated
with beads but no PCNA antibody, and ‘‘1°+B’’ in which PCNA antibody was incubated
with beads alone. In the later case only the immunoglobulin heavy and light chains are
detected on the immunoprecipitations.
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BPDE treated cells (Figure 4A). In addition, over-exposure of this blot revealed a
stronger higher molecular weight band corresponding to di-ubiquitinated PCNA.
Similar to our previous report using UV light as a mode of DNA damage, it is often
difficult to see more than a di-ubiquitinated form of PCNA on an immunoblot after
DNA damage,  which  is  a  likely  limitation  of  the  antibody.  In  addition,  we also  see
lower levels of mono- and di-Ub PCNA in our untreated cells. We postulate that this
modification is a response to endogenous DNA damage.
 Nevertheless, to confirm that these bands are indeed ubiquitinated PCNA,
immunoprecipitation using an antibody directed against PCNA followed by
immunoblotting with anti-ubiquitin was performed (Figure 4B). Several ubiquitinated
species were observed corresponding to mono-, di-, tri- and tetra-ubiquitinated
PCNA. This laddering pattern was similar to the banding pattern observed after UV
irradiation from a previous study [18]. Taken together, our data suggest that PCNA
is a target for poly-ubiquitination after BPDE-induced DNA damage, further
supplementing the accumulating evidence that PCNA poly-ubiquitination is an
important process in response to a variety of DNA lesions.

Increased recruitment of POLh to the replication fork upon
blockage by BPDE
To support our suggestion that the increased BPDE mutagenesis in the K63R-Ub
expressing cells is brought about by the enhanced recruitment of error-prone Y-
family polymerases, we analyzed the effects of K63R-Ub expression on POL  foci
formation. We selected this particular TLS polymerase as previous reports suggest
that it is the relevant polymerase responsible for the error-prone bypass of BPDE-
DNA adducts [9,11]. The previously described HeLa and A549 cells, expressing
WT-Ub or K63R-Ub fused with the puromycin resistance gene were used and
transfected with the POL -GFP plasmid. No differences in transfection efficiency
with POL -GFP in both cell lines were observed (data not shown). Importantly, we
previously showed that these cells behave identically to the ubiquitin GFP fusion
expressing cells and that there were no overt defects in POLh function [18]. In line
with other similar studies [26], we observed homogenous nuclear expression of the
POLh protein in all transfected cells. Similar to previous reports [18,26-28], in the
absence of BPDE, foci were observed in 17 and 22% of the HeLa cells (Figure 5A)
and 14 and 15% of the A549 cells (Figure 5B) expressing WT-Ub or K63R-Ub
respectively, showing no statistical differences between both cell lines. Within 6h of
exposure to 0.1 and 0.5 µM BPDE, POLh relocalized in distinct focal patterns in the
nucleus (Figure 5C left). Upon exposure to 0.5 µM BPDE, the percentage of cells
with foci increased to 52.5% and 53.9% in HeLa and A549 cells expressing K63R-
Ub, respectively (Figure 5A&B). In HeLa and A549 cells stably expressing WT-Ub,
the induction of POLh foci was significantly less after BPDE-exposure (20% and
25% at 0.5 mM of BPDE for HeLa and A549 cells, respectively). Overall, our data
show that inhibition of K63-linked poly-ubiquitination causes a ~3-fold increase in
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Figure 5. Relocalization of POLh into intranuclear foci after BPDE-exposure. (A) HeLa
cells (n=4) and (B) A549 cells (n=2) stably expressing WT-Ub-puro (¢) and K63R-Ub-
puro (¨) were transiently transfected with plasmids encoding GFP-POLh. 24h post-
transfection, cells were exposed to 0.1 and 0.5 µM BPDE for 30 min at 37°C. Foci were
quantified 6h after treatment using a live-cell imaging microscope and percentages of
cells with POLh foci were calculated. The mean values of at least two independent
experiments are shown with standard error (**P=0.02, *P<0.05 K63R-Ub vs. WT-Ub for
0.1 and 0.5 µM BPDE, respectively). (C) Representative confocal photographs showing
a 100% co-localization of POLh with  PCNA  in  these  A549  cells,  6  h  after  BPDE-
exposure. POLh (green) and PCNA (red) were detected using antibodies.

Figure 6. Effect of POLh knockdown
on BPDE-induced mutagenicity. The
number of HPRT mutants was
quantitated upon exposure to 0.5 µM
BPDE for A549 cells stably expressing
K63R-Ub with or without POLh RNAi.
BPDE-induced mutations were
corrected for the plating efficiency and
presented as the percentages of the
mutation frequency in the BPDE
treated K63R-Ub expressing cells. The
mean values of two independent
experiments are shown with standard
error (*P<0.03, BPDE exposed cells
with vs. without POLh RNAi).
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POLh foci (P<0.05) after acute exposure to BPDE. This increase parallels the
enhanced mutation frequency in BPDE-treated K63R-Ub expressing cells (cf. Figure
2) suggesting the involvement of POLh in BPDE-induced mutagenesis in the K63R-
Ub expressing cells. Furthermore, we also analyzed the co-localization of these foci
with sites of DNA replication as revealed by positive PCNA foci. In both the WT-Ub
and K63R-Ub expressing A549 cells, 100% of the BPDE-induced POLh foci co-
localized with PCNA foci (Figure 5C). This indicates that the foci produced in the
K63R-Ub expressing cells are typical of those previously reported to occur at sites
of blocked replication [18,26].

