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a b s t r a c t

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 avoid-

ance 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. POL�), caus-

ing 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 G → T

transversion. BPDE treatment caused an enhanced recruitment of POL� to the replication

machinery of the K63R-Ub expressing cells, where it co-localized with PCNA. Suppression

of POL� 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.

© 2007 Elsevier B.V. All rights reserved.
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. Introduction

umans are continuously exposed to a wide variety of
NA-damaging environmental carcinogens such as polycyclic
romatic hydrocarbons (PAHs). The most studied PAH is
enzo[a]pyrene (B[a]P) whose mutagenic and carcinogenic
otential has been demonstrated in both humans and ani-
als [1]. After uptake, the chemically unreactive B[a]P is
etabolically activated into its predominant reactive form,

±)-anti-benzo[a]pyrene-7,8-dihydrodiol-9,10-epoxide (BPDE).
his metabolite can covalently bind to the DNA, preferably

o guanine, resulting in the formation of (+)-trans-anti-BPDE-
2-dG being the most predominant adduct (>90%) [1–3]. The

ormation of these (±)-anti-BPDE-N2-dG–DNA adducts is one
f the key factors of B[a]P-induced mutagenesis, producing
ostly G → T transversions upon error-prone replication of

dducted DNA templates [4].
Generally, nucleotide excision repair (NER) is the primary

athway to remove large helix-distorting DNA lesions, such
s BPDE–DNA adducts. Nevertheless, despite NER activity and
he presence of cell-cycle checkpoints, many of such bulky
esions may persist until replication, thereby stalling the repli-
ation fork. To avoid an aberrant cessation of the cell-cycle
aused by such a blockage, cells have evolved DNA damage tol-
rance (DDT) systems (also known as post-replication repair)
o circumvent the damage and continue replication in the
resence of lesions [5,6]. Studies in bacteria (E. coli), yeast
s well as mammalian cells [5–8], revealed that DDT can be
ccomplished through the action of error-prone low-fidelity
ranslesion synthesis (TLS) polymerases (e.g. Y-family DNA
olymerases). Studies in mammalian cells have revealed TLS
o be an important mechanism in the response to BPDE–DNA
dducts [8,9]. In general, TLS can either be error-free or error-
rone, depending on the type of DNA damage, as well as
he specific polymerase that is involved. Candidates for per-
orming TLS bypassing bulky-DNA adducts are POL�, POL�,
OL�, REV1 (Y-family polymerases) and POL� (B-family) [6,10].
n contrast to its anti-mutagenic role in response to UV radi-
tion, bypass of (±)-anti-BPDE–DNA adducts by POL� will
romote mutagenesis by predominantly inserting the incor-
ect nucleotide opposite the lesion [9,11].

There is now evidence showing that yeast have a second
DT pathway distinct from TLS, referred to as error-free dam-
ge avoidance. Although its mechanism is yet unclear, it may
nvolve replication fork reversal, thereby using the informa-
ion of the undamaged sister duplex at the replication fork
12,13]. Studies in yeast have shown that this pathway requires

odification of proliferating cell nuclear antigen (PCNA) with
ysine 63-linked polyUb (K63-polyUb) chains [12–14]. Specifi-
ally, upon exposure to DNA-damaging agents PCNA becomes
ono-ubiquitinated by the ubiquitin conjugase-ubiquitin

igase (E2–E3) complex RAD6-RAD18 at its Lys164 residue, pro-
oting its interaction with TLS-polymerases [12,15]. Subse-

uent Lys63-linked poly-ubiquitination of PCNA by the E2–E3
omplex UBC13/MMS2-RAD5 then facilitates the error-free
amage avoidance pathway. As far as we know, only studies
n yeast and metazoans (i.e. X. laevis) confirmed this K63-
inked poly-ubiquitination [12,14,16], and there is still debate
n the importance of such damage avoidance mechanism in
ammalian cells [17]. However, we recently demonstrated the
7 ) 852–862 853

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 pre-
viously 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 POL�. Therefore, we implicate the
formation of these specific polyUb chains in the protection
against chemical carcinogenesis.

2. Materials and methods

2.1. Cell strains and culture

As previously described, A549 cells were stably transfected
with 6× his-tagged wild-type ubiquitin-GFP (WT-Ub-GFP) or
K63R mutant ubiquitin-GFP (K63R-Ub-GFP) constructs using
FuGene 6 (Roche Molecular Biochemicals, Mannheim, Ger-
many) [19]. Plasmids were co-transfected with a plasmid
conferring resistance to puromycin.

