
p53 suppression overwhelms DNA polymerase η deficiency in
determining the cellular UV DNA damage response

Rebecca R Laposa, Luzviminda Feeney, Eileen Crowley, Sebastien de Feraudy, and James
E Cleaver*
UCSF Comprehensive Cancer Center, University of California, San Francisco Auerback Melanoma
Laboratory, Room N461, Box 0808, UCSF Comprehensive Cancer Center, University of California,,
San Francisco, CA, 94143-0808.

Abstract
Xeroderma pigmentosum variant (XP-V) cells lack the damage-specific DNA polymerase η and have
normal excision repair but show defective DNA replication after UV irradiation. Previous studies
using cells transformed with SV40 or HPV16 (E6/E7) suggested that the S-phase response to UV
damage is altered in XP-V cells with non-functional p53. To investigate the role of p53 directly we
targeted p53 in normal and XP-V fibroblasts using short hairpin RNA. The shRNA reduced
expression of p53, and the downstream cell cycle effector p21, in control and UV irradiated cells.
Cells accumulated in late S phase after UV, but after down-regulation of p53 they accumulated earlier
in S. Cells in which p53 was inhibited showed ongoing genomic instability at the replication fork.
Cells exhibited high levels of UV induced S-phase γH2Ax phosphorylation representative of exposed
single strand regions of DNA and foci of Mre11/Rad50/Nbs1 representative of double strand breaks.
Cells also showed increased variability of genomic copy numbers after long-term inhibition of p53.
Inhibition of p53 expression dominated the DNA damage response. Comparison with earlier results
indicates that in virally transformed cells cellular targets other than p53 play important roles in the
UV DNA damage response.

Keywords
DNA replication; ultraviolet; DNA polymerase η; p53; checkpoint; cell cycle; foci; DNA damage;
genomic instability; γH2Ax

Introduction
The ultraviolet (UV) component of sunlight is the major carcinogen involved in the etiology
of skin cancer [1,2]. UV irradiation produces DNA photoproducts that are blocks to DNA
replication by normal replicative DNA polymerases. A specialized, damage-specific,
distributive polymerase, DNA polymerase η (Pol η) is required for replication past these
photoproducts [3] In humans, inactivation of the Pol η gene results in sunlight sensitivity and
causes the rare hereditary cancer-prone xeroderma pigmentosum variant syndrome (XP-V)
[4,5]. XP patients have a cancer risk 5,000 times greater than that of the general population,
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including basal cell carcinoma (BCC), squamous cell carcinoma (SCC), and melanoma [6].
Cells from XP-V individuals lack Pol η and have a reduced capacity to replicate UV-damaged
DNA and show hypermutability after UV exposure [7-12].

TP53 is mutated in the majority of human cancers [13,14], including skin cancers of the BCC
and SCC type [1]. Mutations in TP53 are found with high frequency (>50%) in sporadic BCC,
and at a slightly lower frequency (up to 45%) in sporadic SCC and these usually bear the UV
signature CC to TT and C to T transitions indicative of ultraviolet radiation B (UV-B) exposure
[1,15]. The role of p53 in melanoma remains somewhat controversial, with some groups
reporting mutation rates between 13-25% and others documenting much lower rates [1]. Since
XP-V cells lack Pol η, they must employ other mechanisms aside from Pol η-dependent
translesional synthesis to negotiate blocks to DNA replication, such as those posed by UV
lesions in DNA. These alternative mechanisms involve the use of alternative polymerases such
as Pol ι [16] or recombination between sister chomatids [17]. Several lines of evidence suggest
that p53 plays a major role in mediating downstream events associated with S phase arrest from
UV damage [18], especially in XP-V cells with protracted S phase arrest due to Pol η deficiency
[19]. XP-V cells, in which p53 function was abrogated due to viral transformation by HPV16
(E6) [20,21] or SV40 [22], demonstrated a dramatic increase in sensitivity to the lethal and
cytogenetic effects of UV light [23]. These p53-compromised cells employed Mre11 and
Rad51-dependent recombination pathways to recover from UV damage [17,24-28], implying
that replication forks arrested by UV damage rapidly undergo a collapse leading to double
strand breakage. These cells also show increased sister chromatid exchanges indicative of
increased rates of recombination during the S phase [23].