Knockdown of POLh diminishes the mutagenicity of BPDE
Collectively, our data suggest that inhibition of K63-polyUb chain assembly results in
an increased requirement for TLS to bypass BPDE-DNA adducts (cf. Figure 5). To
establish a possible causal role of POLh in the increased mutagenicity of BPDE as
observed in the K63R-Ub expressing cells, we suppressed the expression of POLh
in these cells by using siRNA. The combination of disrupting K63R-polyUb chain
formation and POLh knockdown resulted in a 50% reduction in BPDE-induced
HPRT mutations (Figure 6), indicating a predominant role of POLh in error-prone
bypass of BPDE lesions in the K63R-Ub expressing cells.
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Discussion
In the present study we showed that lysine 63-linked poly-ubiquitination is an
important process to protect mammalian cells against BPDE-induced mutagenicity.
This protective effect is distinct from TLS and is likely caused by directing DDT
mechanisms into an error-free pathway, in which the information on the daughter
strand is used to correctly circumvent the DNA lesion. This would suggest that K63-
poly-ubiquitination is a general requirement for physiological protection against
mutagenesis in mammalian cells.
 Stelter  and  Ulrich  have  shown  that  disruption  of  the  error-free  arm  of  DDT  in
yeast, as a consequence of a UBC13 mutation, results in a dramatic increase in UV-
induced mutations [15]. Moreover, we recently reported that K63-linked poly-
ubiquitination is required for error-free DDT in human cells as disruption of this
specific chain formation leads to increased UV mutagenicity [18,29]. In the present
study, K63-linked poly-ubiquitination was observed upon exposure to BPDE and
inhibition of this polyUb chain formation resulted in up to 87-fold increase in BPDE-
induced mutations in K63R-Ub compared to the WT-Ub expressing cells.
 In a previous study we proposed a model in which K63-polyUb chains are
suggested to activate an error-free mechanism that protects cells against UV-
induced mutations that would otherwise be induced by error-prone TLS
polymerases [18]. In this present study, we extend this model to include the bypass
of BPDE-DNA lesions implying that the observed increased BPDE-induced mutation
frequency in the K63R-Ub expressing cells would likely be caused by the bypass by
low-fidelity and error-prone DNA polymerases. Previous reports have suggested
that POLh is the main polymerase responsible for the mutagenicity of BPDE-DNA
adducts by predominantly inserting an adenosine opposite the BPDE-N2-dG lesion,
causing the characteristic Gà T transversions [9]. Appropriately, the majority (74%)
of mutations observed in our model is also this GàT mutation supporting the idea
that POLh is the relevant enzyme for the bypass of BPDE-DNA adducts.
Furthermore, intra-nuclear POLh foci formation was ~3-fold increased in BPDE-
treated K63R-Ub expressing cells, indicating the involvement of POLh in  the
increased BPDE-induced mutagenic effects in absence of K63-linked poly-
ubiquitination. In the HeLa and A549 cells stably expressing WT-Ub there was no
clear induction of cells with POLh foci after BPDE-exposure. This is in contrast with
studies from Ogi et al. observing POLh foci recruitment in ~90% of the human lung
fibroblast exposed to 20 mM of B[a]P [27]. These contrasting observations are most
likely explained by a significant difference in dosing strategies. In the present study
POLh foci were assessed 6h post acute (30 min) BPDE treatment, while Ogi et al.
quantitated foci following 16h of continuous exposure to complete medium
containing B[a]P and S9 mix.
 We observed POLh foci to co-localize with the DNA polymerase clamp, PCNA.
As this protein is required for replication, this suggests that POLh is tightly
associated with the replication machinery and is therefore locally available to carry
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out  TLS  past  the  blocking  lesions.  Similar  POLh recruitment and co-localizations
were observed in human fibroblasts [26,30] and human cancer cells lines [18] upon
exposure to UV irradiation. Furthermore, we studied the effect of POLh knockdown
on the BPDE-induced mutation frequencies in the K63R-Ub expressing A549 cells,
and found a 50% reduction in HPRT mutations. This further confirms that POLh is a
crucial component of the error-prone bypassing of replication stalling BPDE-DNA
adducts in cells with suppressed K63-linked poly-ubiquitination.
 The preferential insertion of adenosine by POLh opposite (±)-anti-BPDE-N2-dG
adducts will lead to the induction of G:C-to-T:A transversions [9]. This was indeed
confirmed by analyzing the mutation spectrum in the BPDE-treated K63R-Ub
expressing cells, showing predominantly GàT point mutations. An intriguing
explanation for the increase in mutation frequency and the high proportion of G:C-
to-T:A transversions is the relative resistance of especially the (+)-trans-anti-BPDE-
N2-dG adducts to NER due to its minimal distortion of the helix [31]. As a
consequence of this adduct being silent to NER, we predict that these adducts will
persist over time and thus present as a substrate for POLh mediated mutagenesis.
Intriguingly, this would suggest that known helix deforming lesions such as those
produced by UV light would be less mutagenic than BPDE. Indeed, UV induced
mutation frequency in this model system was previously reported to be 2-fold
increased [18] compared to 87-fold for 0.5 µM BPDE. Since, UV-induced DNA
lesions cause severe DNA-helix distortions that will be repaired faster by NER
[31,32], reliance on potentially mutagenic TLS-bypass processes during replication
will be attenuated.
 Interestingly, all observed GàT  transversions  were  consistent  with  a  BPDE-
guanine adduct on the non-transcribed (+) strand of the HPRT gene that was
replicated inaccurately. As previously reported, this strand specificity indicates
preferential repair of BPDE DNA-adducts in the transcribed strand, which is
consistently faster than the repair of adducts in the non-transcribed strand [23,33].
The transcription coupled repair sub-pathway of NER is highly selective for adducts
in the transcribed DNA strand [34,35], whereas repair of the non-transcribed strand
will be dependent on DNA replication across these ‘bulky’ DNA adducts by TLS.
This suggests that cells that contain lesions that are less amenable to NER would
rely more on bypass by TLS as a means for survival. Interestingly, this would predict
that lesions on the non-transcribed strand would persist and remain in the genome.
 G:C-to-T:A transversions are also found in higher frequencies in lung cancers
from smokers compared to non-smokers [36]. Moreover, others have shown a good
correlation between hotspots of DNA adduct formation by PAHs, such as B[a]P,
found in tobacco smoke and G:C-to-T:A transversion hotspots in lung cancer [37].
This higher prevalence of GàT transversions in lung cancer is generally interpreted
as the primary mutagenic signature of PAH-DNA damage. As such, it would be of
great interest to determine whether Lys63-polyUb chain formation has an etiological
role in tobacco smoke-induced and PAH-mediated lung cancer. Studies of Sasaki et
al. for instance [38], showed a link between lung cancer and the RAD6-dependent
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DDT mechanisms. They observed a decreased expression of the human
homologue of yeast RAD6 (hRAD6B) in lung cancer, which might be a biomarker for
decreased DDT capacity. Since, RAD6 is one of the key players in the enzymatic
complex (RAD18, RAD5, UBC13/MMS2) that assembles the K63R-polyUb chains
[14], this may suggest a link between pulmonary carcinogenesis and K63R-polyUb
chain formation.
 In conclusion, our data show that inhibition of Lys63-linked poly-ubiquitination of
PCNA significantly enhances BPDE-induced mutations involving recruitment of the
error-prone Y-family polymerase POLh. We therefore propose that formation of
K63-polyUb chains protects (BPDE-exposed) human cells against translesion
synthesis-mediated mutagenesis, implying that ubiquitination guards against
chemical carcinogenesis. This predicts that alterations in ubiquitination and the
genes that control it may influence the susceptibility of individuals to environmental
mutagenesis, and possibly carcinogenesis. For example, it has been demonstrated
that oxidative stress modulates the ubiquitination process via reversible S
thiolation/dethiolation of E1 and E2 enzymes [39-41]. Such an effect could have
major consequences for functioning of ubiquitin-conjugating enzymes (E2s), such as
RAD6 and UBC13, and thus Lys63-linked poly-ubiquitination. Finally, a major
challenge for future studies will be to further elucidate DDT pathways in humans and
to appreciate their role in cancer development upon exposure to environmental
xenobiotics. Such studies should reveal whether K63-polyUb chain formation could
serve as a target for chemopreventive strategies.
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All living organisms are daily exposed to a variety of potentially harmful agents that
originate from the environment, diet or even endogenous processes, which can
damage cellular DNA. If damages to DNA remain unrepaired, these lesions may
ultimately result in mutations that can lead to aberrant expression or function of
gene products and subsequent initiation of diseases like cancer. Although, DNA
damages occur in our body at relatively high frequencies each day, the incidence of
mutations is in comparison low, which is due to the wide range of DNA repair
mechanisms that organisms possess to maintain the integrity of their genome. Thus,
DNA repair processes play a crucial role in the prevention of carcinogenesis.
Humans possess several routes to repair damaged DNA, including nucleotide
excision repair (NER) and base excision repair (BER) [1,2].
 Since DNA repair is one of the steps that can intervene between DNA damage
and the onset of carcinogenesis, it might be a relevant biomarker in the assessment
of individual cancer risks. However, we first needed to gather more information on
the intra- and inter-individual variations in DNA repair capacity in a healthy human
population. These phenotypic variations are partly due to polymorphisms in DNA
repair genes that may result in significant differences in repair enzyme synthesis or
activity. Furthermore, other factors like exposure to environmental carcinogens or
endogenous agents can have a major influence on DNA repair. Especially the
modulation of DNA repair by nutrition and dietary compounds should be
investigated. Moreover, in vitro as well as in vivo studies suggest that modulation of
the redox status may alter DNA repair capacity, involving up- or down-regulation of
enzymes that play a role in repair processes. Since the cellular redox status can be
modulated by pro-oxidants and dietary antioxidants, the aim of the present thesis
was to investigate the effect of nutritional redox modulation on the phenotypic NER
capacity. In order to investigate the impact of nutritional factors on the NER capacity
simple and reliable approaches to phenotypically assess NER in samples from
population studies are needed.
 Several approaches to determine DNA repair have been described in the past,
which are largely based on treatment of live cells with damaging agents and
subsequent monitoring of damage removal in time [desribed in Chapter  1]. The
major limitation of such assays is that they are time-consuming and require freshly
isolated cells or cells that need to be handled in such a way that their survival after
cryopreservation is assured. Alternative approaches are the in vitro repair assays
that depend on the incubation of a cell extract with a DNA substrate containing
specific lesions. These methods are generally more sensitive and suitable for
detecting DNA repair responses in frozen samples, such as human lymphocytes.
Recently, Collins et al. developed such an in vitro repair assay based on the single-
cell gel electrophoresis (comet) assay, to measure phenotypical differences in BER
[3]. This alternative approach measures the capacity of human lymphocyte extracts
to perform the initial steps of BER, i.e. damage recognition and incision, on DNA
substrates carrying 8-oxoguanine lesions. However, up to now there were to the best
of our knowledge only a few comet-based assays to measure NER. Still, many human
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cancers are directly related to exposure to environmental chemicals like polycyclic
aromatic hydrocarbons (PAH) that exert their carcinogenic action through formation of
bulky-DNA adducts which are generally removed by NER. Therefore, a modified
comet assay was developed to phenotypically assess inter-individual differences in
nucleotide excision repair capacities, as described in Chapter 2 of this thesis. In this
repair assay the DNA substrate consist of gel-embedded nucleoids that were treated
with (±)-anti-benzo[a]pyrene-7,8-dihydrodiol-9,10-epoxide (BPDE) after cell lysis to
induce BPDE-DNA adducts, which are a known substrate for NER. Incubation of
these substrate nucleoids with cell extracts will allow the initial steps of NER to
occur, i.e. damage recognition and incision, resulting in single strand breaks that
can be detected by the comet assay. The rate at which breaks accumulate is
indicative for the DNA repair capacity in the cell extracts (see Figure 1 of Chapter 2).
Extracts from XPA-/- and XPC-/- fibroblasts (deficient in the proteins needed for the
initial steps of NER) were used to validate this assay. Furthermore, human
lymphocyte extracts showed significant variations in their DNA repair capacity,
which seemed to correlate with the removal of bulky DNA lesions in the same cells
over a period of 48 hours determined by 32P-postlabeling. Inter-individual variations
in NER capacity measured by our assay were in the range of ~8-fold. Similar
variations of ~10-fold were observed in human lymphocytes by Gaivao et al.,
conducting an alternative in vitro NER assay that uses nucleoid DNA containing UV-
induced lesions [4]. These are relatively wide variations in NER capacity compared
with inter-individual variations for BER that were reported to be approximately ~4-
fold [4]. Notably, some individuals even appear to have negligible NER capacity as
measured by comet-based in vitro repair  assays,  which  might  lead  to  an
accumulation of DNA lesions after exposure to genotoxic agents, and a subsequent
increased risk of mutations and cancer development. However, on the other hand, a
lower NER capacity might also reflect the absence of lesions, because DNA
damage can activate NER proteins directly via feedback control mechanisms. It is
therefore necessary to assess DNA repair activity in combination with exposure (for
example by using biomarkers of exposure) to be able to make reliable predictions
on cancer susceptibility and risk. Nonetheless, it can be considered that impairment
of DNA repair processes will lead to increased risks of pathological diseases like
cancer. Overall, this newly developed assay is reliable, reproducible and can be
used on frozen or freshly isolated lymphocytes, indicating its applicability in
molecular epidemiological studies.
 Our NER assay was first applied in an in vitro study as an attempt to investigate
the influence of dietary factors on DNA repair. Although, there is some evidence that
low intake of certain nutrients may affect DNA repair (reviewed in [5]), the molecular
mechanisms through which diet can modulate this process are still unclear. One of
the possible mechanisms is the modulation of the cellular redox status by dietary
compounds, which can affect DNA repair processes. The formation of free radicals,
like reactive oxygen species (ROS), is known to decrease the cellular redox status,
leading to a state of oxidative stress. On the other hand, dietary antioxidants may
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prevent/reduce oxidative stress through the scavenging of ROS or by stimulating
endogenous defences. Furthermore, previous investigations have shown the
involvement of free radicals in both the initiation and promotion of carcinogenesis
[6,7], and in vitro as well as in vivo studies have reported the importance of a
balance between oxidants and antioxidants for the proper functioning of DNA repair,
including NER [8,9]. Therefore, the aim of the in vitro study that is described in
Chapter 3 was to obtain further insight in the relation between oxidative stress and
nucleotide excision repair, both at the transcription and protein level. To modify the
intracellular oxidative stress, we used non-cytotoxic doses of hydrogen peroxide
(H2O2) and D,L-buthione-S,R-sulfoximine (BSO) to deplete the cellular antioxidant
glutathione  (GSH).  To  study  the  effect  of  oxidative  stress  on  gene expression,  we
specifically selected genes that encode NER proteins involved in the recognition
and incision steps of the repair process, because these phases are reflected in our
NER capacity assay. The expression of most of the selected NER-related genes
was up-regulated upon exposure to H2O2. This could be due to the fact that
expression of many genes involved in cellular defence is controlled by redox-
sensitive transcription factors such as AP-1. However, the expression of ERCC1,
which was also reported to have an AP-1 binding sequence in the promoter region,
was significantly down-regulated by H2O2. Though, Fratelli et al. showed that the
expression of the AP-1 subunits, Fos and FosB, was not induced by H2O2 alone, but
was strongly induced in GSH depleted cells [10]. Therefore, the restoration of
ERCC1 expression that was seen in our study in GSH depleted cells exposed to
H2O2 may partly be explained by activation of this transcription factor. These
findings suggest that GSH has a signalling role in the redox-regulated gene
expression of NER genes, but further studies are needed to verify these results and
to understand the underlying molecular mechanisms.
 Since most of the selected NER genes showed an increased expression upon
exposure to H2O2, NER capacity as measured by our repair assay was expected to
increase as well. However, an acute inhibition of NER capacity was seen after
exposure to H2O2, which significantly correlated with the ERCC1 gene expression
(R2=0.85, p<0.01). The observed inhibition of NER by H2O2 in our study, was in line
with research from Hu et al. [8]. Further support for these observations comes from
studies showing that lipid peroxidation products (e.g. 4-hydroxynonenal,
malondialdehyde) can be potent inhibitors of NER, most likely by direct oxidative
attack and inactivation of NER proteins [11-13]. Moreover, our in vitro observations
in Chapter  3 were confirmed in a subsequent in vivo study that is described in
Chapter 4. Iron-induced oxidative stress in newborn piglets, monitored as increased
levels of 8-oxo-7,8-dihydro-2’-deoxyguanosine (8-oxodG) in colon tissue DNA and in
urine, lead to a 70% reduction of the NER capacity. Since dietary antioxidants can
modulate the redox status by acting as scavengers of ROS and lipid peroxidation
products, we proposed that the inhibiting effects of oxidative stress on DNA repair
could be compensated for by antioxidant rich supplementation. Indeed, in this in
vivo study, supplementation of mother sows with an antioxidant enriched diet
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seemed to partly compensate the oxidative stress-induced reduction of the NER
capacity in colon tissues of their offspring. The phenotypic NER capacity was
significantly less reduced by oxidative stress in the supplemented group compared
to the unsupplemented animals (reduced with 30% in stead of 70%, respectively).
Thus, dietary interventions could guard against the oxidative stress-induced
deleterious effects by protecting nucleotide excision repair processes that maintain
the integrity of the genome.
 Therefore, based on our previous observations, we speculated that enhanced
intake of antioxidants may be a candidate to improve NER in humans as well,
possibly in combination with single nucleotide polymorphisms (SNPs) in repair
genes that were also found to have an influence on DNA repair capacities.
Therefore, Chapter 5 of this thesis describes a human intervention study in which
the effects of dietary antioxidant intake, genetic polymorphisms in NER genes, and
possible interactions between both on the phenotypically assessed NER capacity
were investigated. Samples from 168 healthy volunteers consuming 1L
blueberry/apple juice per day were collected before and after a four week
intervention period. All subjects were genotyped for 11 SNPs in NER related genes,
using  Multiplex  PCR  amplification  plus  a  single  base  extension  (SBE)  based
method, which was developed at our laboratory for this particular study. Based on
the resulting genotype frequencies, a subpopulation of 36 healthy volunteers was
selected for the phenotypical assessment of NER. Since, we previously observed a
significant correlation between NER capacity and ERCC1 gene expression
[Chapter 3] and because other studies also reported a positive correlation between
repair capacity and ERCC1 expression [14-16], the selection of subjects occurred
according to their ERCC1 genotype. However, in the intervention study depicted in
Chapter 5, we did not observe any significant associations of the studied ERCC1
polymorphisms and the NER capacity. Since, inconsistent results have been
reported before in scientific literature [17,18], the functional relevance of SNPs in
ERCC1 remains unclear. The common genetic polymorphism XPA-A23G did show
significant correlations with the NER capacity in our human intervention study, with
carriers of the XPA-GG genotype showing a ~3-fold higher NER capacity compared
to homozygous wild-type and heterozygous subjects. Since these associations were
not affected by the dietary intervention, XPA-A23G seems to be a good predictor for
the NER capacity as assessed by our in vitro NER assay. Furthermore, the effect of
the four week intervention with antioxidant rich blueberry/apple juice on the
phenotypic NER capacity was evaluated and possible genotype-diet interactions
were studied. Although, this intervention was found to be efficient in enhancing
antioxidant defence and reducing ex vivo induced oxidative DNA damages [19,20],
we did not observe a general effect of the dietary intervention on the NER capacity
[Chapter 5]. However, carriers of variant/risk alleles of XPC-K939Q and RAD23B-
A249V seemed to benefit from the intervention, showing increased NER capacities
after the intervention, which was not observed in their homozygous wild-type
counterparts. As such, our results support the hypothesis that genetic
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polymorphisms significantly affect the phenotypic DNA repair capacity, which can be
further modulated by diet. However, the effect of diet seems to play a minor role as
compared to the effects of genetic variation.
 Although, the underlying mechanisms still remain unclear, a reduction in repair
capacity during diseases involving oxidative stress might contribute to mutagenesis
and carcinogenesis. For instance, chronic lung inflammatory diseases, such as
sarcoidosis, fibrosis and chronic obstructive pulmonary disease (COPD), are
characterized by the influx of polymorphonuclear neutrophils (PMNs) that produce
and release ROS [21,22], leading to a chronic imbalance between oxidants and
antioxidants. These PMNs have been demonstrated to be potent inhibitors of NER
in human pulmonary epithelial cells, providing a possible biological explanation for
the association between inflammation and lung cancer development [23]. Though, in
such situations of chronic oxidative stress, less efficient repair can lead to
persistence and accumulation of DNA lesions, which might block the progression of
the replication fork. To avoid collapsing of the DNA replication fork and subsequent
formation of double strand breaks upon such a blockage, cells possess DNA
damage tolerance (DDT) systems to circumvent the damage and continue
replication in the presence of lesions [24,25]. There are two known DDT pathways in
eukaryotes, namely the damage avoidance pathway and translesion synthesis
(TLS). The later comprises low fidelity translesion polymerases (e.g. Pol h, Pol k,
Pol z) that replace the replicative DNA polymerase (Pol d or Pol e), incorporating the
correct or incorrect nucleotide opposite the lesion, depending on the involved TLS
polymerase and the type of DNA damage. Since TLS polymerases directly copy the
damaged DNA template, often in an error-prone way, it can cause mutations and
contribute to carcinogenesis. In contrast to TLS, the damage avoidance pathway
uses the information of the undamaged sister duplex at the replication fork,
bypassing the lesion in an error-free way. Although its mechanism is yet unclear, it
is suggested to involve template switching and might share some features with
homologous recombination. Studies in yeast have shown that modification of the
polymerase clamp proliferating cell nuclear antigen (PCNA) with lysine 63-linked
poly-ubiquitin chains promotes the bypass of DNA lesions and determines if the
bypass occurs via the error-free damage avoidance pathway or the error-prone TLS
[26-28]. In Chapter 6 we show that PCNA is also poly-ubiquitinated in human
pulmonary epithelial cells (A549 cells) upon exposure to benzo[a]pyrene-7,8-
dihydrodiol-9,10-epoxide (BPDE) and that disruption of this lysine 63-linked poly-
ubiquitin chain formation enhances BPDE-induced mutagenicity, likely involving
increased recruitment of the TLS polymerase Pol h. Previous reports have
suggested that Pol h is the main polymerase responsible for the mutagenicity of
BPDE-DNA adducts by predominantly inserting an adenosine opposite the BPDE-
N2-dG lesion, causing the characteristic G à T transversions [29]. Indeed in our
study, the recruitment and co-localization of Pol h with PCNA was enhanced upon
exposure to BPDE, leading predominantly (74%) to G à T mutations. As such, we
suggest that lysine 63-linked poly-ubiquitination of PCNA is an important process to
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protect mammalian cells against BPDE-induced mutagenicity, directing DDT
mechanisms into the error-free damage avoidance pathway. Therefore, we imply
that the formation of these specific poly-ubiquitin chains as a general requirement
for physiological protection against mutagenesis and chemical carcinogenesis in
mammalian cells.