To study POL�–GFP foci formation, a set of A549 and
HeLa cells were transfected with WT-Ub-puro or K63R-Ub-puro
constructs using lipofectamine (Invitrogen Life Technologies,
Carlsbad, CA). These Ub-puro cell lines were phenotypically
comparable to the original Ub-GFP expressing cells as demon-
strated by Chiu et al. [18].

To assess the role of POL� 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 trans-
fections were done 72 and 24 h before treatment to achieve
optimal long term knockdown of POL� 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% fil-
tered puromycin (1 �g/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.

2.2. Cell treatments

Before BPDE-exposure, medium was aspirated and cells were
washed with sterile HBSS (–Ca/–Mg) (Gibco Invitrogen, Scot-
land, 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 concen-
trations of 0.1–1 �M and immediately added to the cells. The
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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.

2.3. Clonogenic cell survival

The sensitivity of A549 cells expressing K63R-Ub or WT-Ub to
BPDE was assayed using a clonogenic survival assay. There-
fore, cells were seeded at a density of 4 × 105 cells/60 mm
dish (Falcon, Le Pont De Claix, France) and grown for 24 h
before exposure to BPDE (0–1.0 �M) 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 concen-
tration. 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, sur-
vival 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.

2.4. HPRT-mutation analysis

For the determination of HPRT-mutant frequencies in K63R-
Ub and WT-Ub expressing cells, cells were seeded at l × 106

cells/100 mm dish (Falcon, Le Pont De Claix, France) and cul-
tured in hypoxanthine, aminopterin, and thymidine (HAT)
supplemented culture medium for 1 week, to eliminate back-
ground HPRT mutations. Subsequently, cells were exposed
to the indicated concentrations of BPDE (30 min, 37 ◦C) and
were maintained for 1 week to allow for phenotypic expres-
sion of the acquired mutations. Cells carrying mutated HPRT
were then selected in gentamicin-containing medium sup-
plemented with 30 �M 6-thioguanine (6-TG). After ∼14 days
of culture, cells were fixed and stained with 2% bromophe-
nol 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 fre-
quency for each treatment was calculated as follows; mutation
frequency = # colonies/(plating efficiency × # cells seeded).

2.5. Mutation spectrum

BPDE-induced HPRT mutants were obtained as described
above. To exclude sister clones only a single colony per treated
population was isolated and grown in six-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 treat-
ment (RNAse-free DNAse provided by Qiagen) according to
the manufacturer’s recommendations. Quantity and purity of
the RNA was determined spectrophotometrically. cDNA was
0 0 7 ) 852–862

prepared using the iScriptTM 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 over-
lapping 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].

2.6. 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 �M 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 24 h 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 PI enrichment technique as described by
Reddy and Randerath with some modifications [21]. Briefly, an
aliquot containing 10 �g DNA was digested using micrococ-
cal endonuclease (0.25 U/�L) and spleen phosphodiesterase
(2 �g/�L) for 3.5 h at 37 ◦C. Subsequently, DNA-digests were
treated with nuclease P1 (2.5 �g/�L) 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 (�-32P)ATP (50 �Ci
per sample; ICN, Indianapolis) using T4-polynucleotide kinase
(10 U/�L) for 30 min at 37 ◦C. The radiolabeled 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

nucleotides and 1 adduct/108 nucleotides) were analyzed
in parallel for quantification purposes. Quantification was
performed using Phosphor-Imaging technology (Fujifilm FLA-
3000).

Additionally, to assess the amount of DNA in the reaction,
an aliquot of DNA-digest was diluted and labeled with (�-
32P)ATP. Nucleotides were separated on a PEI-cellulose sheet
by one directional TLC in 0.12 M NaH2PO4 (pH 6) for 5–6 h. A
dAP-standard was analyzed along with the other samples for
quantitation purposes.

2.7. 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 1 h and lysed 5 h 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 phenylmethylsul-
fonyl 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 (30 J/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 electroblot-
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[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 expo-
sure is that cells that are unable to form K63-polyUb chains can

Fig. 1 – BPDE-induced cytotoxicity in A549 cells stably
expressing K63R-Ub (©) or WT-Ub (�). Cells were exposed
d n a r e p a i r 6

ed onto a Hybond C nitrocellulose membrane (Amersham
harmacia Biotech, Piscataway, NJ, USA). The following anti-
odies were used: rabbit polyclonal anti-Ub (Dako, Glostrup,
enmark), mouse monoclonal anti-PCNA PC10 (Chemicon,
ttp://www.chemicon.com), and mouse monoclonal anti-
ctin (Sigma). Proteins were visualized using SuperSignal West
ico Chemiluminescent Substrate (Pierce Biotechnology, Rock-
ord, IL, USA).

