Molecular Cancer Therapeutics

Adenovirus-mediated wild-type p53 radiosensitizes human
tumor cells by suppressing DNA repair capacity
Nand K. Sah,1 Anupama Munshi,1
Takashi Nishikawa,1 Tapas Mukhopadhyay,2
Jack A. Roth,2 and Raymond E. Meyn1
1
Departments of Experimental Radiation Oncology and 2 Thoracic
and Cardiovascular Surgery, University of Texas MD Anderson
Cancer Center, Houston, TX

Abstract
Functional inactivation of the p53 gene and robust DNA
repair capacity may be among the salient causes of radioresistance in tumor cells. We expressed the wild-type (wt)
p53 gene in a p53-mutant human epidermoid carcinoma cell
line, A431, using an adenoviral vector [adenovirus-p53 (Adp53), INGN 201], examined its radiosensitivity, and correlated p53 status and radiosensitivity with cellular repair
functions. Using clonogenic survival assays and the terminal
deoxynucleotidyl transferase-mediated nick end labeling
assay for apoptosis, we demonstrated that preirradiation
treatment with Ad-p53 significantly increased the radiosensitivity of A431 cells over controls. Induction of p53
expression using a construct where p53 expression was
under the control of an inducible promoter also significantly
increased radiosensitivity of H1299 lung tumor cells, which
are otherwise null for p53. These results did not correlate
with radiation-induced apoptosis but did correlate with
functional impairment of DNA repair and suppressed
expression of several repair-related genes, such as Ku70,
DNA-dependent protein kinase, ataxia telangiectasia mutated, and X-ray-sensitive complementation group 4. Normal
human fibroblast MRC-9 cells showed no impairment in the
repair capability due to Ad-p53 despite the suppression of
some repair genes. Expression of Ku70, which is known to
mediate diverse cellular functions, correlated with the
differential effects of p53 on radiosensitivity in the normal
and tumor cells. (Mol Cancer Ther. 2003;2:1223 – 1231)