Concluding remarks
The emphasis of the present thesis was on the modulation of DNA repair by pro-
oxidants and dietary antioxidants. Overall, it is clear that NER can be regulated by the
intracellular redox status and that an antioxidant rich diet can compensate for the
oxidative stress-induced effects on NER capacity, but larger studies with more
subjects are needed. Although, only a small number of studies have assessed the
influence of diet and dietary compounds on DNA repair processes so far, the results
form our studies support the hypothesis that dietary compounds and whole foods
may have an important influence on an individual’s DNA repair capacity, especially
in subjects that are exposed to high levels of oxidative stress. Since the protective
effects of an individual’s diet are suggested to be mainly the result of the combined
effects of various bioactive compounds within whole foods rather than the effect of a
single compound and considering the crucial role of DNA repair in human health
and disease, additional investigations on the modulation of DNA repair by complex
dietary mixtures is required. Extended research is also needed to further elucidate
the molecular mechanisms underlying the effects of dietary compounds on DNA repair
and whether genetic factors influence the direction and magnitude of the phenotypic
response.
 Next to DNA repair processes, DNA damage tolerance mechanisms, involving
ubiquitination, guard against chemical carcinogenesis by preventing mutagenesis
and thus contributing to genomic stability. As such, alterations in ubiquitination and
the genes that control this process may influence the susceptibility of individuals to
environmental mutagens and carcinogens. For instance, studies have reported that
oxidative stress can modulate the ubiquitination process via reversible S
thiolation/dethiolation of ubiquitin-conjugating enzymes [30-32]. Consequently,
modulation of the redox status by dietary factors could have major consequences on
the proper functioning of enzymes involved in lysine 63-linked poly-ubiquitination of
PCNA, which may lead to the inefficient bypass of persisting lesions. A major
challenge would thus be to investigate if dietary antioxidants can protect the
ubiquitination process that is involved in damage tolerance against the deleterious
effects of oxidative stress. Therefore, additional studies are needed to further
elucidate the mechanism and modulating factors of damage tolerance pathways in
humans, and to appreciate their role in cancer development upon exposure to
environmental agents.
 When summarising the results as described in this thesis, it can be concluded that
the newly developed in vitro repair assay is a reliable, sensitive and thoroughly
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validated method for the phenotypic assessment of the NER capacity. It provides a
powerful tool to further substantiate the role of DNA repair in the development of
cancer and to provide answers to important research questions on DNA repair and
human health. The results presented in this thesis may open doors for new
applications of DNA repair measurements as a biomarker of susceptibility in molecular
epidemiological studies. Analysing phenotypic biomarkers in parallel with genetic
susceptibility markers, promises to yield valuable information on genotype-phenotype
interactions, which may in turn be helpful in the identification of susceptible
subpopulations and individuals that may benefit from specific dietary interventions.
However, further and larger studies into the joint effect of genetic polymorphisms
and dietary factors on the phenotypic DNA repair capacity require high throughput,
less-labour intensive methods and development of these technologies should be
prioritized in order to improve progression in this research area.

