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DNA polymerase m (PolH) is the product of the xeroderma pigmentosum variant (XPV) gene and a
well-characterized Y-family DNA polymerase for translesion synthesis. Cells derived from XPV patients are
unable to faithfully bypass UV photoproducts and DNA adducts and thus acquire genetic mutations. Here, we
found that PolH can be up-regulated by DNA breaks induced by ionizing radiation or chemotherapeutic agents,
and knockdown of PolH gives cells resistance to apoptosis induced by DNA breaks in multiple cell lines and
cell types in a pS3-dependent manner. To explore the underlying mechanism, we examined p53 activation upon
DNA breaks and found that p53 activation is impaired in PolH knockdown cells and PolH-null primary
fibroblasts. Importantly, reconstitution of PolH into PolH knockdown cells restores p53 activation. Moreover,
we provide evidence that, upon DNA breaks, PolH is partially colocalized with phosphorylated ATM at y-H2AX
foci and knockdown of PolH impairs ATM to phosphorylate Chk2 and p53. However, upon DNA damage by UV,
PolH knockdown cells exhibit two opposing temporal responses: at the early stage, knockdown of PolH
suppresses p53 activation and gives cells resistance to UV-induced apoptosis in a pS3-dependent manner; at
the late stage, knockdown of PolH suppresses DNA repair, leading to sustained activation of p53 and increased
susceptibility to apoptosis in both a p53-dependent and a p53-independent manner. Taken together, we found
that PolH has a novel role in the DNA damage checkpoint and that a p53 target can modulate the DNA damage

response and subsequently regulate p53 activation.

p53 is often referred to as the “guardian of the genome™ (38,
43). In response to genotoxic or cellular stresses, such as DNA
damage, oncoprotein activation, and hypoxia, pS3 is activated
to regulate a series of downstream target genes (18, 26, 32).
These genes initiate a program of cell cycle arrest, apoptosis,
DNA repair, cellular senescence, or antiangiogenesis (25, 39,
47, 67, 77).

p53 undergoes a series of posttranslational modifications
when cells are exposed to stress signals, which leads to p53
stabilization and activation (8). Following stresses, several
serine residues at both the amino terminus and the carboxyl
terminus of p53 are phosphorylated (2, 31, 42). Among them,
the best-characterized ones are serine 15 and serine 20. Serine
15 is phosphorylated by ataxia-telangiectasia (AT) mutated
gene product ATM whereas serine 20 is phosphorylated by
both ATM and its substrate checkpoint kinase 2 (Chk2) when
DNA double-strand breaks (DSBs) are created (9, 27). Phos-
phorylation of serine 15 and serine 20 is shown to disrupt the
association of p53 with Mdm?2 and, consequently, prevent ubig-
uitin-dependent degradation of p53 by proteosome (3, 8, 52,
55, 57).

ATM activation is an early response to cellular stresses (5,
41). In unstressed cells, ATM is held inactive as a dimer or
higher-order multimer. Cellular stresses induce rapid intermo-
lecular autophosphorylation of serine 1981 that causes dimer
disassociation and initiates ATM kinase activation (4). A pre-
vious report suggests that ATM does not need to bind to DSBs
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for its activation since a few DSBs can trigger extensive ATM
phosphorylation in a very short time (4). However, several
recent studies showed that ATM is recruited by NBS1 (nibrin)
to the damage sites and that the Mrel1-Rad50-NBS1 (MRN)
complex is essential to ATM activation (21, 45, 46, 79). Histone
H2AX at the ends of DSBs is phosphorylated by ATM and
forms a typical punctate structure termed y-H2AX foci. Phos-
phorylated ATM and some ATM substrates are recruited to
v-H2AX foci where ATM initiates a series of phosphorylation
events that eventually lead to checkpoints or cell death. A few
nuclear proteins have been shown to be able to affect ATM
autophosphorylation and activity. For instance, both phosphor-
ylation and activity of ATM triggered by ionizing radiation are
impaired in cells from Nijmegen breakage syndrome (NBS)
patients (24, 28, 40). However, phosphorylation of ATM sub-
strates is not equally impaired in NBS cells. This is demon-
strated by the discoveries of suppressed phosphorylation of
BRCA1 and SMCI, but not p53, in NBS cells (28). The above
evidence suggests that some proteins may preferentially influ-
ence ATM to phosphorylate certain substrates, which leads to
differential cellular responses.

ATR is predominantly activated by replication stress, such as
UV radiation. In contrast to ATM, ATR activation does not
require autophosphorylation. After replication fork stalling,
ATR and its partner, ATR-interacting protein (ATRIP), are
recruited by single-strand DNA-binding protein, RPA, to the
stalling sites. Independently, Rad9-Husl-Radl (9-1-1) com-
plex is loaded by Rad1l7 onto the nearby chromatin and re-
cruits ATR substrates, such as Chkl and p53, for phosphory-
lation. Phosphorylation of Chkl by ATR also requires the
assistance of claspin (69). Additionally, 53BP1, MDC1, and
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Mrel1-Rad50-NBS1 (MRN) complex, which can facilitate
ATM activation and promote ATM activity, also regulate ATR
activity (59, 65, 74). Therefore, ATR activity is subject to mul-
tiple regulations. Phosphorylation of Chkl and p53 by ATR
leads to G, arrest and prevention of mitotic entry. Loss of
ATR function causes defects in checkpoints and premature
entry of mitosis upon replication stress, which eventually leads
to mitotic catastrophe and cell death (69).

Xeroderma pigmentosum (XP) is a rare autosomal recessive
disorder characterized by sun sensitivity, cutaneous and ocular
deterioration, and premature malignant skin cancers (7). Ac-
cording to various genes implicated in the disease, XP is cat-
egorized into eight groups: XPA to XPG and XPV (7, 14). It
is now clear that the gene products XPA to XPG are involved
in the repair of DNA lesions generated by UV radiation, such
as cyclobutane pyrimidine dimers and 6-4 photoproducts (7,
14). This is called nucleotide excision repair (NER) (78). How-
ever, although XPV patients share clinical phenotypes with
other XP patients, XPV cells have normal NER activity. In-
stead, XPV cells are deficient in DNA replication after UV
exposure, namely, DNA translesion synthesis (TLS) (22, 37).
Recently, several groups independently identified the XPV
gene and found that the gene product, DNA polymerase m
(PolH), is able to bypass T-T dimer in an error-free manner
(34, 53). In addition to PolH, three more DNA polymerases
(polymerases k and v and Revl), categorized as the Y family,
have been found to have TLS activity, but these polymerases
are error prone and insert incorrect nucleotides opposite T-T
(22). It is postulated that the early onset of multiple skin
cancers is due to the replication of UV lesions executed by
error-prone DNA polymerases in XPV patients who are defi-
cient in PolH (72).

In this study, we identified PolH as a p53 target. We found
that PolH can be induced by camptothecin (CPT)-induced
DNA damage in a p53-dependent manner. We identified a
potential pS3-binding site in the promoter of the PolH gene,
and this site is responsive to, and bound by, p53. We also found
that knockdown of PolH gives cells resistance to CPT and
ionizing radiation (IR)-induced apoptosis, which is p53 depen-
dent. Surprisingly, p53 activation after DNA damage is im-
paired in both PolH knockdown and PolH-null cells and can be
restored by reconstitution of PolH in PolH knockdown cells.
Additionally, we found that PolH knockdown suppresses the
activity of ATM in phosphorylating Chk2 and p53. Moreover,
ATM and PolH are partially colocalized at y-H2AX foci upon
DNA damage, suggesting a mechanism for regulation of ATM
activity by PolH. Finally, PolH knockdown gives cells resis-
tance to UV-induced, p5S3-dependent apoptosis at early times,
which is consistent with impaired p53 activation within this
period. However, PolH knockdown delays recovery from UV-
induced DNA damage and sustains p53 activation at late times
after UV radiation.