Introduction
Radiotherapy continues to be a frontline treatment for
cancer despite the risk of normal tissue complications.
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Enhancing the antitumor effects by combining radiation
with other agents often allows lower doses to be used,
thereby minimizing side effects. Gene therapy in combination with radiation is one such promising strategy (1 – 6).
It has been estimated that about 50% of all tumors have
mutations in p53, and the p53 pathway may be nonfunctional for other reasons in many more. A number of
investigators have shown that exogenous expression of
wild-type (wt) p53 sensitizes human tumor cells to
radiation in vitro and in vivo (7 – 16).
p53 is well known for its role in monitoring genomic
stability. The mechanisms underlying this function of p53
are not fully understood (17). Nevertheless, it is known that
genetic insults activate p53, which in turn induce downstream repair genes including GADD45, p48XPE, and XPC
(17 – 19) that are involved in the nucleotide excision repair
(20) and base excision repair (21, 22) processes. Genetic
insults may also lead to DNA double-strand breaks (DSB)
that are repaired by interchromosomal and intrachromosomal homologous recombination (HR) and nonhomologous
end joining (NHEJ). The NHEJ pathway is especially important for repairing radiation-induced DSBs. Factors that
are known to participate in NHEJ include Ku70, Ku80, DNAdependent protein kinase (DNA-PK) catalytic subunit
(DNA-PKcs), Artemis, X-ray-sensitive complementation
group 4 (XRCC4), and DNA ligase IV (23, 24). Deficiency
of any of these factors also results in defects in V(D)J
recombination, leading to severe combined immunodeficiency. There are conflicting reports in the literature regarding the role of wt-p53 in the regulation of NHEJ.
Several reports show a positive involvement of wt-p53 in
accentuating NHEJ (25 – 28), but others have demonstrated down-regulation of NHEJ-mediated DSB repair by wtp53 (29). The multiple functions of wt-p53 are tightly
regulated by several molecular processes including posttranslation modification (30, 31), multiple-site phosphorylation (32 – 34), acetylation (35), multiple protein-DNA
interactions (36), conformational changes (37), and sumoylation and glycosylation (36) depending on the cell type.
We therefore hypothesized that p53 may play distinct roles
in governing DNA repair capacity in normal and transformed cells.
To test whether radiosensitization of human tumor cells
by the gene therapy vector adenovirus-p53 (Ad-p53) is
due to suppression of NHEJ, we treated human p53mutant epidermoid carcinoma A431 cells and examined
the expression of proteins that participate in NHEJ. We
found that Ad-p53 radiosensitized A431 cells and that this
effect correlated with a down-modulation of proteins
involved in NHEJ. Normal human fibroblasts were not
radiosensitized by Ad-p53, which suggests that Ad-p53
has a differential effect on DNA repair in tumor cells
versus normal cells.
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Materials and Methods
Cell Culture
The human epidermoid carcinoma cell line A431 was
obtained from American Type Culture Collection (Rockville, MD). The cells were maintained in DMEM-F12 growth
medium supplemented with 10% FCS, 10-mM glutamine,
and 100-unit/ml penicillin G + 100-Ag/ml streptomycin.
Cells were grown at 37jC in 95% air/5% CO2. The H1299
non-small cell lung cancer cell line carrying a stably
transfected ecdysone-inducible p53 construct (38) was
maintained in RPMI 1640 with 10% FCS, 10-mM glutamine,
100-unit/ml penicillin G, 100-Ag/ml streptomycin, 200-Ag/
ml G418 (Life Technologies, Inc., Rockville, MD), and
100-Ag/ml zeocin (Invitrogen, Carlsbad, CA). The MRC-9
normal human fibroblast cells were cultured in a-MEM
containing 10% FCS, 10-mM glutamine, 100-unit/ml penicillin G, and 100-Ag/ml streptomycin supplemented with
nonessential amino acids and vitamins.
Adenovirus
The E1-deleted adenovirus-h-gal (Ad-h-gal), Ad-p53,
and adenovirus-luciferase (Ad-luc) vectors were obtained
from Introgen Therapeutics (Houston, TX). Ad-luc was
used as a control vector for all experiments.
Antibodies
Antibodies to p21 and Ku70 were obtained from Santa
Cruz Biotechnologies, Inc. (Santa Cruz, CA). Antibody to
p53 was purchased from DAKO Corp. (Carpinteria, CA).
Antibodies to h-actin and Ku80 were obtained from Sigma
(St. Louis, MO). Antibodies to DNA-PKcs, XRCC4, and
ataxia telangiectasia mutated (ATM) were purchased from
GeneTex (San Antonio, TX).
Gene Delivery
A431 cells (0.5  106) were plated in 100-mm culture
dishes. Forty-eight hours after plating, cells were infected
with vector for 1 h in 1 ml of serum-free medium. After
infection with the appropriate vector, complete medium
with 10% FBS was added to the cells. Cells were incubated
for an additional 48 h. Infectivity of the cells was tested
using Ad-h-gal followed by h-gal expression. For this,
25  103 cells/well were seeded in each well of a six-well
plate, infected (103 viral particles [vp]/cell) with Ad-h-gal,
and incubated for 24 h. X-gal (1 mg/ml) was used to stain
cells for h-gal, and the cells were incubated overnight. The
cells were then fixed in 10% formalin, washed in PBS, and
kept in PBS at 4jC. Blue-stained cells were considered
infected with Ad-h-gal.
Irradiation
Cells growing in log phase were exposed to 137Cs at a
dose rate of 3.5 Gy/min.
Clonogenic Assay
The effectiveness of the combination of Ad-p53 and
ionizing radiation was assessed by clonogenic assays as
detailed in a previous publication (13). Briefly, A431 cells
growing in log phase were infected with Ad-p53 or Ad-luc
vector as mentioned above and after 48 h exposed to
radiation. Following irradiation, the cells were trypsinized
and counted, and known numbers were seeded in 100-mm

