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Previously we identified an intra-S-phase cell cycle
checkpoint elicited by the DNA-damaging carcinogen
benzo[a]pyrene-dihydrodiol epoxide (BPDE). Here we
have investigated the roles of lesion bypass DNA poly-
merases pol� and pol� in the BPDE-induced S-phase
checkpoint. BPDE treatment induced the re-localization
of an ectopically expressed green fluorescent protein-
pol� fusion protein to nuclear foci containing sites of
active DNA synthesis in human lung carcinoma H1299
cells. In contrast, a similarly expressed yellow fluores-
cent protein-pol� fusion protein showed a constitutive
nuclear focal distribution at replication forks (in the
same cells) that was unchanged in response to BPDE.
BPDE-induced formation of green fluorescent protein-
pol� nuclear foci was temporally coincident with check-
point-mediated S-phase arrest. Unlike “wild-type” cells,
Polk�/� mouse embryonic fibroblasts (MEFs) failed to
recover from BPDE-induced S-phase arrest, while ex-
hibiting normal recovery from S-phase arrest induced
by ionizing radiation and hydroxyurea. XPV fibroblasts
lacking pol� showed a normal S-phase checkpoint re-
sponse to BPDE (but failed to recover from the UV light-
induced S-phase checkpoint), in sharp contrast to
Polk�/� MEFs. The persistent S-phase arrest in BPDE-
treated Polk�/� cells was associated with increased lev-
els of histone �H2AX (a marker of DNA double-strand
breaks (DSBs)) and activation of the DSB-responsive
kinases ATM and Chk2. These data suggest that in the
absence of pol�, replication forks stall at sites of damage
and collapse and generate DSBs. Therefore, we conclude
that the trans-lesion synthesis enzyme pol� is specifi-
cally required for normal recovery from the BPDE-in-
duced S-phase checkpoint.

Polycyclic aromatic hydrocarbons such as benzo[a]pyrene
(B[a]P)1 are ubiquitous environmental pollutants that elicit

DNA damage, mutagenesis, and carcinogenesis (1). The mech-
anism of B[a]P-induced carcinogenesis has been studied exten-
sively and is well understood (4). B[a]P and other polycyclic
aromatic hydrocarbons undergo intracellular oxidation reac-
tions that generate reactive metabolites such as B[a]P-dihydro-
diol epoxide (BPDE). BPDE is the “ultimate carcinogen” that
results from B[a]P metabolism and forms a covalent linkage
mainly with the exocyclic amino group of deoxyguanosine to
form a bulky hydrophobic adduct (5). Error-prone replication of
adducted DNA templates during S-phase can generate muta-
tions. Potentially, mutations that activate oncogenes or inacti-
vate tumor-suppressor genes can contribute to multistep car-
cinogenesis (2, 3).

Chromosomal DNA is continuously exposed to genotoxic
insults from both endogenous and exogenous sources. There-
fore, cells have evolved various mechanisms to minimize the
detrimental effects of DNA damage. Cell cycle checkpoints
are signal transduction mechanisms that respond to DNA
damage by exerting negative controls over cell cycle progres-
sion (4). The cell cycle delays triggered by checkpoints enable
integration of DNA repair with cell cycle progression follow-
ing acquisition of DNA damage. Cell cycle checkpoint path-
ways can arrest cells at the G1/S transition, within S-phase
(termed the “S-phase checkpoint” or “intra-S-phase check-
point”), and at G2/M. It is widely hypothesized that cell cycle
checkpoints are important tumor-suppressive mechanisms
that contribute to the maintenance of genomic stability. Con-
sistent with this hypothesis, individuals with congenital de-
fects in checkpoint genes (e.g. p53, CHK2, and ATM) show
increased propensity to tumorigenesis.

Many components of cell cycle checkpoint signaling cascades
have been identified. It is now clear that partially separable
checkpoint pathways respond to different forms of DNA damage.
For example, DNA double strand breaks (DSB) activate the prox-
imal ATM kinase that signals through the downstream kinase
Chk2 and other effectors (5). In contrast, bulky DNA lesions
(such as UV light-induced pyrimidine dimers or BPDE adducts)
or replication stress (resulting from depletion of nucleotide pools)
elicits a checkpoint pathway mediated by the ATM-related ki-
nase ATR and its downstream effector kinase Chk1 (6). The
mechanism by which DNA damage activates ATM is poorly un-
derstood but might involve direct interactions between ATM and
damaged chromatin (7). In contrast, activation of ATR involves
its recruitment to RPA-coated single-stranded DNA via the ATR-
interacting protein ATRIP (also known as Rad26) (8, 9).
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Additional key mammalian DNA damage-response factors
required for Chk1 activation are Rad17 and Rad9-Rad1-Hus1
(which form a heterotrimeric complex termed “9-1-1”) (10, 11).
Rad17 resembles the replication factor C (RFC) I subunit and
similarly forms a complex with RFC subunits II–V. The RFC
I–V complex is responsible for loading the PCNA sliding clamp
onto DNA during the elongation step of DNA synthesis. Each of
the 9-1-1 subunits bears similarity with PCNA, and analo-
gously, the 9-1-1 complex is thought to form a “clamp” that
associates with DNA (12). The association of 9-1-1 with dam-
aged DNA is regulated by the concerted actions of Rad17 and
RFC subunits II–V (12). Although 9-1-1 and ATR/ATRIP are
recruited to chromatin via separate mechanisms (13), both
events are required for Chk1 activation and checkpoint signal-
ing. When activated, Chk1 contributes to cell cycle arrest in
S-phase and G2/M. The Chk1-mediated G2 arrest is mediated
via negative regulation of the Cdc25C protein phosphatase
(14). The mechanism of Chk1-mediated S-phase arrest is less
clear but might involve degradation of the Cdc25A protein
phosphatase (15, 16) and inhibition of Cdc7-Dbf4 kinase com-
plex (17).

S-phase checkpoints are considered to be important for coor-
dinating DNA synthesis with DNA repair after acquisition of
DNA damage during S-phase (18). Replicative DNA poly-
merases do not copy damaged DNA templates efficiently or
accurately. Therefore, cells use the following two mechanisms
to replicate loci containing DNA damage: 1) recombinational
repair using the undamaged sister chromatid DNA as a tem-
plate for the sequence opposite the lesion; 2) specialized DNA
polymerases can be used to replicate past lesions in a process
termed trans-lesion synthesis (TLS). Recombinational repair is
an error-free mechanism (19, 20). In contrast, because of the
low fidelity of TLS DNA polymerases, replicative bypass of
lesions is an inherently error-prone process (21–23). Indeed,
TLS is considered to be the reason for mutagenesis and carci-
nogenesis in response to DNA lesions.