Thesis_Langie Sabine_v04.pdf   156 16-10-2008   10:27:53



Summary and General Discussion

157

References
1. Hansen W. K. and Kelley M. R. Review of mammalian DNA repair and translational

implications. J Pharmacol Exp Ther 2000;295:1-9.
2. Friedberg E. C. DNA damage and repair. Nature 2003;421:436-440.
3. Collins A. R., Dusinska M., Horvathova E., Munro E., Savio M. and Stetina R. Inter-

individual differences in repair of DNA base oxidation, measured in vitro with the
comet assay. Mutagenesis 2001;16:297-301.

4.  Gaivao I.,  Piasek A.,  Brevik  A.,  Shaposhnikov  S.  and Collins  A.  R.  Comet  assay-
based methods for measuring DNA repair in vitro; estimates of inter- and intra-
individual variation. Cell Biol Toxicol 2007.

5. Tyson J. and Mathers J. C. Dietary and genetic modulation of DNA repair in healthy
human adults. Proc Nutr Soc 2007;66:42-51.

6. Cross C. E., Halliwell B., Borish E. T., Pryor W. A., Ames B. N., Saul R. L., McCord
J. M. and Harman D. Oxygen radicals and human disease. Ann Intern Med
1987;107:526-545.

7. Cerutti P. A. Prooxidant states and tumor promotion. Science 1985;227:375-381.
8. Hu J. J., Dubin N., Kurland D., Ma B. L. and Roush G. C. The effects of hydrogen

peroxide on DNA repair activities. Mutat Res 1995;336:193-201.
9. Topinka J., Binkova B., Sram R. J. and Fojtikova I. DNA-repair capacity and lipid

peroxidation in chronic alcoholics. Mutat Res 1991;263:133-136.
10. Fratelli M., Goodwin L. O., Orom U. A., Lombardi S., Tonelli R., Mengozzi M. and

Ghezzi P. Gene expression profiling reveals a signaling role of glutathione in redox
regulation. Proc Natl Acad Sci U S A 2005;102:13998-14003.

11. Feng Z., Hu W. and Tang M. S. Trans-4-hydroxy-2-nonenal inhibits nucleotide
excision repair in human cells: a possible mechanism for lipid peroxidation-induced
carcinogenesis. Proc Natl Acad Sci U S A 2004;101:8598-8602.