culture dishes in two sets of triplicates for each dose of
radiation; sufficient numbers were seeded to ensure that
about 50 – 100 macroscopic colonies would appear in each
plate at the end of 8 – 10 days. Colonies were stained with
0.5% gentian violet solution and counted. The percent
plating efficiency and surviving fraction were calculated
for each radiation dose. The percent plating efficiency for
each dish was calculated by dividing the number of
colonies by the number of cells plated and multiplying by
100. The surviving fraction for each radiation dose was then
calculated by dividing the plating efficiency determined for
that treatment by the plating efficiency for the appropriate
unirradiated control. The survival curves shown were
normalized for the toxicity of the vectors by using the
treatments with vector alone as the appropriate unirradiated controls for the vector + radiation survival curves. The
width of the shoulder region of the survival curves, a
classical indication of the relative repair capacity of the cells
(39), was calculated by graphical analysis as the quasithreshold dose or Dq (40).
Western Blot
Cells were harvested after treatment with Ad-p53 or Adluc and lysed by vortexing in a lysis buffer containing
50-mM HEPES (pH 7.0), 150-mM NaCl, 1.5-mM MgC2, 1-mM
EGTA, 100-mM NaF, 10-mM sodium pyrophosphate, 10%
glycerol, and 1% Triton X-100. The buffer was fortified with
1-mM sodium orthovanadate, 2-mM phenylmethylsulfonyl
fluoride, 10-Ag/ml aprotinin, and 10-Ag/ml leupeptin at
the time of use. The lysate was incubated on ice for 20 min
and centrifuged at 12,000 rpm at 4jC for 15 min to remove
any cellular debris. Protein concentration of the lysates was
determined by the Bio-Rad protein assay method. Equal
amounts of the protein were resolved on 7 – 12% polyacrylamide gels and transferred to Immobilon membrane
(Millipore, Billerica, MA). The membrane was washed in
Tris (20 mM)-buffered saline (150 mM; pH 7.4) + 0.05 – 0.1%
Tween (TBS-T) and blocked in a blocking buffer as
suggested by the manufacturer for 1 h at room temperature
(RT) or at 4jC overnight. After being washed with TBS-T
again, the membrane was incubated with primary antibody
in a suitable buffer for 1 h at RT or overnight at 4jC. The
membrane was then incubated with a compatible secondary antibody tagged with horseradish peroxidase for 1 h at
RT and developed by enhanced chemiluminescence
(Amersham, Piscataway, NJ) on a STORM 860 PhosphorImager (Molecular Dynamics, Sunnyvale, CA).
Terminal Deoxynucleotidyl Transferase-Mediated
Nick End Labeling Assay by Flow Cytometry
Terminal deoxynucleotidyl transferase-mediated nick
end labeling (TUNEL) was performed using the APOBRDU kit (PharMingen, San Diego, CA) to quantify
induction of apoptosis following manufacturer’s instructions. Briefly, A431 cells were fixed in 1% (w/v) paraformaldehyde in PBS and incubated on ice for 15 min. Then,
the cells were washed thrice with PBS and preserved in
70% (v/v) ethanol overnight. About 1  106 cells/
treatment, in duplicate, along with positive and negative
controls, were counted, pelletized, washed twice with wash
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buffer, and subjected to labeling reaction using terminal
deoxynucleotidyl transferase overnight at RT. At the end of
the reaction, cells were rinsed twice before treatment with
fluorescein-labeled anti-BrdU antibody solution in the dark
for 30 min at RT. The cells were stained with propidium
iodide/RNase solution for 30 min in the dark and analyzed
by flow cytometry (Epics XL-MCL, Beckman Coulter Corp.,
Miami, FL).
RNase Protection Assay
Cells were harvested following treatment with the
vectors, and RNA was extracted using TRIZOL (Life
Technologies) reagent following the company’s protocol.
RNase protection assay (RPA) was performed using a kit
(PharMingen) following manufacturer’s instructions. Briefly, a radioactive probe using RPA template and [a32P]UTP
was synthesized and purified. The probe was then
hybridized with 20-Ag total RNA over a period of 15 h.
The hybridized samples were RNase digested to get rid of
the single-strand extensions. The hybridized, blunt-ended
nucleic acid samples were resolved on a 5% polyacrylamide gel as per manufacturer’s instructions. The gel was
blotted onto a piece of Whatman paper (3 mm), dried for 1 h
at 80jC under vacuum, and analyzed on a STORM 860
PhosphorImager (Molecular Dynamics). The intensity of
the bands in different samples was quantified using a
densitometer and the Image Quant program (Molecular
Dynamics) and normalized to the intensity of the housekeeping gene transcript (glyceraldehyde-3-phosphate dehydrogenase, GAPDH). The differences were represented
as percent of control.
Host Cell Reactivation Assay
Ten thousand cells were plated in each well of six-well
plates. The cells were infected with Ad-p53 or Ad-luc at
500 – 1000 vp/cell followed by a 48-h incubation. The cells
were then infected with Ad-h-gal (1  103 vp/cell) that had
been irradiated with 0 – 4000 Gy of g-radiation (source,
137
Cs) and incubated for an additional 24 h. This dose of
4000 Gy is necessitated by the small genome size of the
adenoviral vector compared with a mammalian cell.
Calculations indicate that this dose will produce about
1 – 2 DSBs/vector particle. The cells were then stained with
X-gal following the procedure described above and fixed in
10% formalin. h-gal-positive (blue) cells were scored under
high power (40) of a light microscope. The data are
presented as percent of control.