MATERIALS AND METHODS

Plasmid. PolH cDNA was generated by reverse transcription-PCR using total
RNA purified from RKO cells treated with 300 nM CPT overnight with forward
primer 5" ACC ATG GCT ACT GGA CAG GAT CGA GTG G 3’ and reverse
primer 5" AGC CTG AGT GGG AGC AGT AAG AGA TGA AAG C3'. To
generate PolH cDNA whose transcript is resistant to degradation by PolH short
interfering RNA (siRNA) when transfected into stable PolH knockdown cells,
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two nucleotides of the PolH cDNA in the specific PolH siRNA targeting region
were mutated according to the alternative codon usage by directed-site mutagen-
esis (Stratagene). The primers for mutagenesis are as follows (mutated nucleo-
tides shown in bold italic): sense, 5" GGG GAT GCG AAA ACA AGG TCT
ATT TCA ATG GCT CGA TTC T 3, and antisense, 5" AGA ATC GAG CCA
TTG AAA TAG ACC TTG TTT TCG CAT CCC C 3'. The mutated PolH
cDNA was cloned into pcDNA3 at BamHI and EcoRI sites. The resulting
construct was designated pcDNA3-PolH. pcDNA3-p53 was described previously
(49). To generate a construct that expresses PolH siRNA, DNA oligonucleotides
were cloned into pBabe-U6 and the resulting construct was designated pBabe-
U6-PolH. The siRNA oligonucleotides cloned in pBabe-U6-PolH (shown in
boldface, derived from the PolH gene from +745 to +764) are as follows: sense,
5" TCG AGG TCC GGC TTA TTT CAA TGG CTC GA ttcaagaga TCG AGC
CAT TGA AAT AAG CCT TTT TG 3’, and antisense, 5’ GAT CCA AAA AGG
CTT ATT TCA ATG GCT CGA tctcttgaa TCG AGC CAT TGA AAT AAG CCG
GAC C 3'. The Pollll promoter-driven expression vector, pBabe-U6, was de-
scribed previously (51). To generate a construct that expresses PolH siRNA
under the control of tetracycline, one pair of oligonucleotides was cloned into
pTer at HindIII and BgllI sites and the resulting construct was designated
pTer-PolH. pTer is a PolIIl promoter-driven plasmid with a tetracycline operator
sequence inserted before the transcriptional starting site (76). The siRNA oli-
gonucleotides cloned in pTer-PolH (shown in boldface and the same as those
designed for pBabe-U6-PolH) are as follows: sense, 5" GAT CCC CGG CTT
ATT TCA ATG GCT CGA ttcaagaga TCG AGC CAT TGA AAT AAG CCT TTT
TGG AAA 3’, and antisense, 5’ AGC TTT TCC AAA AAG GCT TAT TTC AAT
GGC TCG A tctcttgaa TCG AGC CAT TGA AAT AAG CCG GG 3'.

Cell lines. Normal human fibroblasts (GM00495 and GM00024) and human
fibroblasts derived from XPV patients (GM03617 and GM02359) were pur-
chased from Coriell Cell Repositories (Camden, NJ) and grown in Eagle’s
minimal essential medium plus 10% fetal bovine serum at 37°C plus 5% CO,.
H1299 cell lines that can inducibly express p53 were described previously (10,
81). RKO, MCF-7, LS174T, and SW480 were purchased from the American
Type Culture Collection (ATCC). The p53-null-like cell lines RKO-E6 and
MCF-7-E6 were described previously (49). HCT116 and HCT116-p53~/~ were
obtained from B. Vogelstein (Johns Hopkins University). To generate stable
PolH knockdown RKO or MCF-7 cell lines, pBabe-U6-PolH was transfected
into RKO or MCF-7 cells and the cells were split and plated at different dilutions
on the second day following transfection. RKO or MCF-7 cells were cultured and
later cloned in medium containing 1 pg/ml of puromycin. Individual clones were
treated with 300 nM CPT overnight, and the cell extracts were collected for
Western blot analysis to determine the PolH expression level. The resulting cell
lines were designated RKO-PolH-KD and MCF-7-PolH-KD, respectively. Three
representative RKO-PolH-KD clones (clones 14, 16, and 70) and two represen-
tative MCF-7-PolH-KD clones (clones 43 and 56) were selected for further
experiments. The RKO clones that survived the selection but did not show
reduction in PolH expression were designated as RKO control cell lines and used
as a control in some experiments. To generate a stable H1299 cell line with PolH
knockdown, transfections and selections were performed in the same way as
those used to generate RKO-PolH-KD cell lines, except that the concentration
of puromycin was 2 pg/ml. Individual clones were transfected with pcDNA3-p53.
On the second day following transfection, cell extracts were collected to deter-
mine the PolH expression. The resulting cell line was designated H1299-PolH-
KD, and one representative clone (clone 36) was used in the study. To generate
RKO and MCF-7 stable cell lines with inducible PolH knockdown, an RKO and
an MCF-7 cell line that can express tetracycline repressor were established using
the T-REXx system (Invitrogen) according to the manufacturer’s instructions. The
resulting cell line was designated RKO-TR-5 and MCF-7-TR-7, respectively.
RKO-TR-5 and MCF-7-TR-7 were transfected with pTer-PolH, and cells were
selected with 200 pg/ml of zeocin. Individual clones were cultured in the absence
or presence of tetracycline and treated with 300 nM CPT overnight. PolH
expression levels in uninduced and induced cells were determined by Western
blotting. The resulting cell line was designated RKO-pTer-PolH and MCF-7-
pTer-PolH, respectively. Two representative clones of RKO-pTer-PolH (clones
82 and 90) and one representative clone of MCF-7-pTer-PolH (clone 7) were
selected for further experiments.

Affymetrix GeneChip assay and Northern blot analysis. Total RNA was iso-
lated from H1299 cells, which were uninduced or induced to express p53 or from
RKO, RKO-E6, MCF-7, MCF-7-E6, HCT116, HCT116-p53 /", LS174T, and
SW480, which were untreated or treated with 300 nM CPT for 24 h. The
U133-plus GeneChip, which contains oligonucleotides representing 47,000
unique human transcripts, was purchased from Affymetrix. GeneChip analysis
was performed according to the manufacturer’s instructions. Northern blots were
prepared by using 10 pg total RNA. The PolH probe was prepared from a PolH
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expressed sequence tag clone (GenBank accession no. BG716631.1). The p21
and glyceraldehyde-3-phosphate dehydrogenase (GAPDH) probes were pre-
pared as previously described (50). The DDB2 probe was prepared from a DDB2
expressed sequence tag clone (GenBank accession no. BC000093).

Western blot analysis. Cells were collected from plates, suspended with 2X
sodium dodecyl sulfate sample buffer, and boiled for 10 min. Western blot
analysis was performed as described previously (50). Antibodies against hemag-
glutinin (HA) epitope, PolH, p53, and p21 were purchased from Santa Cruz
Biotechnology (Santa Cruz, CA). Anti-phosphorylated serine 1981 ATM poly-
clonal antibody was purchased from Rockland (Philadelphia, PA). Antiactin
polyclonal antibody was purchased from Sigma (St. Louis, MO). Anti-phosphor-
ylated serine-15 p53 monoclonal antibody, anti-phosphorylated threonine-68
Chk2 polyclonal antibody, and anti-total Chk2 polyclonal antibody were pur-
chased from Cell Signaling. Monoclonal antibodies against poly(ADP-ribose)
polymerase (PARP), Mdm?2, and Fas were purchased from Oncogene Science
(Cambridge, MA). Anti-DRS polyclonal antibody was a gift from T. Zhou (Uni-
versity of Alabama at Birmingham).

Trypan blue dye exclusion assay. Cells were seeded at approximately 2 X 10°
for RKO cells, 2 X 10° for H1299 cells, or 1 X 10° for MCF-7 cells in 60-mm-
diameter plates. Twenty-four hours after plating, cells were untreated or treated
with 500 nM CPT for 12 h, with 20 Gy of IR, or with 20 J/m? of UV. At 72 h after
treatment, both floating cells in the medium and live cells on the plates were
collected and concentrated by centrifugation. After being stained with trypan
blue dye (Sigma) for 15 min, both live (unstained) and dead (stained) cells were
counted twice in a hemocytometer. The percentage of dead cells was the product
of the number of dead cells divided by that of the total cells.

DNA histogram analysis. Various RKO or H1299 cells were seeded at 2 X 10°
per 90-mm-diameter plate. Twenty-four hours after plating, cells were untreated
or treated with 500 nM CPT for 12 h. At 72 h after treatment, both floating cells
in the medium and live cells on the plates were collected and DNA histogram
analysis was performed as described previously (50). To determine apoptosis
induced by UV irradiation, various RKO cells were irradiated by 12 J/m? or 35
J/m? of UV. Cells were collected at indicated time points, and DNA histogram
analysis was performed.