12. Feng Z., Hu W., Marnett L. J. and Tang M. S. Malondialdehyde, a major
endogenous lipid peroxidation product, sensitizes human cells to UV- and BPDE-
induced killing and mutagenesis through inhibition of nucleotide excision repair.
Mutat Res 2006;601:125-136.

13. Hiramatsu K., Ogino T., Ozaki M. and Okada S. Monochloramine inhibits ultraviolet
B-induced p53 activation and DNA repair response in human fibroblasts. Biochim
Biophys Acta 2006;1763:188-196.

14. Dabholkar M. D., Berger M. S., Vionnet J. A., Egwuagu C., Silber J. R., Yu J. J. and
Reed E. Malignant and nonmalignant brain tissues differ in their messenger RNA
expression patterns for ERCC1 and ERCC2. Cancer Res 1995;55:1261-1266.

15. Vogel U., Dybdahl M., Frentz G. and Nexo B. A. DNA repair capacity: inconsistency
between effect of over-expression of five NER genes and the correlation to mRNA
levels in primary lymphocytes. Mutat Res 2000;461:197-210.

16. Wei Q., Xu X., Cheng L., Legerski R. J. and Ali-Osman F. Simultaneous
amplification of four DNA repair genes and beta-actin in human lymphocytes by
multiplex reverse transcriptase-PCR. Cancer Res 1995;55:5025-5029.

17. Zhou W., Liu G., Park S., Wang Z., Wain J. C., Lynch T. J., Su L. and Christiani D.
C. Gene-smoking interaction associations for the ERCC1 polymorphisms in the risk
of lung cancer. Cancer Epidemiol Biomarkers Prev 2005;14:491-496.

18. Zienolddiny S., Campa D., Lind H., Ryberg D., Skaug V., Stangeland L., Phillips D.
H., Canzian F. and Haugen A. Polymorphisms of DNA repair genes and risk of non-
small cell lung cancer. Carcinogenesis 2006;27:560-567.

19. Wilms L. C., Hollman P. C., Boots A. W. and Kleinjans J. C. Protection by quercetin
and quercetin-rich fruit juice against induction of oxidative DNA damage and
formation of BPDE-DNA adducts in human lymphocytes. Mutat Res 2005;582:155-
162.

Thesis_Langie Sabine_v04.pdf   157 16-10-2008   10:27:54



Chapter 7

158

20. Wilms L. C., Boots A. W., de Boer V. C., Maas L. M., Pachen D. M., Gottschalk R.
W., Ketelslegers H. B., Godschalk R. W., Haenen G. R., van Schooten F. J. and
Kleinjans J. C. Impact of multiple genetic polymorphisms on effects of a 4-week
blueberry juice intervention on ex vivo induced lymphocytic DNA damage in human
volunteers. Carcinogenesis 2007;28:1800-1806.

21. Hunninghake G. W., Gadek J. E., Lawley T. J. and Crystal R. G. Mechanisms of
neutrophil accumulation in the lungs of patients with idiopathic pulmonary fibrosis. J
Clin Invest 1981;68:259-269.

22. Noguera A., Batle S., Miralles C., Iglesias J., Busquets X., MacNee W. and Agusti
A. G. Enhanced neutrophil response in chronic obstructive pulmonary disease.
Thorax 2001;56:432-437.

23. Gungor N., Godschalk R. W., Pachen D. M., Van Schooten F. J. and Knaapen A.
M. Activated neutrophils inhibit nucleotide excision repair in human pulmonary
epithelial cells: role of myeloperoxidase. Faseb J 2007;21:2359-2367.

24. Broomfield S., Hryciw T. and Xiao W. DNA postreplication repair and mutagenesis
in Saccharomyces cerevisiae. Mutat Res 2001;486:167-184.

25. Wang Z. DNA damage-induced mutagenesis : a novel target for cancer prevention.
Mol Interv 2001;1:269-281.

26. Hoege C., Pfander B., Moldovan G. L., Pyrowolakis G. and Jentsch S. RAD6-
dependent DNA repair is linked to modification of PCNA by ubiquitin and SUMO.
Nature 2002;419:135-141.

27. Hofmann R. M. and Pickart C. M. Noncanonical MMS2-encoded ubiquitin-
conjugating enzyme functions in assembly of novel polyubiquitin chains for DNA
repair. Cell 1999;96:645-653.

28. Spence J., Sadis S., Haas A. L. and Finley D. A ubiquitin mutant with specific
defects in DNA repair and multiubiquitination. Mol Cell Biol 1995;15:1265-1273.

29. Zhang Y., Wu X., Guo D., Rechkoblit O., Geacintov N. E. and Wang Z. Two-step
error-prone bypass of the (+)- and (-)-trans-anti-BPDE-N2-dG adducts by human
DNA polymerases eta and kappa. Mutat Res 2002;510:23-35.

30. Jahngen-Hodge J., Obin M. S., Gong X., Shang F., Nowell T. R., Jr., Gong J.,
Abasi H., Blumberg J. and Taylor A. Regulation of ubiquitin-conjugating enzymes
by glutathione following oxidative stress. J Biol Chem 1997;272:28218-28226.

31. Obin M., Shang F., Gong X., Handelman G., Blumberg J. and Taylor A. Redox
regulation of ubiquitin-conjugating enzymes: mechanistic insights using the thiol-
specific oxidant diamide. Faseb J 1998;12:561-569.

32. Berlett B. S. and Stadtman E. R. Protein oxidation in aging, disease, and oxidative
stress. J Biol Chem 1997;272:20313-20316.