To define the role of p53 in the UV response of XP-V cells without interference of oncogenic
viral proteins, we chose to inhibit p53 with RNA interference using a sequence previously
shown to be effective for p53 suppression in p53-normal primary dermal XP-V fibroblasts
[29]. We demonstrate that the cellular DNA damage response to low-dose UV irradiation is
dominated by loss of p53, that otherwise protects the DNA replication fork from breakdown,
and masks the DNA replication deficiencies of the Pol η bypass polymerase.

Results
p53-suppressed XP-V and normal fibroblasts[30]

Primary dermal fibroblasts from an XP-V patient (GM3617) and a normal control (GM5659D)
were immortalized with the catalytic subunit of telomerase (hTERT) which does not disrupt
normal cell cycle checkpoints [30-32] [33] and cells were designated GM5659DT and
GM3617T. We employed a gene knockdown approach using RNA interference directed
against a target sequence of p53 [29]. We stably infected cells with vectors that synthesize
short hairpin RNA (shRNA) directed against p53 under the control of the H1 promoter
(designated pSuper.Retro.p53.Neo.Gfp vector or the empty vector pSuper.Retro.Neo.Gfp) to
obtain persistent intracellular synthesis of siRNA. P53 and p21 gene expression was analyzed
by Taqman (Figs 1A, B). GM5659DT with stable transfection of p53 shRNA showed p53
expression reduced to 9.1 % of vector-transfected GM5659DT (Fig 1 A). GM3617T with stable
transfection of p53 shRNA showed p53 expression reduced to 8.4 % of vector-transfected
GM3617DT (Fig. 1A). This shRNA was more effective at inhibiting the levels of p53 protein
in XP-V (GM3617T) than in normal (5659DT) cultures (Fig. 1C). In wild-type cells, levels of
damage-inducible p53 were reduced by 50% with shRNA (Fig. 1C). In XP-V cells, levels of
damage-inducible p53 were reduced 20-fold with shRNA treatment (Fig. 1C). The results
indicate that shRNA directed against p53 effectively reduced the levels of damage-inducible
p53 in both cell types, although this effect was more pronounced in XP-V cells than in wild
type cells. This difference may be idiosyncratic, and not necessarily related to the XP-V
genotype.
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To examine the functionality of the p53 suppression, we measured the expression of the p53
target gene, p21. GM5659DT with stable transfection of p53 shRNA showed p21 expression
reduced to 7.1 % of vector-transfected GM5659DT (Fig. 1B). GM3617T with stable
transfection of p53 shRNA showed p21 expression reduced to 5.8 % of vector-transfected
GM3617DT (Fig. 1B). At the gene expression level, the p53 shRNA was equally effective in
normal and XPV cells. The induction of p21 by p53 after UV irradiation was also suppressed
by shRNA (Fig 1 D). Normal cells showed higher base-line levels of p21 expression than XP-
V cells, and both showed induction by UV. The relative level of induction as a ratio over
isogenic control cells was greater in XP-V cells, but this owed more to the difference in base-
line levels than the induced levels. The responses after shRNA were all suppressed, both control
and UV irradiated, though as in the cells without shRNA the levels in XP-V cells were above
those in normal cells.

UV-induced S-phase arrest
Changes in cell cycle distribution after UV were examined by FACS analysis (Fig. 2). Vector-
infected normal and XP-V primary fibroblasts accumulated late in the S-phase arrest after UV
damage, as has often been reported [19,34] (Figs. 2B, F), relative to unirradiated controls (Figs
2A, E). Unirradiated cells containing shRNA appeared to have a slightly larger accumulation
of cells in S-phase, (Figs. 2C, G) compared to vector-infected controls, for both normal and
XP-V cells but this was not examined in detail (Figs. 2A, E). UV-irradiated cells containing
shRNA exhibited an accumulation of cells earlier in the S phase (Figs. 2D, H) than occurred
in vector-infected UV-irradiated cells (Figs. 2B, 2E) or unirradiated cells (Figs. 2C, G). This
early S-phase arrest was similar in normal (Fig. 2D) and XP-V cells (Fig. 2H).