Luciferase assay. A DNA fragment containing a potential p53-responsive
element located in the promoter of PolH (from —1992 to —1967) was generated
by PCR amplification of human genomic DNA using forward primer 5" GGA
TCC GAG CTC GAG AAA TCA AGG CT 3’ and reverse primer 5" AAG CTT
AAA TCT GGA ACC ATC ACG CT 3'. The PCR product was cloned upstream
of the minimum c-fos promoter in the luciferase reporter O-Fluc (33), and the
resulting plasmid was designated O-Fluc-PolH. An 0.25-pg amount of O-Fluc-
PolH was cotransfected with 0.25 pg of pcDNA3, pcDNA3-p53, and pcDNA3-
p53(R175H), respectively. As an internal control, 5 ng of Renilla luciferase assay
vector, pRL-CMV (Promega, Madison, Wis.), was also cotransfected. The dual
luciferase assay was performed according to the manufacturer’s instructions
(Promega). The fold increase in relative luciferase activity is a product of the
luciferase activity induced by wild-type or mutant p53 divided by that induced by
pcDNA3.

ChIP assay. The chromatin immunoprecipitation (ChIP) assay was performed
essentially as described previously (51). RKO cells, which were untreated or
treated with 300 nM CPT for 24 h, were cross-linked with 1% formaldehyde. Cell
extracts were sonicated to generate 200- to 1,000-bp DNA fragments. One
percent of cell extracts from each of the samples was taken as input. Protein-
DNA complexes were immunoprecipitated with anti-p53 or anti-HA polyclonal
antibody. After reverse cross-linking and phenol-chloroform extraction, DNA
fragments bound by p53 were purified over a QIAGEN column. PCR was
performed to visualize the enriched DNA fragments. Primers that were used to
amplify the p53-responsive element within the PolH promoter were PolH-F
(GAG CTC GAG AAA TCA AGG CT) and PolH-R (AAA TCT GGA ACC
ATC ACG CT). Primers that were used to amplify the p53-responsive element
1 within the p2I promoter were described previously (51).

Immunofluorescence assay. RKO cells were grown on chamber slides for 24 h
and then treated with 300 nM CPT for 6 h. The untreated and treated cells were
fixed with 4% formaldehyde in phosphate-buffered saline (PBS) for 30 min and
permeabilized with 0.5% Triton X-100 for 5 min. After they were blocked with
5% bovine serum albumin (BSA) for 1 h, cells were then incubated with a
mixture of anti-y-H2AX monoclonal antibody and anti-PolH polyclonal antibody
in PBS with 5% BSA, a mixture of anti-y-H2AX and anti-p-S1981-ATM, or a
mixture of anti-p-S1981-ATM and anti-PolH monoclonal antibody. After wash-
ing, appropriate fluorochrome-conjugated secondary antibodies (Jackson Immu-
noResearch Laboratories) were applied, and fluorescence was visualized using a
Nikon microscope.
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RESULTS

PolH is a p53 target gene. p53 is able to regulate a plethora
of target genes (18, 26), which mediate various p53 functions.
However, although over 100 target genes have been identified,
none of them is essential for a given p53 function (26). For
example, as p53 targets, Bax, Puma, Noxa, Fas, PIG3, and
Killer/DRS are all capable of mediating p53-dependent apop-
tosis, but genetic studies have shown that p53 is still able to
induce apoptosis in the absence of each individual one (71).
This suggests that either p53 activates a redundant set of genes
to fulfill its functions or some genes yet to be found may play
an indispensable role. Thus, identification of novel p53 targets
is still of great interest.

In order to identify novel target genes regulated by p53, the
Affymetrix GeneChip assay was performed. Total RNA was
isolated from H1299 cell lines that were uninduced and in-
duced to express p53. cRNA was synthesized and used to
hybridize the Affymetrix U133-plus GeneChip. We found that
many known target genes, such as p21, MDM?2, and PIG3, were
induced by p53. We also found that some novel genes are
potentially regulated by p53. Among these is the Po/lH gene,
which has been shown to be mutated in XPV patients.

To confirm the regulation of PolH by p53, we performed
Northern blot analysis. We found that PolH was significantly
induced in two H1299 cell lines (H1299-p53-15 and H1299-
p53-3) when p53 was induced by withdrawal of tetracycline
(Fig. 1A, upper panel). As a control, we tested expression of
p21 and found that p21 was induced by p53 (Fig. 1A, bottom
panel). The level of GAPDH was also determined as a loading
control (Fig. 1A, bottom panel).

DNA damage stabilizes and activates p53, leading to induc-
tion of p53 target genes (25, 32, 39, 47). If PolH is a true p53
target, it would be induced by DNA damage in cells that
contain an endogenous wild-type p53 gene. To this end, we
tested eight cell lines untreated or treated with CPT, which is
an inhibitor of topoisomerase I and can induce DSBs (61). We
found that both PolH and p21 were induced in CPT-treated
RKO, MCF-7, HCT116, and LS174T cells (Fig. 1B, PolH and
p21 panels). These cell lines contain wild-type p53. In contrast,
PolH was not induced in p53-null HCT116(p53 /"), p53-null-
like MCF-7-E6 and RKO-E6 cells and SW480 cells in which
p53 is mutant (Fig. 1B, PolH panel).

Next, we determined whether an increase in PolH tran-
scripts correlates with an increase in PolH protein. Exogenous
pS3 was induced in H1299 cells by withdrawal of tetracycline.
Endogenous wild-type p53 was induced in RKO, MCF-7,
LS174T, and HCT116 cells by treatment with CPT. RKO-E6,
MCF-7-E6, and HCT116(p53 /") cells were similarly treated
as a negative control. We found that the level of PolH protein
was increased in H1299 cells by exogenous p53 (Fig. 1C, mid-
dle panel) and in RKO, MCF-7, LS174T, and HCT116 cells by
endogenous p53 (Fig. 1D, middle panel). Levels of actin were
determined as an equal loading control (Fig. 1C and D, bottom
panels). In contrast, the level of PolH protein was not in-
creased in RKO-E6, MCF-7-E6, HCT116(p53~/7), and
SW480 cells (Fig. 1D, middle panel).

If PolH is transcriptionally regulated by p53, one or more
pS3-responsive elements should exist in the Po/H gene. To do
this, we searched the genomic locus encoding PolH and found
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FIG. 1. PolH is a p53 target gene. (A) PolH is induced by p53. Northern blots were prepared using total RNA isolated from H1299 cells that
were uninduced and induced to express p53 for 24 h. The blots were probed with cDNAs derived from the PolH, p21, and GAPDH genes,
respectively. (B) PolH is induced in cells by CPT in a p53-dependent manner. The experiment was performed as in panel A. (C) PolH expression
is up-regulated by p53. Western blots were prepared using cell extracts purified from H1299 cells that were uninduced and induced to express p53.
The HA-tagged p53 was detected with anti-HA. PolH was detected with anti-PolH polyclonal antibody. Actin was determined as loading controls.
(D) PolH expression is up-regulated in cells by CPT in a p53-dependent manner. (E) Schematic presentation of the Po/H genomic structure. A
potential p53-responsive element is located 1,965 nucleotides upstream of the PolH transcription starting site. The consensus p53-responsive
element is shown for comparison. Mismatched nucleotides are indicated in italics. (F) The potential p53-binding site is responsive to p53 but not
to p5S3(R175H). A DNA fragment containing the potential p53-binding site was cloned into the luciferase reporter O-Fluc. The resulting construct
was designated O-Fluc-PolH. O-Fluc-PolH was cotransfected into H1299 cells with a pcDNA3 control vector or a vector that expresses pS3 or
p53(R175H). (G) Schematic presentation of the PolH and p21 promoters with the location of the transcriptional start site, p53-responsive elements,
and primers used for ChIP assays. (H) p53 directly binds to the potential p53 response element within the Po/H promoter. The ChIP assay was
performed as described in Materials and Methods. p5S3-DNA complexes were captured with anti-p53. Anti-HA antibody was used as a control. The
fragment containing the p53 response element in Po/H was amplified by PCR with primers PolH-F and PolH-R. The fragment containing the p53
response element 1 in p27 was amplified by PCR as a control.
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one potential responsive element (TCACTTGAGCTCGAGA
AATCAAGGCT), which is located between —1992 and —1967
of the PolH gene (Fig. 1E). This sequence contains six mis-
matches in the noncritical positions within the consensus p53-
binding site (19).