Major TLS DNA polymerases in mammalian cells are pol�,
pol�, pol�, and Rev1 (the “Y” family polymerases) and pol� (a
“B” family polymerase comprising the catalytic Rev3 subunit
and the noncatalytic Rev7 protein). pol� was the first mamma-
lian TLS polymerase identified (24). pol� is encoded by the XPV
gene, which is defective in xeroderma pigmentosum-variant
patients. The role of mammalian pol� (and of its Saccharomy-
ces cerevisiae homologue Rad30) in TLS has been studied ex-
tensively. pol� is unique among eukaryotic DNA polymerases
in its ability to replicate through a cis-syn thymine-thymine
dimer (the species generated by UV radiation). Studies in vitro
and in vivo, in yeast and mammalian systems, indicate that
pol� promotes error-free DNA trans-lesion synthesis in a man-
ner that is stimulated by PCNA and regulated by the Rad6/
Rad18 epitasis pathways (25, 26).

Genes encoding the Y family enzyme DNA polymerase �

(pol�) were originally identified as human and murine homo-
logues of Escherichia coli DinB (now termed polIV) (27). Unlike
human pol�, human pol� and E. coli polIV are unable to bypass
UV light-induced DNA lesions. However, both pol� and polIV
are able to bypass benzo[a]pyrene-adducted guanine, effi-
ciently inserting the correct “C” opposite the bulky lesion (28).
Consistent with a role for pol� in cellular responses to B[a]P-
induced genotoxicity, pol�-deficient mutant mouse embryonic
stem cells are highly sensitive to B[a]P, showing an elevated
mutation frequency and its spectrum different from that in the
parental cell (29). Bergoglio et al. (30) reported that hydroxyu-
rea and UV light irradiation can elicit recruitment of pol� to
nuclear foci, suggesting a possible role for pol� in responses to
genotoxins and replication stress. Like pol�, pol� interacts phys-

ically with PCNA, and its DNA synthesis activity is stimulated
by PCNA and RFC in vitro (31).

Therefore, there is good evidence that Y family polymerases
play key roles in the regulation of DNA synthesis after acqui-
sition of DNA damage. However, thus far, S-phase checkpoint
pathways and TLS processes have been studied completely
separately, and the relationships between the two cellular pro-
cesses remain totally unknown. In this study we have tested
roles for TLS polymerases in the S-phase checkpoint elicited by
BPDE. Previous work from our laboratory has demonstrated
that the ATR/9-1-1/Chk1 pathway mediates S-phase arrest in
response to BPDE adducts (32, 33). Because of results from
other laboratories demonstrating roles for pol� in replicative
bypass of BPDE adducts in vitro and cell survival after B[a]P
challenge, we tested a potential role for pol� in the BPDE-
induced intra-S-phase checkpoint. The results presented here
demonstrate that pol� is recruited to sites of ongoing DNA
synthesis after acquisition of BPDE damage. Furthermore, we
show that pol� is required for a normal S-phase checkpoint in
response to BPDE adducts (and UV light-induced lesions) but
not S-phase checkpoints because of DSBs or replication stress.
In contrast, pol� is dispensable for the BPDE-induced check-
point, yet is required for a normal checkpoint response to UV
lesions.

MATERIALS AND METHODS

Adenovirus Construction—cDNAs encoding GFP-pol� and YFP-pol�
were subcloned into pAC-CMV to generate pAC-GFP-pol� and pAC-
YFP-pol�, respectively. The resulting shuttle vectors were co-trans-
fected into 293T cells with the pJM17 plasmid to generate recombinant
adenovirus as described previously (32).

Cell Culture—Human lung carcinoma H1299 cells, Polk�/�, and
Polk�/� mouse embryonic fibroblasts (MEFs) and xeroderma pigmen-
tosum-variant CRL1162 fibroblasts or CRL1162 � XPV (XPV cells
reconstituted with pol�) were cultured in Dulbecco’s modified Eagle’s
medium supplemented with 10% fetal bovine serum and streptomycin
sulfate (100 �g/ml) and penicillin (100 units/ml).

Genotoxin Treatments—BPDE (NCI carcinogen repository) was dis-
solved in anhydrous Me2SO and added directly to the growth medium
as a 1000� stock to give final concentrations of 100 or 600 nM. For
hydroxyurea treatment, hydroxyurea was dissolved in water and added
directly to the growth medium as a 1000� stock to give a final concen-
tration of 1 �M. For UVC treatment, the growth medium was removed
from the cells and replaced with PBS. The plates were transferred to a
UV cross-linker (Stratagene) and then irradiated. The UVC dose deliv-
ered to the cells was confirmed with a UV radiometer (UVP, Inc.). The
cells were then re-fed with complete growth medium and returned to
the incubator. For IR treatment, cells were placed in PBS, irradiated
with a cesium source, then re-fed with complete growth medium, and
returned to the incubator. In some experiments, cells were incubated in
medium containing 5 mM caffeine (Sigma) for 1 h before genotoxin
treatment.

Clonogenic Survival Assays—For colony survival assays, cells were
grown to 80% confluence, treated with genotoxins (as described above),
and then split into replicate 10-cm plates at a density of 1000 cells/
plate. Plates were re-fed every 3 days. After 10 days, colonies on the
plates were fixed in methanol, stained with crystal violet, and counted.

DNA Synthesis Assays—[3H]Thymidine incorporation assays were
performed as described previously (32, 33). In brief, cells were split
into 12-well plates and grown to 60% confluence. After genotoxin treat-
ments, replicate wells were given [3H]thymidine (1 �Ci/ml,
PerkinElmer Life Sciences) for 30 min. At the end of the labeling period,
the [3H]thymidine-containing medium was aspirated, and the monolay-
ers were fixed by addition of 5% trichloroacetic acid. The fixed cells were
washed three times with 5% trichloroacetic acid to remove unincorpo-
rated [3H]thymidine. The trichloroacetic acid-fixed cells were solubi-
lized in 0.3 N NaOH. A 300-�l aliquot of the NaOH-solubilized material
was transferred to a scintillation vial and neutralized by addition of 100
�l of glacial acetic acid. After addition of 5 ml of Ecoscint scintillation
fluid, [3H]thymidine was measured by scintillation counting.

FACS Analysis—Cells were split into 60-mm plates and grown to
60% confluence. Cells were pulsed with BrdUrd for 1 h to label the
S-phase population. The resulting cultures were washed three times
with 5 ml of complete medium to remove unincorporated BrdUrd.
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Genotoxin treatments were as described above. Labeling and FACS
analyses were performed as described previously (34). At various times
after genotoxin treatment, cells were trypsinized, recovered by centrif-
ugation (10,000 � g, 30 s), and fixed in 35% EtOH in PBS for 1 h
overnight. Fixed nuclei were recovered by centrifugation and incubated
in 2 N HCl for 20 min to denature the DNA. Acid-treated cells were
neutralized by washing in 0.1 M borax, pH 8.5, and then rinsed in PBS.
The resulting pellets were resuspended in 50 �l of antibody labeling
solution comprising 30 �l of PBS with 0.5% Tween 20 and 0.5% BSA
plus 20 �l of fluorescein isothiocyanate-conjugated BrdUrd antibody
(Pharmingen). The cells were incubated for 30 min in the dark with
frequent mixing. Labeled cells were resuspended and washed in 1 ml of
PBS to remove free antibody. Washed nuclei were resuspended in 1 ml
of PBS containing 8 �g of RNase A and 50 �g of propidium iodide. The
nuclear suspensions were incubated in the dark at room temperature
for 30 min prior to FACS analysis (on a BD Bioscience instrument with
Cellquest software).