Results
Adenovirus-Mediated p53 Gene Expression Enhances
Radiosensitivity of A431 Cells in a Dose-Dependent
Manner
Having confirmed by h-gal assay that human epidermoid A431 carcinoma cells are significantly infectable by
adenoviral vectors (data not shown), we treated them with
the gene therapy vector Ad-p53 and examined p53 protein
expression by Western blot analysis. Expression of p53
increased with the increasing dose of vector (Fig. 1C). We
observed that A431 cells were significantly sensitized by

Figure 1. Ad-p53 expression enhances radiosensitivity of A431 cells as
a function of vector dose (vp/cell) and radiation dose (Gy) in A431 cells. A,
cells growing in log phase were infected with 500 – 2000 vp/cell as
described in ‘‘Materials and Methods’’ and incubated for 48 h followed by
exposure to 0 – 6 Gy of g-radiation. The cells were harvested, counted,
and plated in triplicate for clonogenic assay. B, equal doses of control
vector (Ad-luc) and Ad-p53 (1000 vp/cell) were used for infecting A431
cells as described and the cells were exposed to g-radiation and subjected
to clonogenic assay. Points, average of two independent experiments;
bars, SE. C, Western blot results showing expression of p53, Bax, and
p21 as a function of vp/cell. Blots, representative of at least two
independent experiments. h-actin is shown as a loading control.

Ad-p53 to g-radiation in a dose-dependent manner
(Fig. 1A). A431 exhibited a typical clonogenic survival
curve with a shoulder signifying cellular repair capacity
(39). Doses of 2, 4, and 6 Gy of g-radiation alone killed
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about 35%, 63%, and 90% of cells, respectively. Ad-p53 (500
vp/cell) enhanced the cell killing to 68%, 90%, and 97% at
2, 4, and 6 Gy of g-radiation, respectively. The shoulder of
the survival curve was lost at this level of expression of p53
as indicated by a reduction in Dq from 1.25 Gy for the
control curve to 0.2 Gy for the Ad-p53 (500 vp/cell) curve.
A further increase in p53 expression, produced by 1000 vp/
cell, increased the radiosensitizing effect somewhat, but
2000 vp/cell did not increase it further. These results led us
to conclude that p53 expression equivalent to that
produced by 1000 vp/cell in A431 cells produces maximum
radiosensitivity. As shown in Fig. 1B, Ad-luc (1000 vp/cell)
as a control vector did not significantly change radiosensitivity compared with that in untreated cells. As expected,
the Ad-p53 vector produced a toxic effect when used as a
single agent reducing plating efficiency of A431 cells from
about 70% in the controls to about 16% following treatment
of 1000 vp/cell. This effect appeared to be a result of the
expression of wt-p53 as the Ad-luc vector was not toxic in
these cells. These survival curves described above have
been normalized for vector toxicity as described in
‘‘Materials and Methods.’’
Ad-p53 Enhances Radiation-Induced Apoptosis
The TUNEL assay was used to determine if Ad-p53
enhances radiation-induced apoptosis in A431 cells. Data
presented in Fig. 2 are representative of three independent
observations. Radiation alone was very ineffectual in
inducing apoptosis in A431 cells. However, Ad-p53
potently induced apoptosis and substantially sensitized
A431 cells to radiation-induced apoptosis. This degree of
sensitization appeared to be greater than additive. For
example, 6 Gy alone induced about 2% apoptosis over the
background level and Ad-p53 induced about 13% apoptosis over background. The combination, however, induced
about 26% over the background level. This sensitizing
effect was not observed after Ad-luc infection.

Figure 2. Ad-p53 induces apoptosis in A431 cells, which is further
accentuated by radiation. Cells were either mock infected or infected with
Ad-luc or Ad-p53 at 1000 vp/cell, incubated for 48 h, and irradiated (0 – 6
Gy). The cells were harvested 48 h after irradiation, fixed in 1%
paraformaldehyde, and processed following manufacturer’s instructions
for apoptosis assay using the APO-BRDU kit.