Thesis_Langie Sabine_v04.pdf   158 16-10-2008   10:27:54



Thesis_Langie Sabine_v04.pdf   159 16-10-2008   10:27:54



Thesis_Langie Sabine_v04.pdf   160 16-10-2008   10:27:54



Samenvatting en
 Algemene Discussie

Thesis_Langie Sabine_v04.pdf   161 16-10-2008   10:27:54



162

Alle levende organismen worden blootgesteld aan een waaier van potentieel
schadelijke stoffen, die voortkomen uit het milieu, de voeding of zelfs uit endogene
processen. Deze stoffen kunnen het cellulaire DNA beschadigen en wanneer zulke
beschadigingen niet hersteld worden, kunnen deze laesies uiteindelijk leiden tot het
ontstaan van mutaties. Mutaties kunnen op hun beurt resulteren in afwijkingen in de
expressie van genen en het functioneren van de genproducten, welke kunnen
leiden tot de initiatie van ziektes zoals kanker. Ondanks dat DNA schades iedere
dag met relatief hoge frequenties optreden in ons lichaam, is het optreden van
mutaties in vergelijking laag. Dit is te danken aan de brede variatie aan DNA herstel
mechanismen die een organisme bezit om de integriteit van zijn genoom te
waarborgen. Mede daardoor spelen DNA herstel processen een belangrijke rol in de
preventie van kanker. Zo beschikt ook de mens over verschillende processen om
het beschadigde DNA te herstellen; waaronder het nucleotide excisie herstel (NER)
en base excisie herstel (BER) [1,2].
 Aangezien DNA herstel één van de processen is om de initiatie van kanker als
gevolg van DNA schade te voorkomen, kan het meten ervan gezien worden als een
relevante biomarker bij het bepalen van individuele kanker risico’s. Voor het zover
is, moet er echter eerst informatie vergaard worden over de intra- en inter-
individuele variaties in DNA herstel capaciteiten binnen een gezonde humane
populatie. Deze fenotypische variaties worden gedeeltelijk veroorzaakt door
zogenaamde genetische polymorfismen in DNA herstel genen, die kunnen leiden tot
significante verschillen in de synthese en activiteit van de herstel enzymen.
Daarnaast, zijn er nog andere factoren zoals exogene en endogene stoffen die het
DNA herstel kunnen beïnvloeden. Vooral de modulatie van DNA herstel door
voeding en voedingscomponenten zou verder onderzocht moeten worden, omdat dit
mogelijkheden kan bieden voor effectieve preventie van kanker. Verder, suggereren
zowel in vitro als in vivo studies dat de DNA herstel capaciteit door de redox status
van de cel beïnvloedt kan worden, door onder andere de expressie van essentiële
herstel enzymen te verhogen of verlagen. Aangezien de cellulaire redox status kan
veranderen naarmate er meer of minder pro-oxidanten en anti-oxidanten aanwezig
zijn in de voeding, was het doel van de huidige thesis om te bestuderen of men door
modulatie van de redox status door middel van voedingsinterventies, de NER
capaciteit kan verbeteren. Om deze invloed van voedingsfactoren op de NER
capaciteit te kunnen bepalen, zijn er echter eerst simpele en betrouwbare
technieken nodig die gebruikt kunnen worden om NER capaciteiten van mensen te
bepalen.
 In het verleden werden reeds verschillende methoden ontwikkeld die inderdaad
DNA herstel kunnen bepalen. Deze technieken waren voornamelijk gebaseerd op
de behandeling van cellen met schadelijke stoffen, waarna de verwijdering van deze
schade over de tijd geregistreerd werd [beschreven in Hoofdstuk 1]. De grootste
beperking van zulke toepassingen is dat ze tijdrovend zijn, verse cellen vereisen of
cellen die speciaal behandeld moeten worden om overleving na invriezen te
verzekeren. Alternatieve methoden zijn o.a. de “in vitro repair  assays”,  die
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afhankelijk zijn van de incubatie van een eiwit-extract uit cellen met een DNA
substraat dat specifieke laesies bevat. Deze technieken zijn over het algemeen
gevoeliger en meer geschikt voor het bepalen van DNA herstel in bevroren
bloedmonsters, zoals ingevroren humane lymfocyten. Recentelijk, werd er door
Collins et al. een “in vitro repair assays” ontwikkeld op basis van de zogenaamde
“single-cell gel electrophoresis (comet) assay”, om de fenotypische BER capaciteit
te kunnen meten [3]. Deze alternatieve methode meet de capaciteit van humane
lymfocyt extracten om de initiële stappen van BER; namelijk de schade herkenning
en incisie, op DNA substraten met 8-oxoguanine laesies uit te voeren. Echter, tot op
heden waren er voor zover ons bekend slechts enkele comet-gebaseerde methoden
beschikbaar die NER kunnen meten. Nochtans, zijn verscheidene humane kankers
direct gerelateerd met blootstelling aan chemicaliën zoals polycyclische aromatische
koolwaterstoffen (PAK), die hun kankerverwekkende werking uitoefenen door de
vorming van DNA addukten, welke voornamelijk verwijderd worden door NER.
Daarom werd er een gemodificeerde comet assay ontwikkeld, zoals beschreven in
Hoofdstuk 2 van deze thesis, om inter-individuele verschillen in nucleotide excisie
herstel te kunnen bepalen. In deze nieuwe “repair assay” bestaat het DNA substraat
uit nucleoïds opgenomen in een gel, die blootgesteld werden aan (±)-anti-
benzo[a]pyrene-7,8-dihydrodiol-9,10-epoxide (BPDE), om BPDE-DNA addukten te
induceren. Deze BPDE-DNA addukten zijn een bekend substraat voor het NER
proces en bij incubatie van deze beschadigde nucleoïds met cel extracten, zullen de
herstel enzymen in deze extracten de eerste stappen van NER kunnen uitvoeren;
namelijk de DNA schade herkenning en incisie. Als gevolg hiervan zullen er
enkelstrengs DNA breuken ontstaan, die vervolgens na electroforese gevisualiseerd
kunnen worden in de vorm van een staart aan de nucleoïd. De lengte van deze
staart en de hoeveelheid DNA dat zich erin bevindt is een maat voor de hoeveelheid
breuken dat gevormd is en geeft een indicatie over de DNA herstel capaciteit van
het cel extract (zie Figuur 1 van Hoofdstuk 2). Extracten van XPA-/- en XPC-/-