To determine whether p53 can transactivate gene expression
via this element, a 337-bp DNA fragment containing the re-
sponsive element (from nucleotide —1992 to —1656) was
cloned into a luciferase reporter vector, O-Fluc. The resulting
vector was designated O-Fluc-PolH. The reporter vector was
cotransfected into H1299 cells with either a pcDNA3 control
vector or a vector that expresses pS3 or pS3(R175H). We
found that the luciferase activity for O-Fluc-PolH was mark-
edly increased by wild-type p53 but not by mutant p53(R175H)
(Fig. 1F). When the key C and G were mutated, the luciferase
activity by wild-type p53 was reduced.

We then performed a ChIP assay to determine whether p53
can directly bind to the p53 response element in vivo. Endog-
enous p53 in RKO cells was induced by treatment with 300 nM
CPT for 24 h. p53-DNA complexes were immunoprecipitated
with anti-p53 or anti-HA. To visualize the enriched DNA frag-
ments, PCR was performed to amplify the region of the PolH
promoter containing the p53 response element as well as the
upstream pS53-responsive element within the p2/ promoter
(Fig. 1G). We found that the fragment, which contains the p53
response element in the PolH promoter, was significantly in-
creased upon induction of p53 (Fig. 1H, PolH RE panel),
indicating that p53 directly binds to the p53 response element.
No DNA fragment was enriched by the control antibody, an-
ti-HA (Fig. 1H, PolH RE panel). As a positive control, we
found that the fragment containing the p53 response element
in the p21 promoter was also enriched after DNA damage (Fig.
1H, p21 REI1 panel).

Knockdown of PolH gives cells resistance to CPT- and IR-
induced apoptosis. Previously identified pS3 target genes are
either p53 functional mediators, such as p21, Bax, and Puma,
or p53 functional regulators, such as Mdm2, COP1, and PML
(6, 15, 17, 20, 58, 60, 80). If PolH is a p53 functional mediator,
overexpression of PolH may exert an effect similar to that of
p53, such as induction of cell cycle arrest and apoptosis. To test
this, we generated H1299 cell lines that can inducibly express
PolH and found that overexpression of PolH alone did not
have any effect on cell proliferation (data not shown). We then
generated H1299 cell lines that can inducibly express p53 and
are simultaneously deficient in PolH by PolH siRNA. We
found that PolH knockdown had no effect on the activity of
exogenous wild-type p53 (data not shown). Thus, we conclude
that PolH itself does not appear to mediate p53 to induce cell
cycle arrest or apoptosis.

Since PolH is up-regulated by DNA damage in a p53-de-
pendent manner (Fig. 1B), we wanted to examine whether
PolH plays a role in the DNA damage response. It is well
documented that p53 is a key mediator of the DNA damage
response and that loss of pS3 function markedly attenuates the
induction of apoptosis by DNA damage (63, 67, 68). To this
end, PolH siRNA was used to generate stable PolH knock-
down RKO cell lines. Parental RKO and two representative
PolH knockdown cell lines (RKO-PolH-KD#16 and -#70) are
shown in Fig. 2A and 2B. PolH was up-regulated in the paren-
tal cells but not in PolH knockdown cells upon CPT treatment
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or IR (Fig. 2A and 2B, PolH panel, compare lanes 1 to 3 with
4 to 6, respectively). To determine whether PolH knockdown
directly affects DNA damage-induced cell death, we performed
a trypan blue dye exclusion assay. Upon treatment with 500 nM
CPT, PolH knockdown cells were less prone to cell death than
were the parental cells (Fig. 2C). To examine whether PolH
knockdown differentially affects cell death induced by various
DNA damage agents, we treated the cells with IR, which di-
rectly generates DSBs. We found that PolH knockdown cells
were more resistant to IR-induced cell death than were the
parental cells (Fig. 2C). To confirm that the decreased cell
death by knockdown of PolH is due to a decrease in apoptosis,
we performed a DNA histogram assay to measure the number
of cells with sub-G, DNA content. The sub-G, fraction is
believed to represent apoptotic cells. We found that DNA
damage-induced apoptosis was significantly reduced by knock-
down of PolH in RKO cells (Fig. 2D). To further demonstrate
that PolH knockdown impairs the normal apoptotic pathway,
we examined PARP cleavage. Cleaved PARP was detectable in
the parental cells 24 h after treatment with 500 nM CPT, but
only minimal in PolH knockdown cells (Fig. 2E, upper panel,
lanes 4 to 6). At 36 after CPT treatment, although PARP was
increasingly cleaved in PolH knockdown cells (Fig. 2E, upper
panel, lanes 7 to 9), the cleaved PARP was less than that in the
parental cells. PARP cleavage was also reduced in PolH knock-
down cells upon IR (Fig. 2F, lanes 4 to 9).

To confirm the data established in RKO colorectal carci-
noma cells, we repeated the experiment in MCF-7 breast ad-
enocarcinoma cells. First, we used siRNA to generate PolH
knockdown MCF-7 cell lines. After treatment with CPT, p53
was activated in both parental and PolH knockdown MCEF-7
cells (Fig. 2G, upper panel). Although PolH was induced by
pS3 in the parental cells, PolH was undetectable in PolH
knockdown cells (Fig. 2G, middle panel). Next, we examined
the DNA damage response of these cells upon treatment with
CPT and found that PolH knockdown cells were more resistant
to DNA damage-induced cell death than were the parental
cells (Fig. 2H). We also found that PARP cleavage was mark-
edly decreased in PolH knockdown cells (Fig. 21, upper panel).
Thus, we conclude that the resistance to DNA damage-in-
duced apoptosis by PolH knockdown is not cell type specific.

Suppression of DNA damage-induced apoptosis by PolH
knockdown is p53 dependent. DNA damage triggers the in-
trinsic apoptotic pathway predominantly by activation of p53
and thereby induces apoptotic genes, such as Bax, Puma, and
Noxa (58, 60, 62, 80). These apoptotic proteins subsequently
induce caspase activation (47, 60, 80). Thus, it is likely that p53
is involved in the suppression of apoptosis by PolH knock-
down. To test this, we used a p53-null H1299 cell line and
siRNA technique to generate PolH knockdown H1299 cell
lines. The resulting cell line was designated H1299-PolH-KD,
and one representative clone (clone 56) is shown in Fig. 3A. To
demonstrate that PolH siRNA is capable of suppressing en-
dogenous and/or p53-induced PolH, exogenous p53 was tran-
siently expressed in the parental cells and PolH knockdown
cells (H1299-PolH-KD#56). We found that p21 was induced in
these cells, suggesting that the exogenous p53 is functionally
active (Fig. 3A, p53 and p21 panels, lanes 2 and 4). However,
PolH was up-regulated by p53 in the parental cells but not in
PolH knockdown cells (H1299-PolH-KD#56 cells) (Fig. 3A,
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FIG. 2. Knockdown of PolH gives cells resistance to CPT- and IR-induced apoptosis. (A and B) PolH is knocked down in RKO-PolH-KD cells.
RKO or RKO-PolH-KD cells were untreated or treated with 300 nM CPT for 6 h (A) or with 10 Gy of IR (B). p53 was detected with anti-p53
polyclonal antibody. Actin was also examined as a loading control. (C) RKO-PolH-KD cells are less sensitive than RKO to cell death induced by
various DNA damage agents. RKO and RKO-PolH-KD were treated with 500 nM CPT for 12 h or 20 Gy of IR. Three days following treatment,
both floating cells in the medium and attached cells on the plates were collected. Cells were stained with trypan blue dye for 15 min. Unstained
cells (live cells) and stained cells (dead cells) were counted separately. (D) RKO-PolH-KD cells are more resistant than the parental RKO cells
to CPT-induced apoptosis. Cells were treated as in panel C and then collected and stained with propidium iodide for DNA histogram analysis. (E
and F) PARP cleavage is decreased in RKO-PolH-KD cells after treatment with various DNA damage agents. Both RKO and RKO-PolH-KD cells
were treated with 500 nM CPT (E) or 20 Gy of IR (F). At indicated times after treatment, cells were collected and intact PARP, cleaved PARP,
and PolH were detected by Western blot analysis. (G) PolH is knocked down in MCF-7-PolH-KD cells. MCF-7 and MCF-7-PolH-KD cells were
treated with 300 nM CPT for 6 h. p53, PolH, and actin were detected by Western blot analysis. (H) MCF-7-PolH-KD cells are less sensitive than
the parental MCF-7 cells to CPT-induced cell death. Cells were treated and the trypan blue dye exclusion assay was performed as in panel C.
(I) PARP cleavage is decreased in MCF-7-PolH-KD cells after DNA damage. Cells were treated and Western blot analysis was performed as in
panel E.