Ad-p53 Suppresses the DNA Repair Capacity of
A431Cells
Based on the large reduction in Dq seen in the survival
curves (Fig. 1), we performed host cell reactivation (HCR)
assay to determine if the radiosensitizing effect of Ad-p53
could be explained as a suppression of the DNA repair
capacity of the A431 cells. For this, A431 cells, pretreated
with either Ad-p53 or Ad-luc, were subsequently infected
with Ad-h-gal that had been irradiated with 0 – 4000 Gy of
g-radiation. The ability of the A431 cells to reactivate the
irradiated Ad-h-gal based on h-gal expression was assessed
24 h later. The results of these experiments, presented as
percent of controls using unirradiated Ad-h-gal (Fig. 3),
show that Ad-p53-pretreated A431 cells had a significantly
(P z 0.01) lower capacity to reactivate irradiated Ad-h-gal
compared with A431 cells that received either no treatment
or Ad-luc pretreatment.
Ad-p53 Treatment Suppresses the Expression of Proteins Involved in NHEJ
As shown in Fig. 4, Ad-p53 infection led to overexpression of p53 as compared with control and Ad-luctreated cells. Expression of the cyclin-dependent kinase
inhibitor p21WAF1/CIP1 and proapoptotic protein Bax
followed a pattern of enhanced expression similar to that
of p53 in Ad-p53-treated cells. Irradiation of untreated or
Ad-luc-treated cells did not enhance p21 or Bax expression
consistent with the mutant status of p53 in this cell line. It
appears that radiation-induced expression of these genes
was masked by their overexpression in the Ad-p53-treated
cells. The expressions of several proteins involved in NHEJ
(i.e., DNA-PKcs, Ku70, and XRCC4) were significantly
suppressed by Ad-p53. This effect was not produced to the
same degree in the Ad-luc controls. The most dramatic
effect of Ad-p53 was observed for XRCC4, the expression of
which appeared to be completely inhibited. Expression of
Ku80, on the other hand, was unaffected by Ad-p53.
Transcription of DNA Repair Genes Is Significantly
Suppressed by Ad-p53 Treatment of A431Cells
We performed a RPA to determine if the lowered
expression of proteins involved in DNA repair by Ad-p53
could be explained by an inhibition of transcription of the
genes that encode these proteins. Fig. 5 indicates that, after
normalizing for expression of the loading control
(GAPDH), Ad-p53 suppressed the transcription of ATM,
DNA-PKcs, XRCC4, Ku70, and Ku80. Transcription of
ATM appeared to be the most affected (95%). Ad-luc
appeared to exert a slight inhibitory effect on ATM and
XRCC4 gene transcription but significantly less so than that
seen in the Ad-p53-treated cells.
Expression of p53 Radiosensitizes Cells and Impairs
NHEJ in H1299 Cells
As a further test of the ability of overexpressed p53 to
down-regulate DNA repair proteins and radiosensitize
tumor cells, we examined H1299 cells that had been stably
transfected with p53 under the control of the ponesterone A
(Pon A)-inducible promoter (38). Exposure of the cells with
induced p53 to g-radiation significantly reduced clonogenic
survival compared with cells lacking induced p53 (Fig. 6).

Downloaded from mct.aacrjournals.org on November 21, 2019. © 2003 American Association for Cancer
Research.

Molecular Cancer Therapeutics

Figure 3. Ad-p53 suppresses HCR in A431 cells. Cells (2  104) were
seeded in each well of six-well plates, infected with Ad-p53 or Ad-luc at
1000 vp/cell or mock infected, and incubated for 48 h. They were then
reinfected with irradiated (0 – 4000 Gy) Ad-h-gal at 1000 vp/cell for
another 24 h. The cells were then stained for h-gal. The h-gal-positive cells
were counted and recorded. The percent positive cells were normalized to
controls for comparison. Points, average of at least four independent
experiments; bars, SE.