fibroblasten, die deficiënt zijn voor de proteïnen vereist voor de initiële stappen van
NER, werden gebruikt om deze assay te valideren. Humane lymfocyt extracten
vertoonden ~8-voudige verschillen in hun DNA herstel capaciteit, wat bleek te
correleren met de verwijdering van BPDE-DNA addukten in dezelfde lymfocyten
over een periode van 48 uur zoals bepaald met 32P-postlabeling. Gelijkaardige
verschillen werden waargenomen in humane lymfocyten door Gaivao et al., welke
een alternatieve in vitro NER assay toepaste die gebruik maakt van nucleoïd-DNA
dat UV-geïnduceerde laesies bevat [4]. Dit zijn relatief grote variaties in NER
capaciteiten in vergelijking met de inter-individuele ~4-voudige verschillen die
gerapporteerd werden voor BER [4]. Opmerkelijk is dat bepaalde gezonde
individuen zelfs een relatief lage NER capaciteit bleken te hebben, zoals gemeten
werd met de comet-gebaseerde “in vitro repair assays”. Dit zou kunnen leiden tot
een opstapeling van DNA schades na blootstelling aan genotoxische stoffen en
vervolgens resulteren in een verhoogd risico op mutaties en kanker. Anderzijds, kan
een lagere NER capaciteit ook het gevolg zijn van een geringe behoefte aan herstel
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door de afwezigheid van DNA-laesies, aangezien DNA schade de NER enzymen
direct kan activeren via feedback controle mechanismen. Vandaar dat het belangrijk
is om de DNA herstel capaciteit steeds in combinatie met de blootstelling te bepalen
(bv. door het gebruik van blootstellings biomarkers), zodat er betrouwbare
voorspellingen gedaan kunnen worden over de gevoeligheid van een individu om
kanker te ontwikkelen. Desondanks kan men suggereren dat een verslechtering van
het DNA herstel proces zal leiden tot een verhoogd risico op ziektes zoals kanker.
Algemeen gezien, is deze nieuw ontwikkelde methode betrouwbaar,
reproduceerbaar en kan gebruikt worden voor verse en bevroren lymfocyten,
waardoor deze methode goed toepasbaar is in moleculair epidemiologische studies.
 Onze in vitro NER assay werd vervolgens toegepast in een in vitro studie, als
een eerste stap om de invloed van voedingsfactoren op het DNA herstel te
onderzoeken. Een lage inname van bepaalde nutriënten kan een effect hebben op
het DNA herstel [5], maar de moleculaire mechanismen waarlangs de voeding dit
proces kan moduleren zijn nog steeds onduidelijk. Eén van de mogelijke
mechanismen verloopt via de vorming van vrije radicalen, zoals reactieve zuurstof
species (RZS). Anti-oxidanten uit de voeding kunnen RZS, die betrokken zijn bij de
initiatie en de promotie van kankerontwikkeling [6,7], wegvangen; RZS zouden
anders de herstel mechanismen kunnen remmen. In vitro en in vivo studies hebben
inderdaad gerapporteerd dat een balans tussen oxidanten en anti-oxidanten van
belang is voor het goed functioneren van het DNA herstel, inclusief NER [8,9]. Het
doel van het in vitro onderzoek, zoals beschreven in Hoofdstuk 3, was er daarom
op gericht om verder inzicht te verkrijgen in de relatie tussen oxidatieve stress en
NER, zowel op het niveau van transcriptie als het daadwerkelijk functioneren van de
betrokken proteïnen. Teneinde de intracellulaire redox status te moduleren, werd
gebruik gemaakt van niet-cytotoxische doses van waterstofperoxide (H2O2) en/ of
van D,L-buthione-S,R-sulfoximine (BSO) om de natuurlijke cellulaire antioxidant
glutathion (GSH) te depleteren. Om het effect van oxidatieve stress op de
genexpressie te bestuderen, werden er specifieke genen geselecteerd die coderen
voor NER proteïnen welke specifiek betrokken zijn bij de DNA schade herkenning
en incisie (de stappen die ook gemeten worden in onze in vitro NER  assay).  De
expressie van de meerderheid van de geselecteerde NER genen was verhoogd na
blootstelling aan H2O2. Een mogelijke verklaring hiervoor is dat verscheidene genen
die betrokken zijn bij de cellulaire verdediging, gecontroleerd worden door redox-
gevoelige transcriptie factoren zoals AP-1. Desondanks, was de expressie van het
DNA herstel gerelateerde gen ERCC1, waarvan gerapporteerd wordt dat het ook
een AP-1 bindingssequentie in zijn promotor gebied bezit, significant verlaagt door
H2O2. Echter, Fratelli et al. toonden aan dat de expressie van de AP-1 subunits, Fos
en FosB, niet geïnduceerd werd door blootstelling aan H2O2 alleen, maar sterk
geïnduceerd was in GSH gedepleteerde cellen [10]. Het herstellen van de ERCC1
expressie, zoals werd gezien in onze studie in de GSH gedepleteerde cellen die
blootgesteld waren aan H2O2, zou dus gedeeltelijk verklaard kunnen worden door
de activatie van deze transcriptie factor. Deze bevindingen suggereren dat GSH een
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signalisatie rol heeft in de redox-gereguleerde genexpressie van NER genen.
Verdere studies zijn echter vereist om deze resultaten te verifiëren en de
onderliggende mechanismen te begrijpen.
 Aangezien de meerderheid van de gerelateerde NER genen een verhoogde
expressie vertoonden na blootstelling aan H2O2, werd er ook een verhoging van de
fenotypische NER capaciteit verwacht. De blootstelling aan H2O2 resulteerde echter
in een acute inhibitie van de NER capaciteit, wat significant correleerde met de
ERCC1 gen expressie (R2=0.85, p<0.01). De geobserveerde inhibitie van NER door
H2O2 in onze studie, kwam overeen met bevindingen van Hu et al. [8]. Andere
studies, die onze data verder onderbouwen, toonden aan dat lipide peroxidatie
producten (bv. 4-hydroxynonenal, malondialdehyde) potente inhibitoren kunnen zijn
van NER, hoogst waarschijnlijk als gevolg van directe oxidatieve aanval en
inactivatie van NER proteïnen [11-13]. Bovendien, werden onze in vitro bevindingen
van Hoofdstuk 3 bevestigd door een daaropvolgende in vivo studie, die beschreven
wordt in Hoofdstuk 4. In pasgeboren biggen werd oxidatieve stress geïnduceerd
door ze bloot te stellen aan ijzer. Oxidatieve stress werd vervolgens geregistreerd
als verhoogde niveaus van 8-oxo-7,8-dihydro-2’-deoxyguanosine (8-oxodG) in het
DNA van de colon en in de urine. De stijging in oxidatieve stress resulteerde in een
verlaging van de NER capaciteit in de colon weefsels met maar liefst 70%.
Aangezien anti-oxidanten de redox status kunnen moduleren door het wegvangen
van RZS en lipide peroxidatie producten, werd er gesteld dat het remmende effect
van de oxidatieve stress op het DNA herstel, gecompenseerd kon worden door
suppletie met anti-oxidant rijke voeding. De suppletie van de moeder zeugen met
een anti-oxidant verrijkte voeding bleek in deze in vivo studie inderdaad de
oxidatieve stress-geïnduceerde daling in NER capaciteit, in de colon van hun
nageslacht, gedeeltelijk te compenseren. De fenotypische NER capaciteit was
significant minder gereduceerd door de oxidatieve stress in de gesupplementeerde
groep dan in de niet-gesupplementeerde dieren (30% gereduceerd in plaats van
70%). Voedings-interventies kunnen het nucleotide excisie herstel proces, dat zorgt
voor het behoud van de genoomstabiliteit, dus beschermen tegen de oxidatieve
stress-geïnduceerde schadelijke effecten.
 Gebaseerd op onze voorgaande bevindingen, werd verondersteld dat een
verhoogde inname van anti-oxidanten via de voeding de NER capaciteit van een
individu zou kunnen verhogen. Aangezien zogenaamde “single nucleotide
polymorfismen” (SNPs) in DNA herstel genen ook een belangrijke invloed kunnen
hebben op de gemeten DNA herstel capaciteit, kan het effect van de interventie met
anti-oxidanten afhankelijk zijn van de genetische achtergrond van een individu.
Bijgevolg, beschrijft Hoofdstuk 5 van deze thesis een humane interventie studie
waarin de effecten van verhoogde anti-oxidant inname, van genetische
polymorfismen in NER genen, en van mogelijke interacties tussen beide factoren op
de fenotypische NER capaciteit onderzocht worden. Van 168 gezonde vrijwilligers,
die 1L blauwe bessen/appel sap per dag consumeerden gedurende 4 weken, werd
voor en na de interventie bloed verzameld. Al de proefpersonen werden eerst
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gegenotypeerd voor 11 SNPs in NER-gerelateerde genen, door middel van een
Multiplex PCR amplificatie gevolgd door een “single base extension” (SBE)
gebaseerde methode die speciaal voor deze studie opgezet werd. Op basis van de
genotype frequenties, werd een subpopulatie van 36 gezonde vrijwilliger
geselecteerd voor de fenotypische bepaling van de NER capaciteit. Aangezien we
eerder een significante correlatie tussen de NER capaciteit en de ERCC1
genexpressie waargenomen hadden [Hoofdstuk 3] en omdat andere studies ook
positieve correlaties van de DNA herstel capaciteit met ERCC1 expressie
rapporteerden [14-16], vond deze selectie plaats op basis van de ERCC1
genotypes. Echter, in de interventie studie zoals beschreven in Hoofdstuk 5,
werden geen significante associaties tussen de ERCC1 polymorfismen en de NER
capaciteit gevonden. Ook andere studies rapporteerden dat een relatie tussen
ERCC1 polymorphismen en de NER capaciteit niet gevonden kon worden [17,18]
en de functionele relevantie van SNPs in het ERCC1 gen blijven dus onduidelijk.
Het veel voorkomende genetische polymorfisme XPA-A23G vertoonde wel
significante correlaties met de NER capaciteit in onze humane interventie studie;
dragers van het GG genotype vertoonden een ~3-keer hogere NER capaciteit in
vergelijking met de homozygote wild-type en heterozygote proefpersonen.
Aangezien deze associatie niet beïnvloed werd door de voedingsinterventie, blijkt
het XPA-A23G polymorfisme een goede voorspeller te zijn van de NER capaciteit,
zoals bepaald met onze in vitro NER assay. Verder, werd het effect van de vier
weken durende interventie met het anti-oxidant rijke blauwe bessen/appel sap op de
NER capaciteit geëvalueerd en de eventuele genotype-voedingsinteracties
bestudeerd. Ondanks dat de interventie eerder efficiënt bevonden was in het
verhogen van de anti-oxidant capaciteit en het reduceren van ex vivo geïnduceerde
oxidatieve schade [19,20], zagen wij in onze studie over het algemeen geen effect
van de voedingsinterventie op de NER capaciteit [Hoofdstuk 5]. Echter, dragers
van variante/risico allelen voor XPC-K939Q en RAD23B-A249V bleken wel baat te
hebben bij de interventie. Zij vertoonden verhoogde NER capaciteiten na de
interventie, wat niet geobserveerd werd in hun homozygote wild-type tegenhangers.
Bijgevolg, ondersteunen onze resultaten de hypothese dat genetische
polymorfismen de fenotypische DNA herstel capaciteit kunnen beïnvloeden en dat
dit verder gemoduleerd kan worden door de voeding. Het effect van de voeding blijk
hierin echter een kleinere rol te spelen dan de effecten van genetische variatie.
 Een reductie in de DNA herstel capaciteit tijdens ziekten die gepaard gaan met
oxidatieve stress, kan bijdragen tot het ontstaan van mutaties en kanker.
Bijvoorbeeld chronische inflammatoire long ziekten, zoals sarcoidosis, fibrosis en
chronische obstructieve pulmonaire ziekte (COPD), worden gekarakteriseerd door
de influx van polymorfe neutrofielen (PMNs) die hoge concentraties RZS
produceren [21,22], wat vervolgens de balans tussen oxidanten en anti-oxidanten
verstoort. Van deze PMNs werd aangetoond dat zij potente inhibitoren zijn van NER
in humane long epitheel cellen [23]. Deze bevindingen vormen een mogelijke
additionele biologische verklaring voor de associatie tussen inflammatie en long