.8. Immunoprecipitations

mmunoprecipitation of PCNA was performed as described
reviously [18]. In brief, cells were treated with BPDE as
escribed above and harvested in lysis buffer. An anti-PCNA
ntibody was incubated overnight with 500 �g of protein
ysate. The following day, lysates were incubated with 100 �L
f Gamma-Bound Sepharose Beads (Amersham Pharmacia
iotech). After 48 h beads were washed extensively in lysis
uffer, and proteins were eluted by boiling in Laemmli’s SDS
ample buffer. Immunoblotting was performed as described
bove except that the membranes were autoclaved for 20 min
n ddH2O after protein transfer, and proteins were visualized
s described above.

.9. GFP–POL� foci formation

549 and HeLa cells stably expressing WT-Ub-puro and K63R-
b-puro were grown on 35 mm glass bottom dishes (MatTek
orporation, Ashland, USA) until 80% confluency. Plasmids
xpressing POL�–GFP fusion protein (a generous gift of Dr.
lan R. Lehmann, Genome Damage and Stability Centre, Uni-
ersity of Sussex, Falmer, Brighton, UK) were transfected
nto the cells using lipofectamine according to the man-
facturer’s protocol (Invitrogen Life Technologies, Carlsbad,
A). After 24 h of incubation, POL�–GFP transfection effi-
iency was checked by fluorescence microscopy, and cells
ere exposed to 0.1 and 0.5 �M BPDE for 30 min at 37 ◦C.
hen 6 h post-incubation, cells expressing GFP–POL� proteins
ere visualized using a live-cell microscopy unit mounted
n a Leica DR IRBE inverted microscope, equipped with a
olychromator that allows generation of light of the required
avelength, using a 63× magnification level. Both the poly-

hromator and filterwheel were controlled via the PC using
pecialized Openlab software. To determine the percentage of
ells with POL� foci, only the POL� expressing cells were eval-
ated. At least 100 cells were counted for each experimental
ondition by an experienced and blinded observer.

For co-localization studies, WT-Ub-puro and K63R-Ub-
uro expressing A549 cells were transiently transfected with

POL�–GFP plasmid in a chamber slide (BD Biosciences
harmingen). Cells were exposed to 0.1 and 0.5 �M BPDE
30 min at 37 ◦C), 24 h post-transfection. For detection of PCNA
nd POL�, cells were fixed in cold methanol for 20 min at
20 ◦C followed by 30 s in cold acetone to allow mild per-
eabilisation of the cells. Cells were washed twice with PBS

nd then incubated at room temperature with both anti-

CNA and anti-POL� antibodies. After 1 h, cells were washed
ith PBS and then incubated with Alexa 488-conjugated goat

nti-rabbit IgG (Invitrogen) and Texas red-conjugated goat
nti-mouse (Invitrogen) secondary antibodies for 45 min. After
7 ) 852–862 855

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.

2.10. Statistical analysis

All data are presented as the mean ± standard error of at
least two independent experiments, unless stated otherwise.
Differences in BPDE–DNA adduct removal and mutation fre-
quencies 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 �M BPDE), one-way ANOVA was used with sub-
sequent Dunnett’s-correction for multiple comparisons. A
non-parametric Mann–Whitney test was performed to ana-
lyze differences in POL� 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.

3. Results

3.1. 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 �M BPDE
(Fig. 1). We observed no statistical difference in the sensitiv-
ity of both cell lines to acute (30 min) treatment with BPDE.
Similar observations were seen in mammalian [18] and yeast
for 30 min to increasing concentrations of BPDE. Survival
was evaluated by means of a clonogenic survival assay and
expressed as the mean of three independent experiments
(±S.E.).

http://www.chemicon.com/
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Fig. 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 × 10−5 clonable cells for WT-Ub (�) and
K63R-Ub (©) expressing cells respectively. The mean values
856 d n a r e p a i r

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.

3.2. 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 fre-
quency 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 �M BPDE, respectively) as com-
pared to their WT-Ub expressing counterparts (Fig. 2). This
increased BPDE-induced mutagenicity in the K63R-Ub express-
ing cells suggests that the formation of K63-polyUb chains is
indeed a prerequisite for the error-free bypass of BPDE–DNA
adducts.