Data presented in Fig. 7A show that induction of p53 by
Pon A significantly (P z 0.01) suppressed HCR in the
H1299 cell system. Western blot analysis revealed that a
robust expression of p53 and its downstream cyclindependent kinase inhibitor, p21, was induced in these
cells by Pon A (Fig. 7B). Under these conditions, there was
a modest suppression of DNA-PKcs, ATM, Ku70, and
XRCC4 protein levels. Expression of Bax and Ku80,
however, remained unaffected. The negligible effect of
p53 on the expression of Bax in Pon A-treated cells was
somewhat surprising. However, this was consistent with
the results of TUNEL assay in which Pon A-induced p53
showed no tangible effect on radiation-induced apoptosis

in these cells; total TUNEL-positive cells measured 48 h after
6 Gy was 5.4% in the Pon A-treated cells versus 5.1% in the
control. Taken together, these results largely confirmed our
observations obtained using Ad-p53 in A431 cells.
Ad-p53 Does Not Suppress NHEJ Repair of DSB in
Normal MRC-9 Cells
We previously reported (13) that Ad-p53 does not affect
the radiosensitivity of the normal human fibroblast MRC-9
cell line. Therefore, we examined the effect of Ad-p53
expression on the ability of these cells to carry out HCR.
Treatment of MRC-9 cells with Ad-p53 does not suppress
their capacity to carry out HCR as compared with
untreated controls or treatment with Ad-luc (Fig. 8A).
Ad-p53 had a suppressive effect on DNA-PKcs, ATM, and
XRCC4 protein levels (Fig. 8B). Ku70 and Ku80 levels,
however, remained unaffected. Interestingly, there was no
enhanced expression of p21 or Bax by Ad-p53 in MRC-9
cells, correlating with the lack of any restoration of
radiation-induced apoptosis seen in these cells following
this treatment (13).

Discussion
The p53 tumor suppressor gene plays a critical role in
preventing cancer development by regulating a number of
cellular processes that are initiated following genotoxic
stress (36). In addition to its ability to initiate the demise
of damaged cells by apoptosis, it is now understood that
p53 is involved in other signaling pathways leading to
growth arrest in cells with damaged DNA (41). It has also
been hypothesized that p53 may participate in the
mechanisms of DNA repair. Thus, loss of p53 function
may contribute to tumor cell progression through enhanced genomic instability (23). Based on this concept,
strategies have been developed for manipulating the p53
pathway in the treatment of human cancer (42). One such
approach involves replacement of wt-p53 into tumor cells
by gene therapy. A phase I clinical trial of this strategy

Figure 4. Ad-p53 suppresses DSB repair proteins in A431 cells. Cells were
mock infected or treated with Ad-p53 or
Ad-luc at 1000 vp/cell and incubated for
48 h followed by exposure to 0 – 6 Gy.
The cells were harvested and lysed, and
30-Ag protein was electrophoresed and
subjected to Western blot analysis as
described in ‘‘Materials and Methods.’’
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Figure 6. Induction of p53 also enhances radiosensitivity. H1299 cells,
stably transfected with a construct carrying the p53 gene under control of
a promoter that is inducible by Pon A, were treated with 5-AM Pon A for
24 h. The rest of the procedure was the same as in Fig. 1. Points, average
of at least three independent experiments; bars, SE.

Figure 5. Ad-p53 significantly inhibits transcription of repair genes in
A431 cells. A, cells were mock infected or treated with Ad-p53 or Ad-luc
at 1000 vp/cell and incubated for 48 h. Total RNA was isolated from these
samples, and 20 Ag of RNA for each sample were used for analyzing the
effect of Ad-p53 on transcription of repair genes by RPA as described in
‘‘Materials and Methods.’’ B, densitometric analysis of the RPA gel was
carried out to quantitate the changes in DNA repair genes.

using Ad-p53 illustrated the safety and modest efficacy of
this vector when used as a single agent. However, as it
would be expected that Ad-p53 might also sensitize human tumors to DNA damaging agents, clinical trials have
also been conducted where Ad-p53 was combined with
either cisplatin or radiation therapy (43). Results of the
first trial where patients with non-small cell lung cancer
were treated with the combination of Ad-p53 and radiation therapy have recently been published (44). These
investigators concluded that intratumoral injection of Adp53 followed by radiation therapy was well tolerated and
demonstrated evidence of tumor regression. As additional
trials of this strategy are now being planned, it becomes
imperative to understand the mechanism by which restoration of wt-p53 radiosensitizes human tumor cells. The
present study examined whether p53 radiosensitized cells
by suppressing the repair of radiation-induced DNA damage.
As shown in Fig. 1, Ad-p53 significantly enhanced the
radiosensitivity of human epidermoid A431 carcinoma
cells as determined based on clonogenic survival. The
control Ad-luc vector produced a negligible effect on A431
radiosensitization, indicating that the radiosensitizing