UV survival
In a short-term assay for UV survival (Fig. 3), no appreciable differences were observed
between XP-V and normal fibroblasts cells stably infected with pSuper.Retro.p53.Neo.Gfp or
the pSuper.Retro.Neo.Gfp vector. Caffeine sensitized both normal and XP-V cells to cell
killing by UV, but this sensitization did not discriminate normal from XP-V cells. We have
found since that immortalization by hTERT can activate a caffeine-sensitive ATR pathway in
late passage cells (de Feraudy and Cleaver unpublished observations), that can mask the
characteristic XP-V sensitization that is small in primary fibroblasts but much larger in SV40
transformed cells [7,35]. The shRNA appears to sensitize normal cells but not XP-V cells,
suggesting thatloss of p53 increases lethal effects of UV damage in the presence of a functional
Pol η but not in its absence.

The S phase DNA damage response involving γH2Ax and Mre11
Phosphorylation of the minor histone H2Ax (γH2Ax) is a common marker of DNA damage.
γH2Ax is formed as punctate foci at DNA double strand breaks caused by ionizing radiation
or breaks at arrested replication forks. Following UV damage the predominant expression of
γH2Ax is as nuclear-wide uniform intense staining in the S phase caused by single-stranded
regions of DNA at arrested replication forks [36]. In a FACS scan of normal GM5659T control
cells (Fig 4A) γH2Ax represented background levels of fluorescence, with a preponderance of
G1 cells consistent with the cell cycle distribution (Fig 2A). After UV irradiation, an increased
number of highly fluorescent cells were distributed in the S phase (Fig 4A). In GM5659T cells
with shRNA and SV40 transformed normal cells there was a larger number of cells in the S
and G2 phases cells. After UV irradiation the S phase distribution was greatly enhanced over
that in irradiated GM5659T normal cells (Fig 4A). The level of γH2Ax was greatest in the
shRNA treated cells indicating that depletion of p53 caused a greater replication arrest and
consequent increased ATRIP/ATR signal transduction [37], even above that seen in SV40
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transformed cells. This is consistent with replication arrest generating a stronger signal to the
kinases that phosphorylate H2Ax in the absence of normal levels of p53.

The Mre11-Rad50-Nbs1 (MRN) complex acts as a double strand break sensor and is involved
in repair of double strand breaks (DSBs) by nonhomologous end joining (NHEJ) [38,39] and
relocates into foci after UV irradiation [25,27]. XP-V and normal fibroblasts the were infected
either transiently or stably with the control pSuper.Retro.p53.Neo.Gfp showed very few (1-5%)
cells positive for Mre11 foci (Fig. 4 B). In contrast, the frequency of cells containing nuclear
Mre11 foci was in the range of 20-25% in all cells infected with pSuper.Retro.p53.Neo.Gfp,
both normal and XP-V cells irrespective of UV irradiation. Increased Mre11 foci were also
seen in transiently infected cells after p53 suppression and again the effect was similar in normal
and XP-V cells irrespective of irradiation.

Genomic instability after p53 suppression
After growing the pSuper.Retro.p53.Neo.Gfp-infected cells for 5 passages, we observed that
the cellular morphology of some of the cells became less elongated, reminiscent of an epithelial
morphology, and the cells began to grow in dense clusters. In contrast, vector-infected control
cells maintained the normal elongated morphology characteristic of primary fibroblasts (Fig.
5, A, C). By passage 15, the pSuper.Retrop53.Neo.Gfp-infected cultures were dominated by
the new morphology (Fig. 5, B, D), and by passage 20, the pSuper.Retro-p53-infected cultures
no longer grew in clusters, but contained cells with epithelial morphology that grew at an even,
open density. In contrast, vector-infected control cells continued to maintain the normal
elongated morphology characteristic of primary fibroblasts.

Genomic instability was investigated with genome-wide array comparative genomic
hybridization (CGH) [40] to conduct a high resolution evaluation of the effect of p53 inhibition
in normal and XPV fibroblasts at passage 20. Gains and losses of chromosomal regions were
essentially absent in vector-infected normal (Fig. 5 E) and XP-V (Fig. 5 I) fibroblasts, with the
exception of small losses in chromosomes 6 and 9 in the normal human fibroblasts, which was
not observed when replicating the experiment. In contrast, genomic instability was clearly
evident in pSuper.Retrop53.Neo.Gfp-infected normal and XP-V fibroblasts, with gains and
losses both commonly observed (Fig. 5, F,J). For comparison, genomic instability was also
examined in E6/E7 transformed (Fig. 5 G, K) and SV40-transformed versions of the same
normal and XP-V fibroblasts (Fig. 4, H,L). Virally transformed cells also exhibited gains and
losses of chromosomal regions.