Thesis_Langie Sabine_v04.pdf   166 16-10-2008   10:27:54



Samenvatting en Algemene Discussie

167

kanker. In zulke situaties van chronische oxidatieve stress, kan minder efficiënt DNA
herstel leiden tot het achter blijven en opstapellen van DNA laesies, die mogelijk de
voortgang van de replicatie-vork kunnen blokkeren. Om het instorten van de DNA
replicatie-vork en de daarop volgende vorming van dubbel strengs DNA breuken te
vermeiden, beschikken cellen over DNA schade tolerantie (DDT) mechanismen die
instaat zijn de laesie te omzeilen en de replicatie voor te zetten [24,25]. In
eukaryoten zijn er twee DDT mechanismen bekend; namelijk het DNA schade
omzeilingmechanisme en de translaesie synthese (TLS). Het laatst genoemde
mechanisme wordt met name uitgevoerd door de onbetrouwbare translaesie
polymerasen (bv. Pol h, Pol k, Pol z) die de gebruikelijke replicatie DNA
polymerasen (Pol d or Pol e) tijdelijk vervangen en op die manier een nucleotide
inbouwen tegenover de laesie. Of de juiste of onjuiste base wordt ingebouwd is
afhankelijk van de betrokken TLS polymerase en het type van DNA schade.
Aangezien TLS polymerasen direct de beschadigde streng kopiëren, gaat dat vaak
gepaard met fouten en kunnen er mutaties ontstaan die op hun beurt weer bijdragen
tot het ontstaan van kanker. In tegenstelling tot TLS, gebruikt het DNA schade
omzeilingmechanisme de informatie van de onbeschadigde zuster streng en
passeert op die manier de laesie op een foutloze manier. Ondanks het feit dat de
opeenvolgende stappen in dit mechanisme nog onduidelijk zijn, wordt er
gesuggereerd dat het gepaard gaat met zogenaamde “template switching” en dat
het kenmerken deelt met het homologe recombinatie systeem. Verder hebben
studies in gist aangetoond dat het modificeren van “proliferating cell nuclear
antigen” (PCNA) met lysine 63-gelinkte poly-ubiquitine ketens, het passeren van
DNA laesies bevorderd en dat dit proces mede bepaald of de schade wordt omzeild
door het foutloze omzeilingmechanisme of door het fouten inducerende TLS [26-28].
In Hoofdstuk 6 hebben we aangetoond dat PCNA, na blootstelling aan
benzo[a]pyrene-7,8-dihydrodiol-9,10-epoxide (BPDE), ook poly-ubiquitinatie
ondergaat in humane lung epitheel cellen (A549 cellen). Verstoring van de vorming
van deze lysine 63-gelinkte poly-ubiquitine ketens bleek de mutageniteit van BPDE
te verhogen, wat hoogst waarschijnlijk te wijten was aan de verhoogde rekrutering
van de TLS polymerase Pol h. Eerdere studies suggereerden dat Pol h de
belangrijkste polymerase is die verantwoordelijk is voor de mutageniteit van BPDE-
DNA addukten, doordat het voornamelijk adenosine inbouwt tegenover BPDE-N2-
dG laesies en zo GàT transversies veroorzaakt [29]. Ook in onze studie, werd Pol
h na blootstelling aan BPDE in verhoogde mate gerekruteerd en geco-lokaliseerd
met PCNA, wat voornamelijk (74%) resulteerde in GàT mutaties. Verder kan
gesuggereerd worden dat lysine 63-gelinkte poly-ubiquitinatie van PCNA een
belangrijk proces is in de bescherming van humane cellen tegen BPDE-
geïnduceerde mutageniteit, door het DNA schade tolerantie systeem in de richting
van het foutloze omzeilingmechanisme te sturen. Daarom kan worden verondersteld
dat de vorming van deze specifieke poly-ubiquitine ketens een algemene vereiste is
voor de fysiologische bescherming tegen het ontstaan van mutaties en kanker na
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blootstelling aan stoffen die DNA leasies veroorzaken, die in staat zijn de
replicatievork te stoppen.

Conclusie

De huidige thesis bestudeerd de effecten van oxidanten en anti-oxidanten op de
activiteit van het nucleotide excisie DNA herstel systeem (NER). Over het algemeen
kan gesteld worden dat NER gereguleerd kan worden door de intracellulaire redox
status en dat een anti-oxidant rijke voeding de effecten van oxidatieve stress op
NER kan compenseren. Ondanks dat er tot op heden slechts een klein aantal
studies zijn verricht die de invloed van voeding en voedingscomponenten op het
DNA herstel hebben bestudeerd, ondersteunen de resultaten van deze en onze
studies de hypothese dat de samenstelling van de voeding een belangrijke invloed
kan hebben op de DNA herstel capaciteit van een organisme, en dan met name bij
organismen/organen die blootgesteld worden aan verhoogde niveaus van
oxidatieve stress. Aangezien er gesuggereerd wordt dat de beschermende effecten
van onze dagelijkse voeding eerder te wijten zijn aan de combinatie van
verscheidene stoffen dan aan slechts enkele voedingscomponenten, en gezien de
cruciale rol van het DNA herstel bij ziektes en de algemene gezondheid van de
mens, zijn extra studies naar de modulatie van het DNA herstel door
voedingsmengsels dringend nodig. Ook is er verder onderzoek vereist om de
moleculaire mechanismen achter de effecten van de voeding op het DNA herstel
verder te onthullen en te bestuderen of genetische factoren de manier en mate van
de fenotypische response beïnvloeden.
 Naast DNA herstel processen, dragen de DNA schade tolerantie mechanismen
bij aan de stabiliteit van het genoom en de bescherming tegen chemische
carcinogenese. Veranderingen in het ubiquitinatie proces of in de genen die dit
proces controleren, zouden dus de gevoeligheid van individuen voor mutagenen en
carcinogenen vanuit het milieu kunnen beïnvloeden. Zo hebben verschillende
studies gerapporteerd dat het ubiquitinatie proces kan worden geremd via de
omkeerbare oxidatie van functionele thiol-groepen in ubiquitine-conjugatie enzymen
[30-32]. De modulatie van de redox status door voedingsfactoren zou dus ook
belangrijke gevolgen kunnen hebben voor het goed functioneren van de enzymen
die betrokken zijn bij de lysine 63-gelinkte poly-ubiquitinatie van PCNA, wat nodig is
om achtergebleven DNA laesies te omzeilen. Het zou een grote uitdaging zijn om
na te gaan of anti-oxidanten uit de voeding ook het ubiquitinatie proces dat
betrokken is bij de tolerantie van DNA schade kan beschermen tegen de schadelijke
effecten van oxidatieve stress.
 Als we uiteindelijk alle resultaten zoals beschreven in deze thesis zouden
samenvatten, kan er geconcludeerd worden dat de nieuwe “in vitro repair assay”
een betrouwbare, gevoelige en deels gevalideerde techniek is, die gebruikt kan
worden voor het fenotyperen van de NER capaciteit. Het is een zeer nuttige
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toepassing, waarmee we de rol van het DNA herstel in de ontwikkeling van kanker
verder kunnen bestuderen en waardoor antwoorden geleverd zullen worden op
belangrijke onderzoeksvragen met betrekking tot veranderingen in DNA herstel en
de algemene gezondheid van de mens. De resultaten zoals beschreven in deze
thesis, leveren mogelijkheden voor nieuwe toepassingen van het meten van DNA
herstel, als een biomarker van gevoeligheid in moleculaire epidemiologische
studies. Het analyseren van fenotypische biomarkers in parallel met genetische
gevoeligheidsmarkers beloofd waardevolle informatie op te leveren over relevante
genotype-fenotype interacties. Deze informatie kan op zijn beurt nuttig zijn bij het
identificeren van gevoelige subpopulaties die baat kunnen hebben bij specifieke
voedingsinterventies. Echter, verdere en grotere studies naar het gecombineerde
effect van genetische polymorfismen en voedingsfactoren op de fenotypische DNA
herstel capaciteit, vereisen productievere en minder arbeidsintensieve technieken.
De ontwikkeling hiervan zou dan ook de eerste prioriteit moeten krijgen om de
vooruitgang van dit onderzoeksveld te garanderen.
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wil ik mijn meter, mijn bomma, bedanken voor het maken van de kaft van dit boekje.
Ik kan je met vol enthousiasme zeggen dat ik het een schitterend eindresultaat vind.

Mijn grootste dank gaat natuurlijk uit naar mijn vriend, ouders en mijn broers.
Allereerst wil ik mijn broerkes bedanken voor hun voortdurende interesse en
behulpzaamheid. Pé & Katrien, bedankt voor de gezellige spelavonden – de boog
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ouderliefde, jullie medeleven en geduld in goede en kwade tijden. Van kinds af aan
hebben jullie me veel bijgebracht en geleerd nooit op te geven. De wijsheden uit de
Disney film ‘Merlijn de Tovenaar’ zouden zo door jullie geschreven kunnen zijn;

“Hoger op naar de top, weg met de middelmatigheid. Zit niet stil, gebruik je wil,
want niemand komt er zonder strijd! Kies zelf maar uit, hoe ver je gaat. Wie nooit
begint komt steeds te laat! En da’s waardoor de wereld draait.”

Bedankt dat jullie er altijd voor me zijn!
En last but not least, wil ik mijn vriend Tom bedanken voor zijn liefde, begrip en
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kwam, en voor je geduld en de ontstressende knuffels als ik gefrustreerd terug
kwam van het werk. Veel tijd en energie is er in het afronden van dit boekje
gekropen, maar zonder jou was dit nooit gelukt. Samen vormen we een goed team!
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