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. Seventy-four percent of these
mutations were G → T transversion, while G → C transitions
accounted for 21% (Table 1). The large number of G → T
mutations suggests that POL� is the relevant mutagenic TLS

Table 1 – BPDE-induced mutation spectrum in K63R-Ub express

Point mutations Sequence change Position (strand

G > T GATG(G > T)TCAA 472 (+)
G > T GACA(G > T)GACT 134 (+)
G > T GGGG(G > T)GCTA 212 (+)
G > T ACAG(G > T)ACTG 135 (+)
G > T TGAT(G > T)AAGG 162 (+)
G > T GATG(G > T)TCAA 472 (+)
G > T GTTG(G > T)ATTT 539 (+)
G > T TCAA(G > T)GGGG 207 (+)
G > T GACT(G > T)AACG 139 (+)
G > T CAGG(G > T)ATTT 601 (+)
G > T ACTG(G > T)AAAG 380 (+)
G > T ACAG(G > T)GGAC 335 (+)
G > T TCAA(G > T)GGGG 207 (+)
G > T AAGT(G > T)TTGG 514 (+)
G > C GAAC(G > C)TCTT 143 (+)

G > C TCAA(G > C)GGGG 207 (+)
G > C TAAT(G > C)ACCA 322 (+)
G > C GACT(G > C)AACG 139 (+)

T > G AAGG(T > G)CGCA 479 (+)

A549 cells stably expressing K63R-Ub were exposed to 0.5 �M BPDE, furth
Single colonies were picked from each dish to ensure that no sister clones w
by sequencing using four overlapping primers. The mutants are grouped b
of two independent experiments are shown with standard
errors (*p < 0.001, K63R-Ub vs. WT-Ub).

polymerase (see Section 4). A single T → G mutation was unex-
pectedly 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 1). Interestingly and
in contrast to the previously reported UV-induced mutation

ing cells

) Amino acid Mutant Percentage of total

Val → Phe 1
Arg → Met 2
Gly → Cys 5
Arg → Ser 6
Met → lie 7
Val → Phe 12
Gly → Val 13,2
Lys → Asn 14
Glu → STOP 17
Asp → Tyr 19
Gly → Val 20
Gly → Val 21,2
Lys → Asn 24
Val → Phe 28 74
Arg → Pro 10

Lys → Asn 11
Asp → His 13,1
Glu → Gln 21,1 21

Val → Gly 4 5

er cultured for 7 days and then seeded in medium containing 6-TG.
ould be analyzed. The HPRT gene was then amplified by PCR followed
y the type of observed point mutations.
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pectra [18], most of the BPDE-induced base substitutions had
he guanine adduct on the non-transcribed (+) strand. These
ata are consistent with the mutation spectrum of BPDE-
reated human fibroblasts or T-lymphocyte clones that were
onducted in other studies [22,23]. Collectively, these data sug-
est that inhibition of K63-polyUb chain assembly results in an
ncreased mutagenic effect of BPDE-exposure, indicating the
nvolvement of error-prone TLS.

.3. Disruption of K63-polyUb chain formation does
ot affect the occurrence and repair of BPDE–DNA adducts

utagenicity of BPDE is directly related to the number of
PDE–DNA adducts in the cell [22,24]. Therefore, to exclude
he possibility that the distinct mutagenic effects of BPDE in
63R-Ub versus WT-Ub transfected cells as described above,
ould be explained by either different initial BPDE–DNA adduct
evels, or differences in time-dependent adduct removal, we
valuated the kinetics of BPDE–DNA adduct levels over a
eriod of 24 h by 32P-postlabeling. Representative DNA adduct
rofiles of both A549 cell lines, acutely exposed to 0.1 �M
PDE, are shown in Fig. 3(insert). For both the WT-Ub and
63R-Ub expressing cells, clear BPDE-dG spots were observed
fter a 30 min incubation period (t = 0 h). The intensity of
he (±)-anti-BPDE-dG spots rapidly reduced in time, indicat-
ng effective removal of the BPDE–DNA adducts. Quantitative
nalysis revealed that the initial adduct level caused by acute

reatment with 0.1 �M was similar between both cell lines
32.9 ± 4.8 and 31.6 ± 6.9 adducts/108 nucleotides for WT-Ub
nd K63R-Ub expressing cells, respectively). Moreover, no sig-
ificant differences (p > 0.5) in removal of BPDE–DNA adducts

ig. 3 – Removal of (±)-anti-BPDE-N2-dG adducts in WT-Ub
�) and K63R-Ub (©) expressing A549 cells after acute
xposure to 0.1 �M BPDE. Chromatograms of 32P-labeled
PDE–DNA adducts. A549 cell strains stably expressing
63R-Ub and WT-Ub show clear spots immediately after
xposure to BPDE (Insert). After recovery of 24 h
pot-intensities were reduced. Quantification was
erformed on the circled spots, which represent the