Discussion
In XP-V cells that lack the translesional DNA Pol η, UV damage to DNA causes an asymmetric
replication fork arrest due to a replication block on the leading strand of DNA [41-46]. These
structures trigger the activation of intra-S-phase checkpoints [44]. These arrested replication
forks contain long (several kB) regions of single-stranded DNA, which are covered by RPA
which in turn binds p53, ATRIP/ATR and other proteins [42,47-49]. Competition between p53
and these other factors at the ssDNA regions plays a complex role the intra-S-phase checkpoint
[18], producing varied results depending on the cell types and transformed status.

We therefore examined the role of p53 directly by downregulating its expression with shRNA.
Previous experiments in XP-V cells showed greatly increased UV sensitivity after
transformation with HPV16 (E6) that inhibits p53 but not the retinoblastoma cell cycle
regulator gene (Rb). This sensitivity was not observed after transformation of XP-V cells with
HPV16 (E7) that inhibits Rb but not p53 [23,24]. Similarly, transformation of XP-V cells with
SV40, which compromises p53 function through binding to the viral antigen Large T, also
increases the sensitivity of XP-V cells to the lethal and cytogenetic effects of UV light,
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especially when sensitized by caffeine [23,35,50]. In contrast, we observed smaller increases
in post-UV sensitivity after p53 inhibition (Fig 3), suggesting that loss of p53 alone does not
play a major role in the lethal effects of UV even though ii does increase genomic instability
(Figs 4,5).

We observed that inhibition of p53 brought the UV-induced S-phase arrest earlier in the S
phase (Fig 2) and increased the S phase γH2Ax intensity (Fig 4A) and the frequency of cells
with Mre11 (Fig 4B). This indicates that p53 is a key player in protecting UV-damaged
replication forks from generating or undergoing damaging downstream events. The dominance
of p53 suppression over Pol η deficiency after UV indicates that p53 acts upstream or before
Pol η bypass replication, acting earlier in the S phase. Reduction of p53 by shRNA had a similar
effect as viral transformation in allowing increased signaling to γH2Ax formation in the S
phase (Fig 4 A). No differences, however, in S-phase arrest associated with p53-deficiency
were reported after symmetric replication fork stalling with hydroxyurea [51], suggesting that
arrested forks generated by UV damage represent particularly fragile structures in which p53
has a major protective role prior to Pol η bypass.

In previous studies, it was observed that XP-V cells with impaired p53 employed an MRN-
dependent recombination pathway in response to UV damage [17,25,27,28], implying DSBs
are generated during replication arrest [49,52-54]. We observed that p53 suppression leads to
a similar increase in the frequency of normal and XP-V cells with Mre11 foci, even without
UV irradiation. Studies treating p53-normal and SV40 transformed cells with UV demonstrated
that the stability of stalled replication forks depends on p53, such that DSBs accumulate after
UV in SV40-transformed cells but not normal cells [49]. The same study also examined p53-
normal and SV40-transformed XP-V cells and found that the effect of p53 was even more
pronounced in XP-V cells; SV40-transformed XP-V cells converted all their UV-induced
ssDNA regions into DSBs [49]. Our results indicate that p53 inactivation is a stronger factor
for generation of S phase genomic instability (γH2Ax and Mre11) than Pol η deficiency alone.
P53 deficiency alone does not elevate sister chromatid exchange frequencies (SCE) [55] but
increases SCE frequencies dramatically at low UV doses [23]. Previously, virally transformed
cells showed increased frequencies of cells with Mre11 foci only after UV irradiation, and XP-
V cells were consistently higher than control. The similar increases in Mre11 foci-positive cells
in both control and UV irradiated normal and XP-V cells after shRNA (Fig 4 B) reveals a
dominant role for p53 levels in maintaining replication fork stability not seen in virally
transformed cells.

Gross chromosomal rearrangements, amplifications and deletions are a common event in
human cancer [56]. XP-V cells immortalized with hTERT show high frequencies of DNA
breaks but few frank chromosomal anomalies [43]. These observations suggest that checkpoint
function protects the broken DNA from generating major chromosomal changes. We observed
multiple small gains and losses in chromosomal regions in hTERT-immortalized XP-V cells
after down-regulation of p53, as measured by comparative genomic hybridization. The overall
pattern emerging from this analysis is that of many small chromosomal changes, rather than
gains or losses of entire chromosomes, as has been observed for certain skin tumors such as
melanoma [57]. This effect of genomic instability was seen in both XP-V and normal
fibroblasts, suggesting that p53 is a major driver for chromosomal instability that dominates
that of Pol η deficiency alone.