PolH panel). Next, the DNA damage response was examined confirm this observation, DNA histogram analysis was per-
in these cells treated with 500 nM CPT by trypan blue dye formed and showed that the extent of apoptosis in PolH knock-
exclusion assay. We found that approximately 8% of these down cells (H1299-PolH-KD#56) was comparable to that in
treated cells died regardless of the PolH status (Fig. 3B). To the parental H1299 cells when they were treated with CPT



1404 LIU AND CHEN

A

MoL. CELL. BIOL.

C
H1299- 0 H1299
H1299 PolH-KD#56 EH1299-PolH-KD#56 Percent of cells in sub-G1
+ + pcDNA3 10
. + pcDNA3-ps3 ;\.c\ sub-G1 sub-G1
p53 1.5 1.2 55 ﬂ /,
= PolH ERE 1258 o A
-
21 s
E‘P _ 8 2.5 H1299- 13 jk 5.4 (ﬂ\ ,/\
Elactm i PolH-KD#56 _____ I “waetn_ Pugd Band
1 2 3 4 CPT - Control CPT

FIG. 3. Suppression of DNA damage-induced apoptosis by PolH knockdown is p53 dependent. (A) PolH is knocked down in H1299-PolH-
KD#56 cells. Both H1299 and H1299-PolH-KD#56 cells were transfected with either pcDNA3 or pcDNA3-p53 for 24 h. p53, PolH, p21, and actin
were detected by Western blot analysis. (B) H1299 cells are as sensitive as H1299-PolH-KD cells to DNA damage-induced cell death. Cells were
treated and the trypan blue dye exclusion assay was performed as in Fig. 2C. (C) The extent of apoptosis induced by DNA damage in H1299 cells
and that induced in H1299-PolH-KD cells were comparable. Cells were treated and the DNA histogram assay was performed as in Fig. 2D.

(Fig. 3C). These data further demonstrated that PolH knock-
down does not affect p5S3-independent apoptosis and that ap-
optosis suppression by PolH knockdown is dependent on p53.

Knockdown of PolH impairs p53 activation and activity
upon CPT- and IR-induced DNA damage. To determine the
underlying mechanism by which PolH regulates p53-depen-
dent apoptosis induced by DNA damage, the extent of p53
accumulation was determined and compared among various
RKO cells that are proficient or deficient in PolH. When the
parental and siRNA control cells were treated with 100 nM
CPT for 6 h, p5S3 accumulated and, subsequently, PolH was
up-regulated (Fig. 4A, middle panel, lanes 1, 2, 5, and 6). In
contrast, in PolH knockdown cells, pS3 accumulation was sub-
stantially decreased (Fig. 4A, middle panel, compare lanes 5
and 6 with lanes 7 and 8). This finding suggests that PolH
knockdown attenuates p53 stabilization upon DNA damage.
To rule out the possibility that pS53 stabilization is simply
caused by clonal variation, we generated stable inducible PolH
knockdown RKO cell lines in which PolH siRNA is inducibly
expressed by the tetracycline-regulated H1 promoter. One rep-
resentative clone, RKO-pTer-PolH#82, is shown in Fig. 4B.
Under the uninduced condition, DNA damage-induced PolH
was detected in RKO cells (Fig. 4B, compare lane 1 with lanes
3 and 5), which is consistent with the data above. However,
when PolH siRNA was induced by tetracycline, DNA damage-
induced PolH was suppressed (Fig. 4B, compare lanes 3 and 5
with lanes 4 and 6). Using this inducible PolH knockdown cell
line, we found that p53 stabilization by CPT was also markedly
reduced when PolH was inducibly knocked down (Fig. 4B,
middle panels, compare lanes 3 and 5 with lanes 4 and 6,
respectively). Similarly, when PolH was inducibly knocked
down, IR-induced p53 was also significantly reduced (Fig. 4C,
p53 panel, compare lanes 3 and 4). These observations were
confirmed in another inducible PolH knockdown cell line
(RKO-pTer-PolH#90) (data not shown). To demonstrate that
the impairment in p53 stabilization is not cell type specific, we
examined p53 accumulation in the parental MCF-7 cells and
PolH knockdown MCF-7 cells (MCF-7-PolH-KD#43 and
-#56). Similarly, p53 stabilization was markedly decreased in
PolH knockdown cells compared to that in the parental cells
(Fig. 4D and data not shown). These data firmly established
that p53 stabilization requires PolH.

To rule out the possibility that the impaired p53 activation in
PolH knockdown cells is simply caused by a defect in cancer
cells, we compared the p53 stabilization by IR in human pri-
mary fibroblasts and primary fibroblasts derived from XPV
patients. GM03617 and GMO02359 fibroblasts carry a mutation
in exon 2 and exon 10, respectively, in the PolH gene, which
leads to translation of a severely truncated PolH protein (34).
The normal fibroblasts, GM000495 and GM00024, were used
as a control. We found that PolH was up-regulated by IR in
normal fibroblasts (Fig. 4E, PolH panel, compare lanes 1 and
3 with 5 and 7). However, no PolH was detected in XPV
fibroblasts either before or after IR (Fig. 4E, PolH panel, lanes
2, 4, 6, and 8). p53 was induced by IR in all four groups of
fibroblasts. However, p53 activation in XPV cells was signifi-
cantly less than that in normal cells (Fig. 4E, p53 panel, com-
pare lanes 5 and 7 with 6 and 8). Thus, our findings demon-
strated that PolH is essential for p53 activation in both normal
and cancer cells upon DNA damage.

Next, we compared the induction of several well-defined p53
target genes in the parental and PolH knockdown RKO cells
upon DNA damage. We found that the DNA damage-induced
up-regulation of p21 and Fas was decreased in PolH knock-
down cells compared to that in the parental cells, which cor-
relates well with the impaired p53 activation in PolH knock-
down cells (Fig. 4F). In addition, we examined the induction of
DRS and Mdm?2 upon DNA damage in RKO cells uninduced
or induced to knock down PolH. We found that induction of
DR5 and Mdm?2 was reduced in PolH knockdown cells (Fig.
4G). Fas and DRS are major mediators of p53-dependent
apoptosis. Thus, the decreased induction of Fas and DRS may
account for the resistance of PolH knockdown cells to DNA
damage-induced apoptosis observed above.