Fluorescence Microscopy—Cells were split into 4-well chamber
slides, grown to 50% confluence, and then infected with adenovirus
carrying GFP-pol� or YFP-pol�. 20 h after infection, cells were treated
with genotoxins for various times. To visualize GFP-pol� or YFP-pol�
fluorescence, the cells were fixed with 4% paraformaldehyde for 10 min
and then permeabilized with 0.2% Triton X-100 for 5 min. After wash-
ing the slides with PBS, cells were DAPI-stained and mounted with
Vectashield solution (Vector Laboratories). For some experiments, sites
of ongoing DNA synthesis were labeled by incubation in 35 �M BrdUrd-
containing medium for 20 min, immediately prior to genotoxin treat-
ment. To detect incorporated BrdUrd, the fixed cells were treated with
2 N HCl (to denature the DNA) after fixation. After neutralization and
washing in PBS, cells were incubated overnight at 4 °C with a mouse
monoclonal anti-BrdUrd antibody (Serotec) diluted 1:10 in 1% BSA/
PBST. The slides were washed three times with 1% BSA/PBST and
then incubated for 1 h with Cy3-conjugated donkey anti-mouse anti-
bodies (Jackson ImmunoResearch) diluted 1:300 in 1% BSA/PBST.
After washing (three times with 1% BSA/PBST), the slides were DAPI-
stained and mounted with Vectashield solution (Vector Laboratories).
Slides were imaged and analyzed using a Delta Vision Image Restora-
tion Microscopy System (dv1301421, Applied Precision). In some exper-
iments cell populations were scored for constitutive and genotoxin-
induced foci using a Nikon Eclipse E800 fluorescent microscope. In
these studies, 500 cells were counted for each experimental condition.

Immunoblotting—Total cell lysates were prepared as described
previously (32) in lysis buffer containing 50 mM Hepes, pH 7.4, 0.1%
Triton X-100, 150 mM NaCl,1 mM EDTA, 50 mM NaF, 80 mM �-
glycerophosphate, and 1� protease inhibitor mixture (Roche Applied
Science). In some experiments, whole nuclei were prepared using
CSK buffer as described by Hanaoka and co-workers (35). Total cell
extracts or nuclear protein samples were separated by SDS-PAGE,
transferred to nitrocellulose, and analyzed using the following anti-
bodies: rabbit anti-Chk1 (FL-476, Santa Cruz Biotechnology), rabbit
anti-Chk2 (H-300, Santa Cruz Biotechnology), mouse monoclonal anti-
PCNA (sc-56, Santa Cruz Biotechnology), rabbit anti-phospho-Chk1
Ser-345 (catalog number 2341, Cell Signaling), rabbit anti-phospho-
Chk2 Thr-68 (catalog number 2661, Cell Signaling), mouse mono-
clonal anti-phospho-ATM Ser-1981 (catalog number 4526, Cell Sig-
naling), and mouse monoclonal anti-phospho-H2AX (catalog number
05-636, Upstate Biotechnology Inc.).

Reproducibility—All data shown are representative of experiments
that were repeated at least three times in replicate.

RESULTS

BPDE Induces Formation of GFP-pol� Nuclear Foci at Sites
of Ongoing DNA Synthesis—Other workers have shown (30,
36) that a fusion protein of pol� with GFP is recruited to dis-
crete nuclear foci (presumably representing sites of DNA dam-
age) in response to genotoxins. However, the effect of BPDE on
the subcellular distribution of pol� has not been studied in
detail. Therefore, we investigated GFP-pol� localization during
the BPDE-induced S-phase checkpoint response.

For expression of GFP-pol� in cultured cells, we generated a
recombinant adenovirus vector (designated AdGFP-pol�). We
chose human lung carcinoma H1299 cells for our studies of
GFP-pol� distribution because we have characterized S-phase
regulation extensively in this cell line (32, 34). More impor-
tantly, we have shown that H1299 cells contain an intact

BPDE-induced S-phase checkpoint pathway (32).
Exponentially growing H1299 cells were infected with

AdGFP-pol� at a multiplicity of infection of 5 per cell, which
results in 100% transduction efficiency under our standard
experimental conditions. 18 h after infection of H1299 cells
with AdGFP-pol�, the GFP-pol� fusion protein displayed a
diffuse nuclear distribution. A representative GFP-pol�-ex-
pressing H1299 cell is shown in the upper left panel of Fig. 1a.
Next we tested the effect of BPDE treatment on pol� localiza-
tion. AdGFP-pol�-expressing cells were treated with 100 nM

BPDE for 2 or 20 h. At 2 h after treatment with 100 nM BPDE,
H1299 cells undergo a transient inhibition of DNA synthesis
(Fig. 1b). The BPDE-induced delay in S-phase results from
inhibition of initiation of DNA synthesis at late-firing origins
(37, 38) and is termed the intra-S-phase checkpoint. 6–8 h
after treatment with 100 nM BPDE, cells recover from the
checkpoint-mediated inhibition of DNA synthesis (Fig. 1b).

Concomitant with activation of the BPDE-induced check-
point, we observed an increase in the formation of nuclear
GFP-pol� foci. A representative cell containing GFP-pol� foci is
shown in Fig. 1a (middle left panel). Approximately 50% of the
cells contained GFP-pol� foci 2 h after treatment with 100 nM

BPDE (Fig. 1c). The nuclear GFP-pol� foci resulting from 100
nM BPDE were induced transiently. 20 h after 100 nM BPDE
treatment, a time point after the cells recover from the BPDE-
induced S-phase checkpoint (Fig. 1b), few GFP-pol� foci were
evident. Therefore, there is a good temporal correlation be-
tween checkpoint-mediated inhibition of DNA synthesis and
recruitment of GFP-pol� to sites of damage.

Doses of 600 nM BPDE or higher induce an irreversible block
to DNA synthesis (Fig. 1b). Inhibition of DNA synthesis by high
doses of BPDE (�600 nM) resulted from inhibition of origin
firing (initiation) and chain elongation (37, 38). In contrast
with the checkpoint-mediated inhibition of initiation, the block
to elongation was not considered a checkpoint response but
instead resulted from direct physical blocks to DNA replication
at sites of damage. Treatment of GFP-pol�-expressing H1299
cells with 600 nM BPDE resulted in more numerous and
intense nuclear foci than were induced by 100 nM BPDE. More-
over, foci induced by 600 nM BPDE were present for at least
20 h, concomitant with BPDE-induced replication blocks
(Fig. 1, a, right panels, and c).

As indicated in Fig. 1c, GFP-pol� foci were detected in �50%
of the genotoxin-treated cells 2 h after acquisition of DNA
damage. In exponentially growing cultures of H1299 cells,
�50% of the population was actively synthesizing DNA, as
shown by BrdUrd labeling and FACScan analysis (Fig. 2a).
Therefore, it appeared likely that the cells containing BPDE-
induced pol� foci represented those actively synthesizing DNA.