Figure 7. Induced p53 also suppresses HCR and related proteins in
H1299 cells. The experimental details are described in Fig. 3. A, HCR
assay results. Points, average of two independent experiments; bars, SE,
B, Western blot for repair proteins. Blots, representative of at least two
independent experiments. Actin was used as a loading control.
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Figure 8. Effect of Ad-p53 on HCR and related proteins in normal
human fibroblast MRC-9 cells. A, HCR assay results. Columns,
representative of four independent experiments; bars, SE. B, Western
blot for repair proteins.

effect of Ad-p53 is mediated by expression of p53 and not
due to a nonspecific effect of the vector. These results are
consistent with several previous reports (7 – 16) where Adp53 was shown to radiosensitize other types of human
tumor cells. In one of these reports, we used isobologram
analysis to demonstrate that the combination of Ad-p53
and radiation inhibited the growth of human lung cancer
cells in a synergistic manner (12). Ad-p53 also restored
radiation-induced apoptosis in A431 cells as shown in
Fig. 2. However, this effect could not be reconciled with
enhanced loss of clonogenic survival because radiationinduced apoptosis was not enhanced in the H1299 cells
when wt-p53 was overexpressed although loss of clonogenic survival was enhanced. Thus, although restoration
of radiation-induced apoptosis may partly explain enhanced radiosensitivity in some settings, this cannot be a
universal explanation for the ability of p53 to radiosensitize human tumor cells. Especially in the case of
ionizing radiation, mammalian cells may die by modes
other than or in addition to apoptosis including senes-

cence and mitotic catastrophe (45). Both of these modes
may result from unrepaired or misrepaired DNA damage;
therefore, we assessed whether cellular DNA repair
processes were affected in the context of overexpression
of wt-p53.
Although the repair of radiation-induced DSBs can be
detected using pulsed-field gel electrophoresis techniques,
this approach is insensitive to some types of misrepaired
lesions. Thus, we chose to assess DNA repair in this
investigation using HCR. This relatively old approach (46)
was updated to incorporate expression of a reporter gene as
the readout; radiation-induced DNA lesions in the reporter
gene must be repaired by the host cell with complete
fidelity in order for functional gene expression to be
restored. The results of our HCR assays (Fig. 3) indicate
that pretreating the A431 cells with Ad-p53 suppresses
their ability to restore reporter gene expression using
irradiated Ad-h-gal vector by nearly 50% when compared
with controls. This degree of suppression has biological
significance based on the fact that as part of another study,
we have shown that a DNA-PK-deficient cell line, MO59J,
displays a similar degree of suppression in this same HCR
assay when compared with its DNA-PK-proficient control
cell line, MO59K.1 There, the h-gal expression following
irradiation of the Ad-h-gal vector with 4000 Gy was
reduced from 41.2 F 7.9% in the MO59K cells to 22.9 F
2.0% in the MO59J cells. The ability of overexpressed
wt-p53 to radiosensitize human cells as determined based
on clonogenic survival correlated with suppressed capacity
for HCR for all three cell systems examined in this study
[i.e., A431 cells treated with Ad-p53 (Fig. 3), H1299 cells
where wt-p53 expression was induced with an expression
vector (Fig. 7), and MRC-9 cells treated with Ad-p53
(Fig. 8)]. We hypothesized based on these data that
overexpression of wt-p53 in this context radiosensitized
cells by suppressing their capacity for repairing radiationinduced DNA lesions.
The HCR assays detect changes in the total DNA repair
capacity of the cell but do not reveal which DNA repair
pathways are being affected because restoration of
reporter gene expression would be expected to require
the repair of all radiation-induced DNA lesions (i.e.,
single-strand breaks, DSBs, damaged bases, etc.), whereas
clonogenic survival is mainly affected by the NHEJ repair
pathway. Thus, based on the correlation established
above, we tested whether overexpression of wt-p53 could
specifically suppress critical elements of the NHEJ
pathway. As shown in Fig. 4, treatment of A431 cells, as
expected, resulted in the enhanced expression of p21 and
Bax protein. The genes for both of these products are
known to be up-regulated by wt-p53. However, Ad-p53
treatment resulted in the suppressed expression of several
proteins that are known to be critically important in