Mutation of the DDB2 gene is responsible for XPE, and
DDB2 has been shown to be up-regulated by p53 (29). More-
over, DDB2 deficiency impairs p53 activation (30). To examine
whether p53 induction of DDB?2 is affected by PolH, we mea-
sured the level of DDB2 transcripts. We found that DDB2 was
up-regulated in both parental and PolH knockdown RKO cells
following DNA damage (Fig. 4H). However, the extent of
induction of DDB2 was decreased in PolH knockdown cells
(Fig. 4H, compare lanes 4 and 7 with lanes 5, 6, 8, and 9).
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FIG. 4. Knockdown of PolH impairs pS3 activation and activity upon DNA damage. (A) p53 activation is impaired in RKO-PolH-KD cells.
RKO and its derivatives were treated with 100 nM CPT for 6 h. Cell extracts were collected, and p53, PolH, and actin were detected by Western
blot analysis. (B) p53 activation is decreased by inducible PolH knockdown in RKO cells treated with CPT. RKO cells that were uninduced or
induced to knock down PolH were treated with CPT at indicated concentrations for 6 h. Cells were collected, and p53, PolH, and actin were
detected by Western blot analysis. (C) p53 activation is decreased by inducible PolH knockdown in RKO cells following exposure to IR. RKO cells
that were uninduced or induced to knock down PolH were irradiated with 2 Gy of IR. At 4 h after IR, cells were collected, and p53, PolH, and
actin were detected by Western blot analysis. (D) Impaired p53 activation by PolH knockdown is not cell type specific. MCF-7 and MCF-7-PolH-
KD#43 cells were treated with 100 nM CPT for 6 h. Cell extracts were collected, and p53, PolH, and actin were detected by Western blot analysis.
(E) p53 activation is decreased in PolH-null human fibroblasts following exposure to IR. Normal human fibroblasts (GM00495 and GM00024) and
human XPV fibroblasts (GM03617 and GM02359) were irradiated with 2 Gy of IR. At 10 h following IR, cells were collected and p53, PolH, and
actin were detected by Western blot analysis. (F) The induction of p21 and Fas by DNA damage is decreased in PolH knockdown cells. RKO and
its derivatives were treated with 300 nM CPT for 6 h. The expression of p53, PolH, p21, Fas, and actin was examined by Western blot analysis.
(G) The induction of DR5 and Mdm2 by DNA damage is decreased when PolH is knocked down. RKO cells that were uninduced or induced to
knock down PolH were treated with 50 nM CPT for 6 h. Cells were collected, and DRS, Mdm2, and actin were detected by Western blot analysis.
(H) The induction of DDB2 by DNA damage is decreased in PolH knockdown cells. RKO and its derivatives were treated with 100 nM CPT for
0, 6, and 9 h. The expression of DDB2 and GAPDH was examined by Northern blot analysis.
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FIG. 5. Reconstitution of PolH in PolH knockdown cells restores
p53 activation and activities. RKO-PolH-KD#16 (A) or RKO-Pol-
KD#70 (B) cells were transfected with either pcDNA3 or pcDNA3-
PolH for 24 h. Cells were then untreated or treated with 100 nM CPT
for 6 h. The expression of p53, PolH, p21, Mdm?2, and actin was
determined by Western blot analysis.

Reconstitution of PolH in PolH knockdown cells restores
p53 activation. Since PolH knockdown impairs p53 activation
upon DNA damage, overexpression of PolH might enhance
pS3 activation following DNA damage. However, we found
that overexpression of PolH in RKO cells had no effect on p53
activation following DNA damage (data not shown). This sug-
gests that endogenous PolH up-regulated by p53 may be suf-
ficient for p53 activation. Thus, we reconstituted exogenous
PolH, which is resistant to PolH siRNA degradation, into PolH
knockdown cells (RKO-PolH-KD#16 and -#70). We found
that the reconstituted PolH was able to restore p53 activation
upon DNA damage (Fig. 5A and 5B, p53 panels, compare lane
3 with lane 4). However, the reconstituted PolH did not stabi-
lize p53 in unstressed PolH knockdown cells (Fig. S5A and 5B,
p53 panels, compare lane 1 with lane 2). These findings suggest
that PolH is critical for facilitating DNA damage-induced p53
activation. To test this further, we examined the expression of
p21 and Mdm?2 and found that the induction of p21 and Mdm?2
was increased after reconstitution of PolH (Fig. 5A and 5B,
p21 and Mdm?2 panels, lanes 3 and 4). Together, we conclude
that the reconstitution of PolH in PolH knockdown cells is
capable of increasing p53 activation and activity.

PolH knockdown impairs ATM’s phosphorylation of Chk2
and p53 but not H2AX. Since overexpression of PolH is unable
to activate p53 in unstressed PolH-proficient and -deficient
RKO cells, it is unlikely that PolH directly inhibits Mdm2-
mediated p53 degradation. Thus, other mechanisms must be
involved. It is well documented that, following DNA damage,
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serine 15 and serine 20 in p53 are subjected to phosphorylation
by ATM and Chk2 (9, 27, 70, 75). This interrupts the associ-
ation of Mdm?2 and p53, thereby leading to p53 stabilization (3,
8,52,55,57). A decrease in serine 15 phosphorylation has been
shown to impair p53 activation (70, 75). To test this, we exam-
ined p53 phosphorylation upon CPT treatment in RKO cells
uninduced or induced to knock down PolH. We found that
both total p5S3 and serine 15-phosphorylated p53 were substan-
tially decreased when PolH was inducibly knocked down, but
the decrease in phosphorylation of serine 15 was more pro-
nounced than that in total p53 (Fig. 6A, p53 and p-S15-p53
panels).

ATM and Chk2 are the major kinases responsible for p53
serine 15 phosphorylation in cells with DSBs (9, 27). When
DSBs are generated in cells, ATM is induced to undergo au-
tophosphorylation at serine 1981, which leads to ATM mono-
mer formation and activation (4). ATM is able to phosphory-
late Chk?2 at threonine 68 and activate Chk2 (1, 54, 56). Thus,
we examined the phosphorylation of ATM at serine 1981 and
Chk?2 at threonine 68. We found that phosphorylation of ATM
was decreased only slightly by PolH knockdown upon DNA
damage (Fig. 6A, p-S1981-ATM panel). However, the phos-
phorylation of Chk2 after DNA damage was substantially de-
creased in cells when PolH was inducibly knocked down
whereas the total level of Chk2 remained unchanged (Fig. 6A,
p-T68-Chk2 and Chk2 panels). These data strongly suggest
that PolH knockdown affects the ability of ATM to phosphor-
ylate Chk2 and p53. Defective phosphorylation of p53 then
leads to failure in p53 stabilization and activation following
DNA damage. To rule out cell type- and stress-specific effects
of PolH knockdown on ATM activity, we also generated stable
inducible PolH knockdown MCEF-7 cell lines (Fig. 6B, PolH
panel). p53, Chk2, and ATM phosphorylation was examined in
these cells uninduced or induced to knock down PolH when
exposed to IR. We found that, upon exposure to IR, p53 and
Chk2 phosphorylation was significantly reduced whereas ATM
phosphorylation was only marginally decreased (Fig. 6B, com-
pare lanes 3 and 4). Furthermore, we examined p53 phosphor-
ylation in normal human primary fibroblasts and XPV fibro-
blasts. We found that both total p53 and serine 15
phosphorylated p53 were substantially decreased in XPV fi-
broblasts, but the decrease in phosphorylation of serine 15 was
more pronounced than that in total p53 (Fig. 6C, p53 and
p-S15-p53 panels). To rule out the possibility that the decrease
in p53 phosphorylation is simply caused by the reduction of the
total p53 level in PolH knockdown cells, we examined p53
phosphorylation using equal amounts of total p53 from the
parental and PolH-knockdown RKO cells. We found that
phosphorylation of serine 15 decreased when PolH was
knocked down, although the reduction is less dramatic than
that prior to equalization of total p53 levels (Fig. 6D). Phos-
phorylation of another ATM substrate, H2AX, however, re-
mained unaffected by PolH knockdown (Fig. 6E, middle
panel). This finding indicates that PolH may preferentially
influence ATM to phosphorylate selected substrates, such as
Chk2 and p53.

PolH is partially colocalized with phosphorylated ATM at
v-H2AX foci after DNA damage. Upon DNA damage, ATM is
autophosphorylated to become active. The active ATM phos-
phorylates H2AX at the end of DSBs. y-H2AX forms punctate
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FIG. 6. PolH knockdown impairs the ability of ATM to phosphorylate Chk2 and p53 but not H2AX. (A) RKO cells, which were uninduced
or induced to knock down PolH, were treated with 100 nM CPT for 6 h. Cell extracts were then collected, and the level of PolH, p-S15-p53, p53,
p-T68-Chk2, total Chk2, p-S1981-ATM, and actin was determined by Western blot analysis. (B) MCF-7 cells, which were uninduced or induced
to knock down PolH, were treated with 2 Gy of IR. At 4 h after IR, cell extracts were then collected and the level of PolH, p-S15-p53, p53,
p-T68-Chk2, total Chk2, p-S1981-ATM, and actin was determined by Western blot analysis. (C) Phosphorylation of p53 is decreased in human
XPV fibroblasts. Fibroblasts were treated as in Fig. 4E. PolH, p53, p-S15-p53, and actin were determined by Western blot analysis. (D) Total p53
was normalized. The level of p53 and p-S15-p53 was determined by Western blot analysis. (E) Phosphorylation of H2AX is not affected by PolH
knockdown. RKO cells, which were uninduced or induced to knock down PolH, were treated with CPT at indicated concentrations for 6 h.
Phosphorylation of H2AX was determined by anti-y-H2AX monoclonal antibody.