To identify S-phase sub-populations of GFP-pol�-expressing
cells, the cultures were pulse-labeled in the presence of BrdUrd
for 1 h immediately prior to treatment with genotoxins. After
genotoxin treatment, BrdUrd incorporated into S-phase nuclei
was visualized using Cy3-coupled secondary antibodies (Fig.
2b). In these experiments, BPDE-induced GFP-pol� nuclear
foci were only ever detected in BrdUrd-positive cells (Fig. 2b),
thereby demonstrating that nuclear pol� focus formation oc-
curs in S-phase. Moreover, GFP-pol� foci localized adjacent to
sites that were pre-labeled with BrdUrd, (i.e. replication foci),
suggesting that nuclear pol� foci represent sites where active
replication forks encounter BPDE adducts.

Effect of BPDE on Nuclear Focus Formation by pol�—pol�,
the product of the XPV gene, is important for TLS of UV light-
induced adducts (24). Kannouche and co-workers (39, 40) have
shown that GFP or YFP fusions of pol� are recruited to nuclear
foci in response to UV light-induced lesions, as well as other
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forms of DNA damage. However, the effect of BPDE on the
subcellular distribution of pol� has not been reported. UV light-
induced TT dimers and BPDE adducts are both repaired via the
nucleotide excision repair pathway, and both activate an ATR/
Chk1-mediated S-phase checkpoint. Therefore, we asked if

BPDE adducts induced nuclear pol� foci. We generated a recom-
binant adenovirus vector for expression of YFP-pol� (designated
AdYFP-pol�). H1299 cells were infected with AdYFP-pol�, and
pol� distribution was determined by microscopy. Most interest-
ingly, and in contrast with GFP-pol�, the YFP-pol� fusion protein

FIG. 1. Effect of BPDE on subcellu-
lar distribution of GFP-pol� and on
rates of DNA synthesis in H1299 cells.
a, H1299 cells infected with AdGFP-pol�
were treated with 100 or 600 nM BPDE for
0, 2, or 20 h, fixed with paraformalde-
hyde, counter-stained with DAPI, and vi-
sualized with a Deltavision microscope.
Representative cells containing BPDE-in-
duced foci are shown. b, H1299 cells were
treated with 100 (filled circles) or 600 nM

(open circles) BPDE. At various times af-
ter BPDE treatment, rates of DNA syn-
thesis were determined by measurements
of [3H]thymidine incorporation. c, H1299
cells infected with AdGFP-pol� were
treated with 100 or 600 nM BPDE for 0, 2,
or 20 h. For each experimental treatment,
500 cells were examined and scored for
the presence of GFP-pol� foci. The per-
centage of cells with foci relative to the
total number of counted cells is shown.
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localized to nuclear foci in the absence of genotoxin treatment.
BrdUrd labeling experiments showed that YFP-pol� foci were
coincident with sites of DNA synthesis (data not shown). This
finding is consistent with reports from other laboratories that
pol� is constitutively localized to the replication fork (39).

Treatment with BPDE, or other genotoxins (including UV
light, hydroxyurea, IR), did not elicit increased YFP-pol� focus
formation in H1299 cells (Fig. 3a). This result contrasts with
previous reports that GFP-pol� forms nuclear foci in response
to genotoxins in other cell types (39). To investigate this ap-
parent discrepancy, we determined the effects of DNA-damag-
ing agents on the subcellular localization of YFP-pol� and
GFP-pol� in additional cell types. H1299 cells are defective for
p53-mediated G1 and G2 checkpoints. Therefore, we hypothe-
sized that the constitutive YFP-pol� foci in H1299 cells might
result from high levels of spontaneous DNA damage caused by
unchecked or un-repaired replication errors. H1299 cells show
high basal levels of histone �H2AX as determined by immuno-
fluorescence microscopy and Western blotting (data not shown),
suggesting the presence of high levels of constitutive DNA dam-
age under our experimental conditions.

To ask if the presence of constitutive pol� foci correlated with

a malignant phenotype, we investigated the subcellular distri-
bution of pol� (and also of pol�) in nontransformed primary
human dermal fibroblasts in the absence or presence of differ-
ent DNA lesions. Early passage primary human dermal fibro-
blasts (HDFs) were infected with adenovirus encoding YFP-
pol�. In contrast with H1299 cells, in which pol� localized to
nuclear foci in 100% of the population, pol� localized to nuclear
foci only in �20% of the HDF cells in the absence of genotoxic
insult. A representative cell showing diffuse nuclear distribu-
tion of pol� in HDFs is shown in Fig. 3a (bottom left panel). In
other experiments we have observed constitutive pol� foci in
several cancer cell lines but rarely in untransformed/primary
cell lines (data not shown).

Because HDFs show low basal levels of pol� foci, we deter-
mined the effects of BPDE and other genotoxins on the subcel-
lular localization of YFP-pol� and GFP-pol� in these cells. As
shown in Fig. 3b, only 5% of GFP-pol�-expressing cells and 20%
of YFP-pol�-expressing cells contained nuclear foci in the ab-
sence of genotoxin treatment. However, 6 h after treatment
with 600 nM BPDE, GFP-pol� and YFP-pol� nuclear foci were
present in 35 and 45% of the population, respectively. A 6-h
treatment with hydroxyurea, an agent that depletes nucleotide

FIG. 2. Formation of GFP-pol� foci
in S-phase cells after BPDE treat-
ment. a, exponentially growing H1299
cells were pulsed with BrdUrd for 1 h.
After trypsinization, the cells were fixed,
permeabilized, stained with anti-BrdUrd
antibodies and PI, and then analyzed by
flow cytometry. b, H1299 cells infected
with AdGFP-pol� were labeled for 1 h
with BrdUrd and then treated with 100
nM BPDE for 1 h. After fixing, the cells
were stained with Cy3-conjugated anti-
BrdUrd antibodies and visualized with a
Deltavision microscope. A representative
cell containing BrdUrd-labeled loci (red)
and BPDE-induced GFP-pol� foci (green)
is shown (left-hand panels). The lower
right-hand panel shows the results of a
three-dimensional modeling analysis of
subnuclear region M1. The Deltavision
3D object builder software was used to
create a three-dimensional model from
the two-dimensional polygons in each Z
section of region M1. The schematic de-
picts the degree to which green (GFP-
pol�) and red (BrdUrd) signals co-localize
in three dimensions.
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pools and causes stalled replication forks, also induced similar
numbers of pol� and pol� foci (38 and 55% of the population
respectively). In contrast, 20 J/m2 UVC elicited pol� foci in 56%
of the population, but under the same experimental conditions
pol� foci were present in less than 20% of the population.
Similar to UV irradiation, IR treatment induced greater num-
bers of pol� foci (35%) than pol� foci (11%) in HDFs.

Taken together, our data show that pol� (but not pol�) con-
stitutively localizes to nuclear foci in H1299 cells, possibly
because of high spontaneous levels of DNA damage in this cell
line. In primary untransformed HDFs, pol� and pol� do not
localize to nuclear foci in the absence of DNA damage, yet both
polymerases form foci after treatment with genotoxins. How-
ever, quantitative differences are evident with respect to the
relative numbers of pol� and pol� foci induced by specific geno-
toxins in HDFs. Most notably, UV light and IR induce large
numbers of pol� foci, yet have modest effects on focus formation
by pol� foci. These results suggest that pol� and pol� play
distinct roles in DNA synthesis during a normal S-phase and
after acquisition of DNA lesions.