The present results provide a basis for understanding previous reports on the DNA damage
response of SV40 and HPV16(E6/E7) transformed XP-V cells [23-27]. Clearly, there are
additional phenotypes in the virally transformed cells not evident in cells treated with shRNA
against p53 (Table 1). Each of the three means of inactivating p53 are distinct, although all
appear to destabilize the S phase in UV damaged cells and contribute to higher levels of DNA

Laposa et al. Page 5

DNA Repair (Amst). Author manuscript; available in PMC 2008 December 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



breakage (Fig 4) and increased importance of the ATR signal transduction pathway. XP-V
cells transformed with SV40 uniquely show increased UV sensitivity when ATR is inhibited
by caffeine [7,35,43]; this may be due to the elevated levels of p53 in equilibrium with large
T that mimic high levels of damage and induce an apoptotic response [28]. XP-V cells
transformed by HPV16(E6/E7) are highly UV sensitive without further sensitization [23],
suggesting that there are additional targets for the E6 ubiquitin ligase that play supporting roles
in the UV response. These could include the ATR pathway or homologous recombination, both
of which are important in recovery from DNA replication arrest and lead to increased cell
killing when blocked [58-60].

Materials and methods
Expression constructs

pSuper.Retro.Neo.Gfp, a retroviral vector system for expression of short interfering RNA and
puromycin resistance (OligoEngine, WA), was digested with BglII/Hind. An effective siRNA
target sequence for the silencing of p53 has been previously described
(GACUCCAGUGGUAAUCUAC) [29]. The ends of this sequence were modified for the
pSuper.Retro.Neo.Gfp vector, and two oligonucleotides, encoding a sense and antisense
sequence for the expression of an siRNA directed against p53, were annealed: p53_FWD 5'-
GAT CCC GAC TCC AGTG GTA ATC TAC TTC AAG AGA GTA GAT TAC CAC TGG
AGT CTT TTT GGA AA-3' and p53_REV 5'-AGC TTT TCC AAA AAG ACT CCA GTG
GTA ATC TAC TCT CTT GAA GTA GAT TAC CAC TGG AGT CGG G-3' and ligated into
the above vector. Successful clones were verified by sequencing and were designated
pSuper.Retro.p53.Neo.Gfp.

Cell culture
The XPV GM3617 fibroblasts (also designated XP30R0) and the wild-type control 5659D
were obtained from The Human Genetic Mutant Cell Repository, Camden, NJ. The XPV
fibroblast GM3617 contains a mutation in the XPV gene, which results in a chain termination
of DNA Pol η. To immortalize these cells with telomerase we used a retrovirus to express the
catalytic subunit of telomerase (hTERT)(kindly provided by Russel Pieper, UCSF). Stably
infected cells were selected with blastacidin (200μM), and designated GM3617T and
GM5659DT. SV40 transformed normal cells (GM637) and XP-V cells (derived from GM3617
cells REFERENCE) were also used in some experiments for comparison. Cells were grown in
Eagle's MEM, supplemented with 2 mM glutamine, 100 units/ml penicillin, 100 μg/ml
streptomycin, and 10% FBS (Life Technologies, Gaithersburg, MD).

Phi-NX packaging cells (a kind gift of Dr. Garry Nolan, Stanford) were transfected with
pSuper.Retro.Neo-GFP or pSuper.Retro.Neo-GFP.p53 using standard calcium-phosphate
techniques. Twenty-four hours later, the media overlying the Phi-NX cells was transferred to
80% confluent fibroblasts. After an additional 48 hours, neomycin (600 ug/mL) selection was
initiated to obtain stable pooled cultures.