1
T. Nishikawa, A. Munshi, M. D. Story, S. Chada, and R. E Meyn. Adenoviralmediated MDA-7 expression suppresses DNA repair capacity and radiosensitizes a
non-small cell lung cancer cells, manuscript in preparation.
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NHEJ. Expression of DNA-PK, XRCC4, ATM, and Ku70
was lower in the cells following Ad-p53 compared with
controls. The expression of Ku80 was not affected. A
similar pattern was observed in the H1299 cells where
wt-p53 was induced with an expression vector. In the
H1299 cells, however, Bax expression was not enhanced,
suggesting that p53-mediated Bax expression may be
responsible for the restoration of radiation-induced apoptosis in the A431 cells that is absent in the H1299 cells.
This lack of apoptosis in the H1299 cells also suggests that
the suppressed expression of these proteins in the A431
cells following Ad-p53 treatment is not due to a general
proteolytic degradation associated with the apoptosis seen
in those cells. The normal human fibroblast cell line,
MRC-9, displayed a somewhat different pattern following
treatment with Ad-p53 (Fig. 8). In this case, although the
expression of DNA-PK, ATM, and XRCC4 was lower in
the Ad-p53-treated cells compared with controls, the
degree of suppression appeared to be less than that seen
in the A431 and H1299 cells. Moreover, there was
essentially no suppression of Ku70 expression in the
MRC-9 cells. These data when taken together suggest that
one mechanism by which overexpressed wt-p53 radiosensitizes tumor cells is by suppressing the expression of
certain proteins critical to the repair of radiation-induced
DSBs by the NHEJ pathway. This suppression appears to
occur at the level of gene transcription at least for the
A431 cells treated with Ad-p53 based on the RNase
protection data shown in Fig. 5.
As shown in our previous report, normal human
fibroblasts are not radiosensitized by Ad-p53 (13). Here,
we extend this observation to the level of DNA repair as
assessed using HCR. This may be explained based on a
differential effect of overexpressed wt-p53 on suppression
of the expression of proteins critical for repair. The degree
of suppression of these proteins appeared to be different for
the normal cells compared with the tumor cells, especially
for Ku70, a protein required for NHEJ. It is possible that
levels of Ku70 are rate limiting for the NHEJ pathway.
wt-p53 is a transcription factor, the activity of which is
governed by a number of post-translational modifications
including phosphorylation at several sites in the protein
(30). Thus, it is conceivable that replacing wt-p53 in a null
or mutant p53 background produces different effects
compared with overexpressing it in a normal background
due to the different patterns of regulation of its activity that
preexist in these different contexts. Indeed, it appears that
some p53-defective tumor cells have increased NHEJ
activity. Gaymes et al. have recently shown that HL60 cells
(defective p53) have a 5 – 6-fold higher level of Ku70/Ku80mediated ligation of DSBs compared with normal cells
including normal fibroblasts (47). Thus, wt-p53 may
normally act to suppress error-prone DNA repair pathways
such as NHEJ as part of its overall maintenance of genomic
stability. In the absence of this function, tumor cells may
have enhanced NHEJ activity leading to radioresistance.
Other explanations for the ability of overexpressed
wt-p53 to radiosensitize tumor cells but not normal cells
include the possibilities that DNA repair pathways in

addition to NHEJ are also differentially regulated in these
cell types and that p53 may modulate DNA repair through
mechanisms in addition to its activity as a transcription
factor. Our observations reported here include the fact that
levels of ATM were affected by p53. In addition to its role
in NHEJ, ATM is also required for normal HR (48). Our
HCR assay would be expected to include a component of
HR. Thus, aspects of HR could also be differentially
affected by wt-p53 in normal versus tumor cells. A direct
participation of p53 protein in DNA repair has also been
proposed. A recent report demonstrates that wt-p53 protein
can suppress both HR and NHEJ through a mechanism that
does not require its transactivation domain (29). Thus,
wt-p53 may radiosensitize normal and tumor cells differentially through this mechanism as well.
In summary, we have shown that strategies for
restoring wt-p53 function in p53-defective tumor cells
such as Ad-p53 may radiosensitize the cells by suppressing the error-prone NHEJ DNA repair pathway. Although
radiation-induced apoptosis is also restored in this
context, this may be a less important factor. Inhibition of
DNA repair by overexpressed wt-p53 may be due to a
general suppression of the levels of proteins required for
this process. DNA repair may be differentially governed
in normal cells versus tumor cells through the complex
pathways that regulate the activity of p53 itself. A
complete understanding of these effects must await future
studies. However, our observations reported here underscore the need for continued development of strategies for
sensitizing human tumor cells to cancer therapies that kill
cells by inducing DNA damage.
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