Effect of Caffeine on Formation of pol� Foci—Many DNA
damage-induced responses are sensitive to inhibition by caf-
feine (41, 42). For example, we have demonstrated previously
that the BPDE-induced S-phase checkpoint is abrogated by
caffeine treatment (32). Therefore, it was of interest to us to
determine the effect of caffeine on BPDE-induced pol� nuclear
focus formation.

H1299 cells were infected with AdGFP-pol� and then treated
for 1 h with 5 mM caffeine (or left untreated for controls).
Replicate cultures of control and caffeine-treated cells were
then given 100 nM BPDE (or left untreated) for 2 h. Then the
GFP-pol� distribution in control, BPDE-treated, and BPDE �
caffeine-treated cells was determined by microscopy. As ex-
pected, BPDE treatment induced GFP-pol� foci in cells that did
not receive caffeine. Most interestingly, however, the numbers

of BPDE-induced pol� foci formation were greatly reduced in
caffeine-treated populations. The percentage of cells containing
GFP-pol� foci was similar between BPDE-and BPDE � caf-
feine-treated cultures. Typically, however, caffeine � BPDE-
treated cells contained 80% fewer foci compared with cells that
received BPDE alone (e.g. Fig. 4a). Moreover, the few BPDE-
induced GFP-pol� foci that were evident in caffeine-treated
cells were less intense and more diffuse compared with foci in
cultures that did not receive caffeine (Fig. 4a). In parallel
experiments, caffeine treatment abrogated BPDE-induced
Chk1 phosphorylation (Fig. 4b) and DNA damage-induced in-
hibition of thymidine incorporation (Fig. 4c), thereby demon-
strating abrogation of the S-phase checkpoint pathway under
our experimental conditions. Therefore, pol� regulation is per-
turbed by caffeine treatment. In similar experiments using
AdYFP-pol�-infected cells, basal and DNA damage-induced
pol� foci were unaffected by caffeine treatment. Our data sug-
gested that the caffeine-sensitive kinases ATM and ATR might
specifically mediate the BPDE-induced recruitment of GFP-
pol� to nuclear foci. However, in unpublished experiments,2 we
have found that GFP-pol� forms nuclear foci in BPDE-treated
AT cells (which lack functional ATM protein) and ATR-flox
cells (in which the Atr gene is deleted). Therefore, a caffeine-
sensitive process other than ATM/ATR-mediated signaling is
involved in pol� regulation.

Effect of pol� and pol� Deficiency on the Intra-S-phase Check-
point—The effect of genotoxins on the subcellular localization
of GFP-pol� in S-phase cells suggested a potential role for pol�
in regulating cell cycle progression after acquisition of DNA
damage. Therefore, we tested a possible role for pol� in the
intra-S-phase checkpoint.

To test the role of pol� in the intra-S-phase checkpoint, we

2 X. Bi, D. M. Slater, H. Ohmori, and C. Vaziri, unpublished data.

FIG. 3. Subcellular distribution of
YFP-pol� in H1299 carcinoma cells. a,
H1299 or HDF cells infected with AdYFP-
pol� were treated with 1 mM hydroxyurea
(HU) or 10 J/cm2 UVC for 8 h, fixed with
paraformaldehyde, counter-stained with
DAPI, and visualized with a Deltavision
microscope. b, HDFs were infected with
AdGFP-pol� or AdYFP-pol� and then
treated with various genotoxins for 6 h as
described in the text. Cells containing nu-
clear foci were scored as described under
“Materials and Methods.” Con, control;
Gy, gray.
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measured rates of DNA synthesis in Polk�/� MEFs and in
control pol�-expressing MEFs (from “wild-type” Polk�/� ani-
mals) after acquisition of different forms of DNA damage. For
comparison, to test the role of pol� in S-phase checkpoint
regulation, we compared rates of DNA synthesis in TERT-
immortalized XPV fibroblasts (derived from pol�-deficient XPV
patients) with an isogenic cell line stably expressing reconsti-
tuted pol� cDNA. The results of these experiments are shown
in Fig. 5.

As expected, 100 nM BPDE elicited a transient inhibition of
DNA synthesis in WT MEFs, which recovered from the S-phase
arrest 4–6 h following genotoxin treatment. After BPDE-treat-
ment, rates of DNA synthesis were inhibited with similar ki-
netics in WT and Polk�/� MEFs (Fig. 5a). Interestingly how-
ever, pol�-deficient cells failed to recover from the intra-S-
phase checkpoint (Fig. 5a). In contrast, pol�-deficiency (in XPV
cells) did not affect recovery from BPDE-induced S-phase ar-
rest (Fig. 5a). These data demonstrate a specific requirement
for pol� in recovery from the BPDE-induced S-phase
checkpoint.

We next asked if defective recovery from the intra-S-phase
checkpoint in Polk�/� cells was specific for BPDE-induced le-
sions. Therefore, we determined the checkpoint responses to
UVC, IR, and hydroxyurea in WT and Polk�/� cells and in XPV
and XPV� pol� cells. Similar to results of thymidine incorpo-
ration experiments after BPDE treatment, Polk�/� cells
showed defective recovery from UVC-induced growth arrest
(Fig. 5b). Recovery from the UV light-induced S-phase check-
point was also defective in XPV cells relative to the isogenic
expressing reconstituted pol�. However, recovery from hy-

droxyurea and IR-induced inhibition of DNA synthesis was
unimpaired in cells lacking pol� or pol� (Fig. 5, c and d). Taken
together, these data suggest that pol� is important for recovery
from the S-phase checkpoint induced by bulky BPDE adducts
and pyrimidine dimers (or other forms of UV light-induced
damage) but that there is not a general defect in recovery from
S-phase arrest in Polk�/� cells. In contrast, pol� is necessary
for recovery from UV light-induced S-phase arrest, but not
from checkpoints induced by BPDE, IR, or hydroxyurea.

It was formally possible that the defective recovery of DNA
synthesis in BPDE-treated Polk�/� cells resulted from cell cy-
cle effects in G1 or G2/M rather than failure of S-phase-arrested
cells to resume DNA synthesis after genotoxin treatment. To
eliminate this possibility, we specifically compared the progres-
sion of S-phase populations in WT and Polk�/� cultures after
BPDE treatment. Exponentially growing cells were grown for
30 min in medium containing BrdUrd to label S-phase cells.
The cells were washed extensively (to remove unincorporated
BrdUrd) and then placed in fresh BrdUrd-free growth medium.
We then selectively followed the movement of the BrdUrd-
positive (S-phase-arrested) populations after BPDE treatment
in the WT and Polk�/� cells. As shown in Fig. 5e, 8 h after
BPDE treatment, almost 40% of the S-phase population in WT
cells had progressed into G2, M, and G1 of the next cell cycle. In
contrast, only 6% of the S-phase population of Polk�/� cells
progressed into subsequent stages of the cell cycle 8 h after
BPDE treatment. Therefore, pol� is required for resumption of
S-phase progression after BPDE-induced S-phase arrest.