±)-anti-BPDE-N2-dG adducts. (±)-anti-BPDE–DNA adduct
emoval in A549 cells strains at various time intervals. Data
re expressed as the mean adduct levels of two
ndependent experiments (±S.E.).
7 ) 852–862 857

were observed between A549 cells stably expressing K63R-Ub
or WT-Ub (Fig. 3). In both cell lines, DNA-adduct levels are
reduced by 50% within 8 h. To correct for possible dilution
effects on DNA-adduct levels due to DNA synthesis during cell
replication, adduct levels were corrected for cell proliferation
for each time point (# cells at t = recovery/# cells at t = 0 h). Over-
all, 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.

3.4. BPDE induces PCNA poly-ubiquitination

Thus far, our data support the idea that K63-linked ubiq-
uitin 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 sub-
strate 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 �M 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 BPDE treated cells (Fig. 4A). In addi-
tion, 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 addi-
tion, 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 (Fig. 4B). Several ubiquitinated
species were observed corresponding to mono-, di-, tri- and
tetra-ubiquitinated PCNA. This laddering pattern was simi-
lar 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 evi-
dence that PCNA poly-ubiquitination is an important process
in response to a variety of DNA lesions.

3.5. Increased recruitment of POL� to the replication
fork upon blockage by BPDE

To support our suggestion that the increased BPDE mutagen-
esis 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, express-
ing WT-Ub or K63R-Ub fused with the puromycin resistance
gene were used and transfected with the POL�–GFP plasmid.
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Fig. 4 – Poly-ubiquitination of PCNA upon UV- and
BPDE-exposure. (A) Immunoblot from A549 and HeLa cells
that were irradiated with 30 J/m2 UV or exposed to 0.5 and
1 �M BPDE. Cells were lysed 6 h 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 latter case only the immunoglobulin
heavy and light chains are detected on the

Fig. 5 – Relocalization of POL� 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–POL�. Twenty-four hours post-transfection, cells were
exposed to 0.1 and 0.5 �M BPDE for 30 min at 37 ◦C. Foci
were quantified 6 h after treatment using a live-cell imaging
microscope and percentages of cells with POL� 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 �M BPDE,
respectively). (C) Representative confocal photographs
immunoprecipitations.

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 POL� function [18]. In line with other simi-
lar studies [26], we observed homogenous nuclear expression
of the POL� protein in all transfected cells. Similar to pre-
vious reports [18,26–28], in the absence of BPDE, foci were
observed in 17% and 22% of the HeLa cells (Fig. 5A) and 14%
and 15% of the A549 cells (Fig. 5B) expressing WT-Ub or K63R-
Ub, respectively, showing no statistical differences between
both cell lines. Within 6 h after exposure to 0.1 and 0.5 �M

BPDE, POL� relocalized in distinct focal patterns in the nucleus
(Fig. 5C, left). Upon exposure to 0.5 �M BPDE, the percentage
of cells with foci increased to 52.5% and 53.9% in HeLa and
A549 cells expressing K63R-Ub, respectively (Fig. 5A and B). In

showing a 100% co-localization of POL� with PCNA in A549
cells, 6 h after BPDE-exposure. POL� (green) and PCNA (red)
were detected using antibodies.
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eLa and A549 cells stably expressing WT-Ub, the induction of
OL� foci was significantly less after BPDE-exposure (20% and
5% at 0.5 �M of BPDE for HeLa and A549 cells, respectively).
verall, our data show that inhibition of K63-linked poly-
biquitination causes an approximately three-fold increase in
OL� foci (p < 0.05) after acute exposure to BPDE. This increase
arallels the enhanced mutation frequency in BPDE-treated
63R-Ub expressing cells (Fig. 2) suggesting the involvement
f POL� in BPDE-induced mutagenesis in the K63R-Ub express-

ng cells. Furthermore, we also analyzed the co-localization of
hese foci with sites of DNA replication as revealed by pos-
tive PCNA foci. In both the WT-Ub and K63R-Ub expressing
549 cells, 100% of the BPDE-induced POL� foci co-localized
ith PCNA foci (Fig. 5C). This indicates that the foci pro-
uced in the K63R-Ub expressing cells are typical of those
reviously reported to occur at sites of blocked replication

18,26].