particles termed y-H2AX foci, which can recruit ATM sub-
strates, such as Chk2 and p53, for phosphorylation (36). To
explore the mechanism by which PolH affects ATM activity to
phosphorylate Chk2 and p53 upon DNA damage, we examined
the localization of phosphorylated ATM and PolH. In un-
treated RKO cells, the signals of y-H2AX, phosphorylated
ATM, and PolH were very low since H2AX and ATM were not
activated and PolH was not up-regulated (Fig. 7A and C, —
CPT panels). Upon CPT treatment, PolH was partially local-
ized at y-H2AX foci (Fig. 7A, + CPT panel). Phosphorylated
ATM was also localized at y-H2AX foci after CPT treatment
(Fig. 7B). More importantly, phosphorylated ATM and PolH
were partially colocalized at y-H2AX foci (Fig. 7C, + CPT
panel). These data suggest that PolH affects ATM activity to
phosphorylate its substrate at y-H2AX foci. However, we did
not detect an interaction between phosphorylated ATM and
PolH by immunoprecipitation assay (data not shown).
Knockdown of PolH gives cells early resistance to UV-in-
duced apoptosis but delays recovery from UV-induced DNA
damage. Upon UV exposure, DNA replication is stalled in
XPV cells. As a result, stalled replication forks at the sites of
CPDs and 6—4 photoproducts eventually collapse, which cre-
ates DSBs and subsequently causes cell death (48). This ac-
counts for the sun sensitivity of XPV patients. We have found

that knockdown of PolH gives RKO cells resistance to CPT-
and IR-induced apoptosis. Thus, we wanted to investigate the
response of PolH knockdown RKO cells to UV irradiation. We
found that, within 12 h after 12 J/m? of UV exposure, signifi-
cantly more dead cells were detected in UV-irradiated paren-
tal cells than in UV-irradiated PolH knockdown cells (Fig.
8A), suggesting that PolH knockdown confers resistance to
UV irradiation. We also found that, over a prolonged period
following 12 J/m? of UV exposure, the extent of apoptosis for
UV-irradiated parental cells peaked at 24 h (16.3%) and grad-
ually decreased over time (4.9% at 36 h and 2.5% at 48 h),
suggesting that UV-induced damage was almost repaired at
48 h following UV exposure (Fig. 8A). In contrast, the extent
of apoptosis for UV-irradiated PolH knockdown cells was in-
creased in a time-dependent manner (Fig. 8A). This suggests
that PolH knockdown suppresses DNA repair, which enhances
UV-induced apoptosis over time. Next, we examined PARP
cleavage in parental and PolH-KD RKO cells after UV irra-
diation. Cleaved PARP was detected in the parental RKO cells
at 12 h post-UV irradiation, and its level was much higher than
that in the PolH knockdown cells (Fig. 8B). However, over an
extended period post-UV exposure, the level of cleaved PARP
was higher in the PolH knockdown cells than in the parental
cells (Fig. 8B). These data are consistent with the DNA histo-
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FIG. 7. PolH is partially colocalized with phosphorylated ATM at y-H2AX foci after DNA damage. (A) PolH is partially localized at y-H2AX
foci upon DNA damage. RKO cells were untreated or treated with 300 nM CPT for 6 h. Cells were then fixed with 4% formaldehyde in PBS,
permeabilized with 0.5% Triton X-100 in PBS, and blocked with 5% BSA in PBS. Immunofluorescence staining was performed as described in
Materials and Methods. PolH was detected with anti-PolH polyclonal antibody. y-H2AX was detected with anti-y-H2AX monoclonal antibody.
Nuclei were stained with DAPI (4',6'-diamidino-2-phenylindole). (B) Phosphorylated ATM is localized at y-H2AX foci upon DNA damage. RKO
cells were treated as in panel A. p-S1981-ATM was detected with anti-p-S1981-ATM polyclonal antibody. y-H2AX was detected with anti-y-H2AX
monoclonal antibody. (C) PolH is partially colocalized with phosphorylated ATM upon DNA damage. RKO cells were treated as in panel A.
p-S1981-ATM was detected with anti-p-S1981-ATM polyclonal antibody. PolH was detected with anti-PolH monoclonal antibody.

gram analysis and confirmed a delayed recovery from UV-
induced damage in PolH knockdown cells.

To examine whether PolH has any effect on the cellular
response to high doses of UV irradiation, the extent of apo-
ptosis was measured. We found that a stronger apoptotic re-
sponse was detected in both parental cells and PolH knock-
down cells irradiated with 35 J/m? of UV than in cells
irradiated with 12 J/m* (Fig. 8C). Nevertheless, the extent of
apoptosis was higher in UV-irradiated parental cells than in
UV-irradiated PolH knockdown cells at the early stage within
24 h (Fig. 8C), suggesting that PolH knockdown confers resis-
tance to UV irradiation regardless of UV dosage. At the late
stage between 24 and 48 h, PolH knockdown made RKO cells
more sensitive to UV-induced apoptosis (Fig. 8C). However,
unlike exposure to low doses of UV, parental RKO cells were

not able to recover from DNA damage following exposure to
high doses of UV as irradiated cells continued to undergo
apoptosis throughout the late stage (compare Fig. 8A and C).

Early resistance to UV-induced apoptosis by knockdown of
PolH is p53 dependent. UV induces apoptosis predominantly
through activating p53. p53-deficient cells are resistant to UV-
induced cell death (13). Above, we showed that suppression of
CPT-induced apoptosis by PolH knockdown is p53 dependent
(Fig. 4 to 6). It is likely that p53 is also involved in the early
resistance of PolH knockdown cells to UV-induced cell death.
To test this, p5S3-null H1299 cells and H1299-PolH KD cells, in
which endogenous PolH was knocked down, were irradiated
with 20 J/m? of UV. At 12 h, 24 h, 48 h, and 72 h post-UV
irradiation, dead cells were determined by trypan blue dye
exclusion assay. We found that approximately 6% of cells died
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FIG. 8. Knockdown of PolH confers on cells early resistance to UV-induced apoptosis but defers recovery from UV-induced DNA damage.
(A) PolH knockdown significantly decreased UV-induced apoptosis at early times but increased UV-induced apoptosis at late times. RKO cells
that are proficient and deficient in PolH were radiated with 12 J/m? of UV. At 0, 12, 24, 36, and 48 h after UV irradiation, cells were collected

and fluorescence-activated cell sorting analysis was performed as in
decreased in RKO-PolH-KD cells at early times but increased at late t
collected, and uncleaved and cleaved PARP was detected with anti-PA
were treated as in panel A except that the cells were irradiated with

at 12 h following UV irradiation regardless of the PolH status
(Fig. 9). This suggests that PolH knockdown does not affect
p53-independent cell death at the early stage and that suppres-
sion of UV-induced early cell death by PolH knockdown in
RKO and MCF-7 cells appears to be p53 dependent. For the
UV-irradiated parental H1299, p53-independent cell death
peaked at 48 h and started to decline. However, for the PolH
knockdown H1299 cells, the extent of p53-independent cell
death was increased in a time-dependent manner (Fig. 9),
suggesting that PolH knockdown suppresses DNA repair and
enhances UV-induced apoptosis.

p53 activation following UV irradiation is suppressed at the
early time but enhanced at the late time by PolH knockdown.
To investigate the mechanism by which PolH knockdown con-

Fig. 2D to determine the ratio of apoptotic cells. (B) PARP cleavage is
imes after UV irradiation. RKO cells were treated as in panel A. Cells were
RP monoclonal antibody. (C) The parental and PolH knockdown RKO cells
35 J/m? of UV.

fers cells early resistance to UV-induced cell death, we com-
pared p53 activation by UV irradiation in RKO cells unin-
duced or induced to knock down PolH. At 4 and 6 h post-UV
exposure, p53 stabilization was significantly reduced by PolH
knockdown (Fig. 10A). This finding suggests that the impaired
p53 activation by UV at the early time is responsible for the
early resistance of PolH knockdown cells to UV-induced cell
death. Furthermore, we found that, in contrast to CPT and IR,
UV did not significantly up-regulate PolH (Fig. 10A).
Above, we showed that PolH knockdown delays cells’ recov-
ery from UV-induced DNA damage (Fig. 8). Thus, we wanted
to determine the level of p53 over an extended period follow-
ing UV irradiation in PolH-proficient and -deficient RKO
cells. We found that, 36 and 48 h post-UV irradiation, the level
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FIG. 9. Early resistance to UV-induced apoptosis by knockdown of
PolH is p53 dependent. H1299 and H1299-PolH-KD cells were irra-
diated with 20 J/m? of UV. At the indicated time after UV irradiation,
cells were collected and the trypan blue dye exclusion assay was per-
formed to determine the ratio of dead cells.

of p53 was much higher in the PolH knockdown cells than in
the parental cells (Fig. 10B). The high level of p53 in PolH
knockdown cells is likely induced by excessive DSBs accumu-
lated by the collapse of stalled replication forks over the ex-
tended period following UV irradiation (12). Therefore, the
increased p53 activation contributes to the increased apoptotic
response in PolH knockdown RKO cells at the late stage fol-
lowing UV irradiation.