The Polk�/� and Polk�/� MEF cultures consist of heteroge-

FIG. 4. Abrogation of BPDE-in-
duced GFP-pol� foci, Chk1 phospho-
rylation, and S-phase arrest by caf-
feine. a, H1299 cells infected with
AdGFP-pol� were treated with 2 mM caf-
feine or left untreated for controls. Con-
trol and caffeine-treated cultures were
given 100 nM BPDE for 2 h before being
fixed with paraformaldehyde, counter-
stained with DAPI, and visualized with a
Deltavision microscope. Representative
cells containing BPDE-induced foci are
shown. b, exponentially growing H1299
cells were treated with 2 mM caffeine or
left untreated for controls. Control and
caffeine-treated cultures were given 100
nM BPDE for 1 or 3 h. Protein extracts
from the resulting cells were separated by
electrophoresis, blotted, and probed with
anti-phospho-Ser-345 Chk1 antisera. c,
exponentially growing H1299 cells were
treated with 2 mM caffeine or left un-
treated for controls. At various times af-
ter BPDE treatment, rates of DNA syn-
thesis were determined by measurements
of [3H]thymidine incorporation.
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FIG. 5. Effect of different genotoxin treatments on DNA synthesis in Polk�/�, Polk�/�, XPV, and XPV � pol� cells. Polk�/�, Polk�/�,
CRL1162 (XPV), and CRL1162 � pol� cells were treated with 100 nM BPDE (a), 10 J/cm2 UVC (b), 1 mM hydroxyurea for 1 h (c), or 5 gray IR (d).
After genotoxin treatments, the culture medium was replenished, and the rates of DNA synthesis in replicate cultures were determined by
measurement of radiolabeled thymidine incorporation at the indicated time points. The percentage of DNA synthesis for treated samples relative
to that for the corresponding untreated control is shown. e, for “relative movement” assays, Polk�/� and Polk�/� cells were pulsed with BrdUrd for
1 h to label the S-phase population. The resulting cultures were washed to remove unincorporated BrdUrd and then treated with 100 nM BPDE.
At various times after BPDE treatment, cells were harvested for FACS analysis. The relative movement of BrdUrd-positive nuclei into G2/M and
G1of the subsequent cell cycle was determined for each sample and expressed as a percentage of the total population (right panel). The panel on
the right side of the figure indicates the gates used to identify the G1 and G2/M populations. f, Polk�/� cells were transfected with 3 �g of CMV-GFP
or CMV-pol� plasmids using Lipofectamine 2000. Transfection efficiency was estimated at �80% based on GFP fluorescence of CMV-GFP-
transfected cells. Untransfected WT cells and CMV-GFP or CMV-pol�-transfected cultures were treated with 100 nM BPDE. At various times after
BPDE treatment, rates of DNA synthesis were determined by measurements of [3H]thymidine incorporation.
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neous populations of cells. Therefore, it was possible that the
defective recovery of Polk�/� cultures from genotoxin-induced
S-phase checkpoint resulted from Polk-independent differences
between the WT and Polk�/� cell lines. To test this possibility,
we transiently transfected a pol� expression vector (or a GFP
expression plasmid for control) into Polk�/� MEFs and then
tested the effect of pol� reconstitution on the S-phase check-
point. As shown in Fig. 5f, Polk�/� cultures transfected with a
control (CMV-GFP) expression vector failed to recover from 100
nM BPDE-induced inhibition of DNA synthesis. In contrast, in
parallel cultures of Polk�/� cells transfected with a CMV-
driven pol� expression plasmid (CMV-pol�) DNA synthesis was
inhibited transiently 2 h after treatment with 100 nM BPDE.
Similar to WT cells, CMV-pol�-reconstituted Polk�/� MEFs
recovered from S-phase arrest 4–6 h following BPDE treat-
ment (Fig. 5f). In similar experiments using WT cells, ectopi-
cally expressed pol� had no effect on the kinetics of inhibition
of DNA synthesis or recovery from S-phase arrest (data not
shown). Taken together, these data show that reconstitution of
pol� expression specifically corrects the checkpoint defect in
Polk�/� cells.

pol�-deficient Cells Are Highly Sensitive to BPDE—Defective
S-phase checkpoints are often associated with decreased via-
bility. Indeed, recovery from replication stress is considered to
be the essential role of S-phase checkpoints (43). To test if
defective recovery of Polk�/� cells from the S-phase checkpoint
correlated with genotoxin sensitivity, we determined the effect
of different DNA-damaging agents on the viability of WT and
Polk�/� MEFs. Exponentially growing MEFs were given differ-
ent genotoxins or were left untreated. 24 h later, control and
genotoxin-treated cells were trypsinized, counted, and re-
plated at a density of 1000 cells/10-cm dish. 10 days later,
colonies resulting from the surviving cells were fixed, stained
with crystal violet, and counted. The effects of different treat-
ments on clonogenic survival of WT and Polk�/� MEFs are
shown in Fig. 6.

We saw little or modest differences between survival of WT
and pol�-deficient cells after treatments with hydroxyurea or
IR. Most interestingly, however, treatment with 100 nM BPDE
resulted in no loss of viability of WT cells but elicited a 70%
decrease in clonogenic survival of Polk�/� MEFs. These data
demonstrate that pol� is important for cell survival after BPDE
treatment.

pol� deficiency also had a modest inhibitory effect on sur-
vival after 10–20 J/m2 UVC treatment. Although 20 J/m2 UVC
elicited a 50% inhibition of colony formation in WT cells, the
same dose resulted in 80% reduction in clonogenic survival of
Polk�/� cells (Fig. 6). These results are consistent with previ-
ous work that showed a moderate increase in UV light sensi-
tivity of Polk�/� embryonic stem and MEF cells relative to WT
controls (29, 44). Therefore, our results show a requirement for
pol� for cell survival after acquisition of BPDE adducts and
also UV light adducts.

Checkpoint Signaling Responses to BPDE in pol�-deficient
Cells—The checkpoint kinase Chk1 is activated in response to
replication blocks. We have shown previously that Chk1 medi-
ates the BPDE-induced S-phase checkpoint (32). We deter-
mined the effects of BPDE on Chk1 signaling in WT and
Polk�/� MEFs. As expected, 100 nM BPDE induced a transient
phosphorylation of Chk1 on Ser-345 (indicative of active Chk1)
in WT cells (Fig. 7a, 1- and 4-h time points), concomitant with
inhibition of DNA synthesis (see Fig. 5a). However, 8 h after
100 nM BPDE treatment, Chk1 phosphorylation had returned
to near-basal levels (Fig. 7a). In contrast, in a parallel experi-
ment performed with Polk�/� cells, BPDE induced higher lev-
els of Chk1 phosphorylation. Moreover, in Polk�/� cells, BPDE-
induced Chk1 phosphorylation was sustained for the entire
duration of the experiment (Fig. 7a, 1-, 4-, 8-, 12-, and 24-h time
points). The prolonged phosphorylation of Chk1 in response to
100 nM BPDE in Polk�/� cells is indicative of sustained repli-
cation blocks and is consistent with our DNA synthesis assays
showing defective recovery from the BPDE-induced S-phase
checkpoint (see Fig. 5a). Taken together, these data suggest
that in pol�-deficient cells replication forks remain stalled and
activate Chk1 persistently after encountering BPDE lesions.