.6. Knockdown of POL� diminishes the mutagenicity
f BPDE
ollectively, our data suggest that inhibition of K63-polyUb
hain assembly results in an increased requirement for TLS to
ypass BPDE–DNA adducts (cf. Fig. 5). To establish a possible

ig. 6 – Effect of POL� knockdown on BPDE-induced
utagenicity. The number of HPRT mutants was

uantitated upon exposure to 0.5 �M BPDE for A549 cells
tably expressing K63R-Ub with or without POL� RNAi.
PDE-induced mutations were corrected for the plating
fficiency and presented as the percentages of the mutation
requency in the BPDE treated K63R-Ub expressing cells.
he mean values of two independent experiments are
hown with standard error (*p < 0.03, BPDE exposed cells
ith vs. without POL� RNAi).
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causal role of POL� in the increased mutagenicity of BPDE as
observed in the K63R-Ub expressing cells, we suppressed the
expression of POL� in these cells by using siRNA. The combi-
nation of disrupting K63R-polyUb chain formation and POL�

knockdown resulted in a 50% reduction in BPDE-induced HPRT
mutations (Fig. 6), indicating a predominant role of POL� in
error-prone bypass of BPDE lesions in the K63R-Ub expressing
cells.

4. 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 informa-
tion 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 muta-
tions [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 poly-
merases [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 low-fidelity and error-prone DNA polymerases. Previous
reports have suggested that POL� 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 → T transversions [9].
Appropriately, the majority (74%) of mutations observed in
our model is also this G → T mutation supporting the idea
that POL� is the relevant enzyme for the bypass of BPDE–DNA
adducts. Furthermore, intra-nuclear POL� foci formation was
approximately three-fold increased in BPDE-treated K63R-Ub
expressing cells, indicating the involvement of POL� 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
POL� foci after BPDE-exposure. This is in contrast with studies
from Ogi et al. observing POL� foci recruitment in ∼90% of the
human lung fibroblast exposed to 20 �M of B[a]P [27]. These

contrasting observations are most likely explained by a signif-
icant difference in dosing strategies. In the present study POL�

foci were assessed 6 h post-acute (30 min) BPDE treatment,
while Ogi et al. quantitated foci following 16 h of contin-
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uous exposure to complete medium containing B[a]P and
S9 mix.

We observed POL� foci to co-localize with the DNA
polymerase clamp, PCNA. As this protein is required for repli-
cation, this suggests that POL� is tightly associated with the
replication machinery and is therefore locally available to
carry out TLS past the blocking lesions. Similar POL� recruit-
ment and co-localizations were observed in human fibroblasts
[26,30] and human cancer cell lines [18] upon exposure to
UV irradiation. Furthermore, we studied the effect of POL�

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 POL� 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 POL� opposite
(±)-anti-BPDE-N2-dG adducts will lead to the induction of G:C
to T:A transversions [9]. This was indeed confirmed by ana-
lyzing the mutation spectrum in the BPDE-treated K63R-Ub
expressing cells, showing predominantly G → T point muta-
tions. 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 POL� mediated mutagenesis.
Intriguingly, this would suggest that known helix deform-
ing lesions such as those produced by UV light would be
less mutagenic than BPDE. Indeed, UV-induced mutation fre-
quency in this model system was previously reported to be
2-fold increased [18] compared to 87-fold for 0.5 �M BPDE.
Since UV-induced DNA lesions cause severe DNA–helix dis-
tortions that will be repaired faster by NER [31,32], reliance
on potentially mutagenic TLS-bypass processes during repli-
cation will be attenuated.

Interestingly, all observed G → T transversions were con-
sistent 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 prefer-
ential 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 replica-
tion 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 frequen-
cies 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 G → T transver-
sions in lung cancer is generally interpreted as the primary
0 0 7 ) 852–862

mutagenic signature of PAH–DNA damage. As such, it would be
of great interest to determine whether Lys63-polyUb chain for-
mation 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 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 enzy-
matic 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 POL�. We therefore propose that forma-
tion of K63-polyUb chains protects (BPDE-exposed) human
cells against translesion synthesis-mediated mutagenesis,
implying that ubiquitination guards against chemical car-
cinogenesis. This predicts that alterations in ubiquitination
and the genes that control it may influence the susceptibil-
ity 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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