Expression Analysis
For p53 expression analysis, RNA from 250,000 cells was isolated using the PicoPure kit
(Arcturus, Mountain View, CA) and for p21 expression RNA was isolated using the RNEasy
kit (Qiagen Inc., Valencia, CA) and quantitated using a Nanodrop spectrophotometer
(Nanodrop Technologies, Wilmington, DE). cDNA was synthesized from 100 ng of total RNA
using an iScript kit (BioRad Laboratories, Hercules, CA) according to the manufacturer's
instructions. P53 expression was normalized to that of the control gene Snrpd3. TaqMan probes
for TP53 (HS00153340) and the control gene Snrpd3 (Hs00188207) were from Applied
Biosystems (Foster City, CA). p21 expression was normalized to that of the control gene
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glucuronidase β (GUS). Sequences for the GUS primers and probe were: forward primer: CTC
ATT TGG AAT TTT GCC GAT T, reverse primer: CCG AGT GAA GAT CCC CTT TTT A
and probe: FAM/TGA ACA GTC ACC GAC GAG AGT GCT GG/BHQ1. Sequences for the
p21 primers and probe were: forward primer: TGG AGA CTC TCA GGG TCG AAA, reverse
primer: AGG ACT GCA GGC TTC CTG TG, and probe: FAM/CAG ACC AGC ATG ACA
GAT TTC TAC CAC TCC A/BHQ1. All 6 oligonucleotides were synthesized by Integrated
DNA Technologies (Coralville, IA). Expression data was acquired on an ABI 7900 HT
Sequence Detection System (Applied Biosystems, Foster City, CA) according to the
manufacturer's recommendations. For data analysis, basal level of p53 or p21 expression in
vector-treated cells was set to 100%.

Immunoblotting
Cells that had been stably infected with pSuper.Retro.p53.Neo.Gfp or the
pSuper.Retro.Neo.Gfp vector were irradiated with 20 J/m2 of UV or sham-irradiated and
harvested 2 hours later. A nuclear lysate was extracted using previously described methods
[19]. Western blotting was carried out according to standard techniques, with uniformity of
protein loading assessed by Ponceau staining. Nitrocellulose membranes were blocked
overnight in 5% skim milk in TBST and then were probed with the phospho-specific rabbit
polyclonal antibody Ser-15 p53 (9284, Cell Signaling, Beverly, MA) at a 1:1,000 dilution for
1 hour at room temperature. After 3 washes in TBST, the membrane was incubated with HRP-
conjugated secondary antibody (goat anti-rabbit, Upstate, Waltham, MA) at a dilution of
1:10,000 for 1 hour at room temperature. After 5 washes in TBST, detection was conducted
with enhanced chemiluminescence (Visualizer, Upstate, Waltham, MA) and exposure to ECL-
reactive film (Amersham) with development in an automatic photodeveloper (Eastman
Kodak). The membrane was stripped with Restore stripping buffer (Pierce, Rockford, IL) at
37 °C for 30 minutes and rinsed with TBST. The membrane was exposed to chemiluminescence
detection as above to confirm that stripping was complete. The membrane was blocked again,
and then incubated as above, but with monoclonal p53 antibody DO-1 (Santa Cruz
Biotechnology), which recognizes total p53, at a dilution of 1:500. The remainder of the
blotting procedure was conducted as described above. To verify similar protein loading
between lanes, the membrane was stripped again, and incubated with monoclonal anti-beta-
actin Clone AC15 (Sigma, St. Louis, MO) at a dilution of 1:10,000.

Cell cycle analysis
Cells that had been stably infected with pSuper.Retro.p53.Neo.Gfp or the
pSuper.Retro.Neo.Gfp vector were irradiated with 5.2 J/m2 of UV or sham-irradiated and
harvested 16 hours later. Fixed cells were processed and analyzed as described previously,
using a FACSCalibur instrument (BD Biosciences) [19].

Cell survival
For cell survival, a rapid well assay was used involving measuring the growth of cells for 7
days in 24-well plates, as described previously [61]. In some experiments, cells were grown
in caffeine (1 mM) after irradiation, which is known to sensitize XPV cells to UV light [7,
50].

Flow cytometry
Detection of cellular γH2AX was carried out using the H2AX phosphorylation assay kit for
flow cytometry (Upstate Biotechnology). The assay was carried out according to the
manufacturers instructions with one major modification, the FITC labeled antibody was
incubated overnight at 40C instead of 20 min on ice. Cells were suspended in flow buffer
(Ca2+ and Mg2+ free 1x PBS with 1%BSA containing 10 mg/ml propidium iodide (PI) and
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100 mg/ml RNaseA) and analyzed using a Becton Dickinson FACS Caliber Flow Cytometer
(Becton Dikinson) equipped with Cell Quest software. Data was analyzed using both Cell Quest
and FloJo software (Becton Dickinson and Tree Star Inc).