BPDE adducts do not generate DNA double strand breaks
(DSBs) directly; however, of the single-stranded DNA regions
caused by persistent blockage of the leading strand and uncou-
pling of lagging strand synthesis may result in formation of
DSBs (45). We hypothesized that the increased numbers of
stalled forks in BPDE-treated Polk�/� cells relative to wild-
type MEFs might generate DSBs. Therefore, we determined
the levels of histone �H2AX, an early marker of DSB formation,
in WT and Polk�/� cells after 100 nM BPDE treatment. As
shown in Fig. 7c, we detected sustained levels of histone
�H2AX in Polk�/� cells after treatment with BPDE, consistent

FIG. 5—continued
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with the formation of DSBs as a result of pol� deficiency.
Although bulky adducts such as BPDE and UV light activate

the S-phase checkpoint via the ATR/Chk1 pathway, DSBs elicit
a distinct S-phase checkpoint mechanism mediated by the
ATM and Chk2 kinases (18). Active forms of ATM and Chk2
can be detected readily by using phospho-specific antibodies.
We used phospho-specific antisera to determine the activation
status of ATM and Chk2 in WT and Polk�/� cells after treat-
ment with 100 nM BPDE. As shown in Fig. 7b, we saw little

change in ATM or Chk2 phosphorylation in WT cells after
BPDE treatment. The lack of ATM/Chk2 activation by BPDE in
WT cells is consistent with our previous findings that ATM and
Chk2 are dispensable for the BPDE-induced S-phase check-
point (32). In contrast with WT MEFs, we detected large in-
creases in ATM and Chk2 phosphorylation in Polk�/� cells
8–12 h after BPDE treatment (Fig. 7b). Taken together, these
results suggest that pol� is required for recovery from BPDE-
induced S-phase arrest (Fig. 8). In the absence of pol�, replica-
tion forks most likely remain stalled at sites of BPDE lesions.
Stalled forks ultimately give rise to DSBs that elicit H2AX
phosphorylation and additional ATM/Chk2-mediated events
(Fig. 8).

DISCUSSION

In this report we have investigated the roles of the TLS
enzymes pol� and pol� in the S-phase checkpoint elicited by the
carcinogen BPDE. Our results show that pol� is recruited to
nuclear foci in response to BPDE treatment. Recovery from
BPDE-induced S-phase arrest is normal in XPV cells, indicat-
ing that pol� is dispensable for the BPDE-induced S-phase
checkpoint. However, in contrast with WT MEFs, which re-
cover from BPDE-induced inhibition of DNA synthesis, BPDE-
treated Polk�/� MEF cells undergo a sustained replication
block. BPDE-induced inhibition of DNA synthesis in Polk�/�

cells is associated with increased levels of �H2AX (a marker of
DSBs) as well as activation of ATM/Chk2 kinases, known me-
diators of the response to DSBs. Taken together, these results
suggest that pol� is required for bypass of BPDE lesions,
thereby enabling recovery from bulky adduct-induced S-phase
checkpoint. In the absence of DNA pol�, replication forks
stalled at bulky lesions generate DSBs that induce secondary
checkpoint signaling events and loss of viability (Fig. 8).

Most interestingly, Cleaver and co-workers (46) have shown
that UV irradiation leads to the formation of �H2AX and
Mre11 foci in XP-V fibroblasts but not in normal cells. Taken
together, it appears that during S-phase pol� and pol� are
required for bypass of BPDE- and UV light-induced lesions,
respectively. Failure to bypass BPDE- or UV light-induced
adducts in pol�- or pol�-deficient cells leads to fork collapse and
DSBs.

In a recent study, Livneh and co-workers (47) quantified TLS
across a BPDE-dG adduct in cells from WT and Polk�/� mice.
Most interestingly, TLS of the BPDE-dG adduct in Polk�/�

cells occurred with 1/3 the efficiency of that observed in WT

FIG. 6. Effect of different genotox-
ins on clonogenic survival of Polk�/�

and Polk�/� cells. Replicate plates of ex-
ponentially growing Polk�/� and Polk�/�

cells were treated with different genotox-
ins as indicated. 24 h later, control and
genotoxin-treated cells were trypsinized
and re-plated on 10-cm plates at a density
of 1000 cells/plate. The growth medium
on the re-plated cells was replenished ev-
ery 3 days. After 10 days, colonies of cells
present on the plates were stained with
crystal violet and enumerated. The bar
graph indicates the number of colonies on
each plate expressed as a percentage of
the number of colonies on plates derived
from control untreated cultures. Gy, gray.

FIG. 7. Effect of BPDE on phosphorylation of ATM, checkpoint
kinases, and �H2AX in Polk�/� and Polk�/� cells. Exponentially
growing Polk�/� and Polk�/� cells were treated with 100 nM BPDE. At
the indicated time points after BPDE treatment, total cell lysates (or
washed nuclei for PCNA and H2AX blots) were prepared, separated by
SDS-PAGE, and immunoblotted sequentially with antisera against
phosphoserine 345-Chk1 and total Chk1 (a), H2AX and PCNA (b), or
phosphoserine 1981 ATM, phosphothreonine 78 Chk2, and total Chk2 (c).
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cells, suggesting that at least 2/3 of the BPDE-dG adducts in
MEFs were bypassed exclusively by pol� in vivo. In contrast,
pol� was not required for bypass across BPDE-dG adduct (47).
These data are consistent with our results that pol� (but not
pol�) is required for recovery from the intra-S-phase check-
point induced by BPDE.

Because pol� can perform TLS of BPDE adducts in vitro and
in vivo, pol�-dependent recovery from the S-phase checkpoint
most likely occurs via TLS of BPDE-adducts encountered by
the replication fork. Similarly, pol� can bypass TT-adducted
templates in vitro, and the pol�-mediated TLS of UV light-
induced DNA lesions at the replication fork is likely to be
important for recovery from the UV light-induced S-phase
checkpoint. Therefore, it is unexpected that pol� (which cannot
bypass TT dimers in vitro) is required for recovery from UV
light-induced S-phase arrest. This result might suggest that
there is a requirement for pol� in TLS of UV light-induced
lesions in vivo. A putative role for pol� in the UV light response
has been suggested previously. For example, Polk-null embry-
onic stem and MEF cells were shown to be sensitive to UV light
(29, 44). Moreover, although pol� shows no ability to replicate
past a cis-syn T-T dimer, Prakash and co-workers (48, 49) have
shown that pol� is an extender in TLS, efficiently extending
from a G opposite the 3� T of a TT dimer. Therefore, consistent
with a TLS-based mechanism for recovery from the UV light-
induced S-phase checkpoint, pol� might be required for TLS of
UV light-induced lesions in vivo.