DISCUSSION

PolH, a regulator of p53 activation but not a mediator of p53
growth suppression. In this study, we found that PolH can be
up-regulated by overexpressed p53. We also found that PolH is
induced by DNA damage in a p53-dependent manner. More-
over, we identified a potential pS3 response element in the
promoter of PolH, and this element can be activated and
bound by p53. All of these features suggest that PolH is a bona
fide p53 target. Unexpectedly, when overexpressed in cells,
PolH showed no effect on cell growth, suggesting that PolH
alone is unable to induce cell cycle arrest and apoptosis. Next,
we examined the possibility that PolH requires cooperation of
other p53 targets to fulfill these functions. Thus, we generated
dual inducible cell lines which can inducibly express p53 alone,
PolH alone, or both (data not shown). We found that expres-
sion of PolH has no effect on the function of exogenous p53.
We also generated cell lines that can inducibly express p53 and
simultaneously are deficient in PolH. We found that knock-
down of PolH has little, if any, effect on growth inhibition
induced by exogenous p53. Taken together, we hypothesize
that PolH is unlikely to be a functional mediator of p53 growth
suppression.

PolH, a Y-family DNA polymerase, was identified as the
product of the XPV gene (34, 53). XPV cells have normal NER
but are deficient in the replication bypass of UV photoprod-
ucts and DNA adducts generated by various chemicals (66).
However, although PolH is up-regulated by CPT treatment or
IR, UV is unable to induce PolH. This suggests that p53, when
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stabilized by UV, does not play a role in TLS through PolH.
Moreover, several studies showed that simian virus 40 T anti-
gen- and human papillomavirus E6-transformed human fibro-
blasts are proficient in TLS (11, 44). Because p53 is defective
in T antigen- or E6-transformed cells, we postulate that the
basal level of PolH is sufficient for TLS. This prompts us to
look for novel PolH functions. Quite surprisingly, we found
that PolH knockdown gives cells resistance to apoptosis in-
duced by DNA damage, which is p53 dependent. In addition,
knockdown of PolH impairs p53 activation induced by DNA
damage, and reconstitution of PolH into PolH knockdown
cells restores pS53 activation. Furthermore, we provide evi-
dence that PolH regulates p53 activation by modulating ATM
activity (see below for further discussion). To our knowledge,
this is a novel function for PolH, and for the first time, we
showed that a p53 target can positively affect p53 activation.
Based on these observations, we propose a feed-forward model
(Fig. 11): following DNA damage, PolH facilitates ATM to
phosphorylate p53, leading to its stabilization and activation;
pS3 in turn up-regulates PolH expression; and finally elevated
PolH enhances p53 activity via ATM and promotes p53-de-
pendent apoptosis when DNA damage is irreparable.
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FIG. 10. PolH knockdown suppresses p53 activation at early times
but enhances p53 activation at late times after UV irradiation. (A) p53
activation is decreased at early times after UV irradiation when PolH
is knocked down. RKO cells that were uninduced or induced to knock
down PolH were exposed to 20 J/m? of UV. At the indicated times
after UV exposure, cells were collected and PolH, p53, and actin were
detected by Western blot analysis. (B) p53 activation is increased at
late times after UV irradiation in PolH knockdown cells. The parental
and PolH knockdown RKO cells were irradiated with 12 J/m* of UV.
At the indicated times, cells were collected and PolH, p53, and actin
were detected by Western blot analysis.
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FIG. 11. Schematic illustration of a feed-forward model for the role
of PolH in ATM and p53 activation. Following DNA damage, PolH
facilitates ATM’s phosphorylation of p53, leading to its stabilization
and activation; p53 in turn up-regulates PolH expression; and finally
elevated PolH enhances p53 activity via ATM and promotes p53-
dependent apoptosis when DNA damage is irreparable.

PolH and ATM activation and activity. DNA damage, in-
cluding DSBs, triggers ATM kinase activity (5, 41). However,
the mechanism by which ATM is activated upon DNA damage
remains unclear. An elegant study showed that ATM auto-
phosphorylation at serine 1981 is induced by DNA damage,
which leads to active monomer formation and ATM activation
(4). Several BRCT domain-containing proteins, like 53BP1,
NBS1, MDC1, and BRCALI, can affect ATM autophosphory-
lation and activation (16, 23, 28, 73). But none of these pro-
teins are essential in ATM activation since ATM still under-
goes autophosphorylation in the absence of each individual
one, albeit decreased or delayed (16, 23, 28, 73). This indicates
that redundant mechanisms participate in the regulation of
ATM autophosphorylation. Furthermore, the specificity of
ATM in phosphorylating its substrates is regulated by these
BRCT-containing proteins (16, 23, 28). For example, phos-
phorylation of BRCA1 and SMCI1, but not p53, is compro-
mised in NBS cells (28). Here, we found that PolH is unable to
regulate ATM autophosphorylation following DNA damage.
However, PolH preferentially affects ATM to phosphorylate its
substrates Chk2 and p53 but not H2AX. This suggests that
PolH regulates ATM downstream of its activation. In addition,
we provided evidence that PolH and phosphorylated ATM are
colocalized at y-H2AX foci after DNA damage, but we failed
to detect an interaction between PolH and phosphorylated
ATM. Thus, PolH may regulate ATM activity through its in-
volvement in the interaction of phosphorylated ATM and
some of its substrates at y-H2AX foci. Thus, future studies are
warranted to determine how PolH regulates ATM, which will
provide an insight into the mechanism by which ATM is acti-
vated by DNA damage.

Interplay between PolH and ATR? Following UV irradia-
tion, normal DNA replication is stalled at replication forks.
TLS polymerases, such as PolH, are then recruited (likely by
PCNA) and take position to start the bypass replication (22,
37). Simultaneously, ATR is activated and initiates a phos-
phorylation cascade, including phosphorylation of p53, which
eventually activates cell cycle checkpoints and apoptosis (69).
How ATR is activated is under intensive investigation. Previ-
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ous studies have shown that ATR activation requires associa-
tion of ATR and ATRIP, RPA binding to single-strand DNA,
Rad9-Hus1-Radl clamp complex loading to replication forks,
and the assistance of claspin (64, 69). Because of the temporal
and spatial similarity in TLS and ATR activation, it is not
irrational to predict a mutual regulation of PolH functions and
ATR activation. In fact, we found that PolH knockdown gives
cells resistance to UV-induced apoptosis at early times, which
is likely due to decreased p53 activation in PolH knockdown
cells. ATR is the major kinase that phosphorylates and stabi-
lizes p53 upon exposure to UV, which suggests that PolH
directly regulates ATR activity. In addition, a recent study
showed that a yeast Y-family polymerase, DinB, interacts with
Hus1 and Radl (35). Thus, all of the evidence suggests that
PolH plays a role in regulation of ATR activity.

The role of PolH in p53 activation—the physiological sig-
nificance. It is widely believed that multiple skin cancers in
XPV patients are caused by error-prone TLS as the result of
deficiency in error-free polymerase PolH (72). We have found
that PolH participates in p53 activation by ATM after DNA
damage. Since ATM and p53 are critical for maintaining
genomic stability, we hypothesize that, in PolH-deficient cells,
defective activation of p53 in response to DNA damage likely
contributes to tumorigenesis. Thus, future studies to screen
PolH mutations in human tumors may provide a clue about the
role of PolH in other cancers in addition to its role in skin
cancers.
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