Immunohistochemistry
Cells that had been stably infected with pSuper.Retro.p53.Neo.Gfp or the
pSuper.Retro.Neo.Gfp vector were grown on chamber slides (Nunc) and 24 hours after plating
were irradiated with 13 J/m2 of UV or sham-irradiated and harvested 4 hours later. Cells were
fixed and processed for Mre11 foci according to previously published methods [25]. Briefly,
cells were fixed with methanol at −20 °C, kept at −80 °C, then permeabilized with ice-cold
acetone:methanol (1:1) for 20 minutes and blocked for 1 hour at 37 °C in 10% fetal bovine
serurm/1% bovine serum albumin in PBS and stained with rabbit polyclonal anti-Mre11
(Novus Biochemicals) at 1:200 for 1 hour at 37 °C in antibody dilution buffer with background
reducing components (Dako cytomation), washed three times in PBS and incubated with
secondary antibody, goat-anti-rabbit conjugated to Alexa Fluor 488 (Molecular Probes) at
1:1,000 for 1 hour at 37 °C. Slides were washed with PBS three times for 5 minutes each and
mounted with ProLong Antifade (Molecular Probes). Staining was visualized using a Zeiss
Axiocam microscope and Mre11-positive cells were counted as those with greater than three
distinctly visible nuclear foci. Counts were done on three separate experiments and verified by
two independent observers.

Comparative Genomic Hybridization
Genomic DNA was isolated from two 100mm2 dishes of cultures grown continuously for 20
passages from the lines GM3617T/pSuper.Retro.Neo.Gfp, GM3617T/
pSuper.Retro.p53.Neo.Gfp, GM5659DT/pSuper.Retro.Neo.Gfp, and GM5659DT/
pSuper.Retro.p53.Neo.Gfp cells. Cells were trypsinized and resuspended in 3 mL of Tris-
EDTA buffer, to which was added 100 μL of 20% SDS and 20 μL of 200 mg/mL DNAse-free
proteinase K (Roche Biochemicals) and incubated overnight at 55° C. Subsequently, 1 mL of
saturated NaCl solution was added, followed by 10 mL of ethanol. The DNA precipitated and
was collected by centrifugation at 2,000 X g for 5 minutes, washed with 70% ethanol, and
dissolved in water. The DNA was further purified by two extractions with
phenol:chloroform:isoamyl alcohol (25:24:1, Invitrogen) followed by one extraction with
chloroform:isoamyl alcohol (24:1, Invitrogen) and dissolved in water. The DNA concentration
was measured using a fluorimeter (Versa Fluor, BioRad) and Hoecst dye. 2 μg of DNA was
hybridized onto a BAC array by the staff at the Microarray Core, Comprehensive Cancer
Center, University of California, San Francisco, according to published methods [40]. Data
were analyzed using SPOT [62] and SPROC software.
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Figure 1.
Efficacy of retroviral shRNA directed against p53 in reducing gene expression and protein
levels. (A) Effect on basal p53 expression as measured by Taqman in XP-V (GM3617T) and
wild-type (GM5659DT) cells. (B) Effect on basal p21 expression as measured by Taqman in
XP-V (GM3617T) and wild-type (GM5659DT) cells. (C) Western blots using antibody to
ser-15 phospho-p53 showing the basal and damage-inducible p53 protein levels in XP-V
(GM3617T) and wild-type (GM5659DT) cells. Bar graphs in the right panels are densitometry
plots of band intensities in the adjacent Western blots, with basal p53 levels in vector-treated
cells set to 100%. Loading controls, β actin, shown below each western. (D) Relative expression
of p21, as a ratio to expression of GUS (see methods) as a function of UV irradiation and
shRNA down-regulation of p53.
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Figure 2.
Flow cytometric analysis of normal (GM5659DT) and XPV (GM3617T) cells irradiated with
0 (A,B,C,D) or 5.2 J/m2 of UV (C,D,G,H) and harvested 16 hours later and stained with
propidium iodide. G1 and G2 peaks identified in upper left panel. A: GM5659DT cells infected
with pUper.Retro.Neo.Gfp vector. E: unirradiated GM3617T cells infected with
pSuper.Retro.Neo.Gfp vector. B: UV-irradiated GM5659DT cells infected with
pSuper.Retro.Neo.Gfp vector. F: GM3617T cells infected with pSuper.Retro.Neo.Gfp vector,
grown in medium after UV. C: UV-irradiated GM5659DT cells infected with
pSuper.Retro.p53.Neo.Gfp or lower, unrradiated pSuper.Retro.p53.Neo.Gfp GM3617T cells.
D: UV-irradiated GM5659DT cells infected with pSuper.Retro.p53.Neo.Gfp or H, UV-
irradiated pSuper.Retro.p53.Neo.Gfp GM3617T cells.
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Figure 3.
Survival of normal and XP-V cells after UV irradiation. , infected with pSuper.Retro.Neo.Gfp
vector; , infected with pSuper.Retro.Neo.Gfp vector and grown in caffeine after UV; , infected
with p53 shRNA-expressing pSuper.Retro.p53.Neo.Gfp; , infected with p53 shRNA-
expressing pSuper.Retro.p53.Neo.Gfp and grown in caffeine after UV.
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Figure 4.
A. FACS scans of γH2Ax versus propidium iodide (DNA content) in GM5659T, GM5659T
plus shRNA against p53, and GM637 (normal SV40 transformed) cells that were unirradiated
or irradiated with 20 J/m2 and harvested 4 hr later. B. p53-dependence of Mre11 foci in XPV
and normal cells. Histograms of the percentage of XP-V and normal cells showing Mre11 foci
after stable (left panel) or transient (right panel) infection with pSuper.Retro.p53.Neo.Gfp or
its vector control. Open bars (1), vector-infected no irradiation control; grey bars (2), vector-
infected cells after 13 J/m2 UV; hatched bars (3), unirradiated cells infected with
pSuper.Retro.p53.Neo.Gfp; black bars (4), cells infected with pSuper.Retro.p53.Neo.Gfp after
13 J/m2 UV.
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Figure 5.
Chromosome gains and losses in normal and XP-V fibroblasts with or without p53 inhibition
grown continuously for 20 passages. The genes are ordered by chromosome location from left
to right and plotted against amplitude of copy number change. A, normal fibroblasts stably
infected with the pRetro vector; B, vector- infected XP-V fibroblasts; C, normal fibroblasts
stably infected with pRetro-p53; D, XP-V fibroblasts stably infected with pRetro-p53; E,
SV40-transformed normal fibroblasts (GM637); F, SV40-transformed XP-V fibroblasts
(XP30RO).