However, this model does not explain why pol� is unable to
perform TLS of UV lesions in a Polk�/� background (yet puri-
fied pol� bypasses TT dimers efficiently in vitro). One plausible
explanation is that pol� is an important accessory factor that is

needed for optimal pol�-mediated TLS in vivo. Undoubtedly,
the complexity of TLS in vivo has not been recapitulated in
vitro. For example, whereas mono-ubiquitinated PCNA is es-
sentially required for pol�-mediated TLS in vivo (25, 26), an in
vitro study has reported that bypass of TT dimers by pol� was
significantly enhanced by unmodified PCNA (50).

Therefore, although pol� alone can bypass TT lesions
in vitro, it is possible that pol� is required for some aspect of
pol� function in vivo. Consistent with functional interactions
between pol� and pol�, both polymerases co-localize with the
TLS enzyme Rev1 at DNA damage-induced subnuclear foci
in vivo (40, 51). It has been suggested that a TLS complex
comprising multiple polymerases (including pol� and pol�)
travels behind the replication fork in anticipation of possible
fork-blocking lesions (52). It is possible that pol� deficiency
compromises the function of pol� or other components of the
putative TLS complex.

Alternatively, it is possible that the critical role of pol� in
recovery from the S-phase checkpoint is not mediated via TLS
activity. Instead, pol� might transmit a negative regulatory
signal to the relevant checkpoint pathways (ATR, 9-1-1, and
Chk1) that enables recovery from the S-phase arrest. In S.
cerevisiae, Dpb2 mediates interactions between the non-
catalytic C-terminal domain of DNA pol� and the checkpoint-
/replication protein Dpb11 (53, 54). Also, in yeast and Xenopus
systems, pol	 primase is an important target for S-phase che-
ckpoint control (55–57). Based on our studies and emerging
evidence from other laboratories, it is likely that TLS polymer-
ases are also integral components of the S-phase checkpoint.

An important unanswered question regarding the role of
pol� in the response to BPDE (and other genotoxins) is the

FIG. 8. Hypothetical model describ-
ing role of pol� in the BPDE-induced
S-phase checkpoint. In WT cells, repli-
cation forks that encounter BPDE lesions
induce ATR/Chk1 signaling and transient
S-phase arrest. pol� is recruited to stalled
replication forks and the ensuing trans-
lesion DNA replication enables recovery
from the S-phase checkpoint. In pol�-de-
ficient cells, stalled forks persist at sites
of DNA lesions. Stalled forks ultimately
collapse to generate DSBs that induce
ATM/Chk2 signaling.
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mechanism of its recruitment to sites of DNA damage. Our
observation that caffeine abrogates formation of DNA damage-
induced pol� foci initially suggested a potential role for the
ATM/ATR kinases in recruiting pol� to DNA lesions encoun-
tered by the replication fork. However, we have not observed
defective genotoxin-induced recruitment of GFP-pol� to nu-
clear foci in ATM- or ATR-deficient cells (data not shown).
Therefore, we do not believe that the effect of caffeine on
GFP-pol� localization is mediated via inhibition of ATM/ATR.
Nevertheless, our results might help explain the well docu-
mented sensitivity of UV light-treated XPV cells to caffeine
(41). We have shown here that both pol� and pol� are involved
in recovery from the UV light-induced S-phase checkpoint. If
pol� and pol� have partially overlapping or redundant roles in
the response to UV light, pol� might be expected to assume a
more important role in the UV response in the context of an
XPV cell. Therefore, perturbation of pol� regulation by caffeine
might be expected to have a more dramatic effect on cell sur-
vival in a pol�-deficient genetic background. Another possibil-
ity is that a caffeine-sensitive recombination repair pathway is
induced in UV light-treated XPV cells.

Kai and Wang (58, 59) have suggested a role for checkpoint
proteins in recruiting pol� to damaged chromatin. In studies
with Schizosaccharomyces pombe, these workers (58, 59)
showed that DinB (pol�) binds to Hus1, a component of the
Rad9-Rad1-Hus1 (9-1-1) clamp complex, in response to DNA
damage. We have shown previously that Hus1 (presumably
together with the other components of the 9-1-1 complex) is
required for activation of Chk1 and S-phase arrest in response
to BPDE in mammalian cells (33). It is formally possible that a
conserved 9-1-1-mediated mechanism recruits pol� to BPDE
lesions in mammalian cells. However, in preliminary experi-
ments, we have shown that pol� foci are readily induced by
BPDE in cells lacking Rad17, the clamp loader for 9-1-1.3 This
result might suggest that alternative 9-1-1-independent or re-
dundant mechanisms are responsible for recruiting pol� to
DNA lesions in mammalian cells.

Studies in S. cerevisiae have shown that a Rad6/Rad18-
mediated ubiquitination of PCNA is important for recruitment
of TLS polymerases and for lesion bypass (52, 60). The Leh-
mann and Yamaizumi laboratories (25, 26) recently demon-
strated that this mechanism is important for recruiting pol� to
sites of UV light-induced lesions. It is therefore possible that a
similar Rad6/Rad18-mediated mechanism recruits pol� to sites
of damage in the context of the S-phase checkpoint elicited by
BPDE (and other genotoxins). Experiments are underway to
test roles for Rad6/Rad18 in the S-phase checkpoint response
and pol� regulation.

In this report we have focused on two of the known TLS
enzymes, pol� and pol�, and we have studied their roles in the
BPDE-induced S-phase checkpoint. Our results suggest that
pol� is important for the BPDE- and UV light-induced S-phase
checkpoints. However, it is likely that other TLS polymerases
are involved in S-phase checkpoint response. Studies from
many laboratories indicate that distinct TLS polymerases as-
sociate in multiprotein complexes. For example, Kannouche et
al. (61) have co-localized pol� and pol� in mammalian cells.
Recent studies from multiple groups have demonstrated that
internal regions of pol�, pol�, and pol� associate with a C-
terminal domain of Rev1 (40, 51, 62). Although the exact sig-
nificance of these associations is not known, these results sug-
gest cooperative effects of TLS polymerases in vivo. Consistent
with hypothetical mechanisms involving cooperativity between
different TLS enzymes, some reconstitution studies with puri-

fied proteins have demonstrated that distinct polymerases can
mediate insertion and extension steps during replicative by-
pass. It was surprising to us that both BPDE and UV light-
induced checkpoints are defective in pol�-deficient cells be-
cause pol� is able to bypass BPDE adducts, but not TT dimers,
in vitro. As noted above, this result might indicate a more
complex interplay between different TLS enzymes in vivo than
is suggested by in vitro studies.

Most interestingly, Rev1 has a BRCT (BRCA1 C-terminal)
motif common to many checkpoint signaling and DNA repair
proteins (63). Because Rev1 can associate with multiple Y
family members (pol�, pol�, and pol�), it is tempting to specu-
late that Rev1 is directly linked to checkpoint signaling path-
ways and is central to recruitment of appropriate TLS enzymes
to specific DNA lesions. Clearly, further studies are necessary
to define the roles of different TLS enzymes in checkpoint
responses to BPDE and other genotoxins. Additional experi-
ments are underway to elucidate the molecular basis for inter-
actions between checkpoint signaling pathways and TLS poly-
merases in the response to BPDE adducts acquired during
S-phase.
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