Laposa et al. Page 16

DNA Repair (Amst). Author manuscript; available in PMC 2008 December 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Laposa et al. Page 17
Ta

bl
e 

1
Ph

en
ot

yp
es

 o
f h

um
an

 X
P-

V
 c

el
ls

 in
 w

hi
ch

 p
53

 is
 in

ac
tiv

at
ed

 b
y 

di
ff

er
en

t m
ea

ns
 a

nd
 p

os
si

bl
e 

ad
di

tio
na

l p
53

-d
ep

en
de

nt
 o

r i
nd

ep
en

de
nt

m
ec

ha
ni

sm
s i

nv
ol

ve
d 

in
 v

ira
l t

ra
ns

fo
rm

ed
 c

el
ls

 (s
ee

 [2
3]

 a
nd

 th
is

 st
ud

y)
.

C
el

l
ty

pe
P5

3 
st

at
us

U
V

se
ns

iti
vi

ty
C

af
fe

in
e

se
ns

iti
za

tio
n

A
po

pt
os

is
 (A

)
or

se
ne

sc
en

ce
 (S

)

A
dd

iti
on

al
 p

os
si

bl
e

m
ec

ha
ni

sm
s

N
or

m
al

N
or

m
al

N
or

m
al

N
or

m
al

S
--

--
--

--
--

--
--

-
SV

40
La

rg
e 

T
co

m
pl

ex
+

++
+

A
En

ha
nc

ed
 U

V
ap

op
to

si
s b

y 
p5

3
H

PV
16

(E
6/

E7
)

D
eg

ra
de

d
++

+
N

o 
fu

rth
er

in
cr

ea
se

 in
se

ns
iti

vi
ty

S
A

TR
 o

r H
R

ta
rg

et
ed

 b
y 

E6
ub

iq
ui

tin
at

io
n 

(?
)

sh
R

N
A

R
ed

uc
ed

ex
pr

es
si

on
+

Sa
m

e 
as

 in
no

rm
al

 c
el

ls
S

--
--

--
--

--
--

--
--

--
-

DNA Repair (Amst). Author manuscript; available in PMC 2008 December 1.


