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Introduction
Although many improvements of therapeutic techniques,

as well as new therapeutic methods, have been introduced
into cancer treatment, radiotherapy by ionizing radiation
continues to be the frontline treatment for many types of
cancers, including breast cancer[1].  Ionizing radiation is an
effective DNA-damaging agent, producing a range of lesions
in cellular DNA, including base damages, single-strand
breaks, double-strand breaks, DNA–DNA, and DNA–pro-
tein cross-links.  Among them, DNA double-strand breaks
are the most important for cell death by ionizing radiation.  It
is known that 2 major pathways, homologous recombination
(HR) and non-homologous end joining (NHEJ), are involved
in Double Strand Break repair[5].  The proteins that are known
to participate in such DNA repair include DNA-dependent
protein kinases (DNA-PK), Ku70 and Ku80, and X-ray-
sensitive complementation group 4 (XRCC4), and DNA

ligase IV[6,7].
Tob1, a member of the Transducing Molecule of ErbB2/

B-cell Translocation G gene (Tob/BTG) family, is an
antiproliferative protein.  Since the exogenous overexpression
of the Tob1 protein induces G1 arrest via the suppression of
cyclin D1, a major player in the G1 checkpoint of cell cycle
progression[8,9].  Increasing evidence suggests that Tob1
may be a new tumor suppressor gene for the following
reasons: (i) mice lacking the Tob1 gene rapidly develop
tumors in lungs, liver, and lymph nodes[10]; (ii) the down-
regulation of Tob1 expression is often observed in human
cancers[11]; and (iii) the inactivation of Tob contributes to the
progression of papillary carcinoma of the thyroid[12], but the
increased expression of Tob1 protein suppresses tumor cell
growth and cell cycle arrest[8,9,13].  The degradation of the
Tob1 protein is through the ubiquitin–proteasome pathway
by the Skip1/Cull/F-box protein-Skp2 ubiquitin ligase[14,15].

Enhancing the antitumor effects by combining ionizing
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radiation with other agents, including gene therapy, often
allows lower doses to be used, thereby minimizing side-
effects.  Tob1 is considered to play a role in mediating radi-
osensitivity for the following reasons: (i) Tob1 inhibits the
expression and promoter activity of cyclin D1.  Cyclin D1 is
most often overexpressed or amplified in breast cancer.  Its
high expression results in a decrease in radiosensitivity[16];
(ii) the activation of Extracellular Signal Regulated Kinases
(ERK)1 and 2  induces Tob phosphorylation[17], while the
downregulation of ERK2 is essential for the inhibition of
radiation-induced cell death[18]; and (iii) Tob1 inhibits estro-
gen receptor-mediated transcriptional activation[19].  It is
known that the estrogen receptor plays a major role in breast
cancer development and mediates radiosensitivity[20,21].  To
test our hypothesis, we employed a system with the aden-
ovirus-mediated expression of Tob1 and found that the
enhanced expression of Tob1 by the adenovirus-mediated
expression of Tob1 increases the radiosensitivity of breast
cancer cells via increasing apoptosis and repressing DNA
repair by mediating the expression of pro-apoptotic protein
Bax and several DNA Double Strand Break repair proteins.

Materials and methods

Cell culture and irradiation  Invasive human breast can-
cer MDA-MB-231 cells were originally purchased from Ameri-
can Type Culture Collection (Manassas, VA, USA) and main-
tained in Dulbecco’s modified Eagle’s medium (Invitrogen,
Carlsbad, CA, USA) supplemented with 5% fetal bovine
serum, 100 unit/mL penicillin, 100 µg/mL streptomycin, and a
mixture of non-essential amino acids (Sigma–Aldrich, St
Louis, MO, USA) at 37 oC in an atmosphere of  5% CO2.
Irradiation was performed with γ-radiation (JL Shepherd Mark
I Radiator, ) with a 137Cs source emitting at a fixed dose rate
of 3.5 Gy/min.

Generation of recombinant adenoviruses  The E1-de-
leted adenovirus-β-gal (Ad-β-gal) was obtained from
Introgen Therapeutics (Houston, TX, USA).  A recombinant
adenovirus (pAd/CMV/V5-DEST; Invitrogen, USA) contain-
ing a 1038-base pair DNA fragment encoding the complete
amino acid sequence of human Tob1 (Ad5-Tob1) between
the CMV promoter and the polyadenylation signal (TK pA)
was prepared as outlined in Figure 1.  These adenoviral

Figure 1. Strategy for the construction of the Ad5-Tob1 recombinant adenovirus and cell infection. Vector contains a transcription unit
containing the CMV promoter/enhancer, a 1038-base pair cDNA encoding full-length Tob1 and a TK pA cassette.
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vectors were propagated in 293 human embryonal kidney
cells (Invitrogen, USA) using the Stratagene MBS mamma-
lian transfection kit (La Jolla, CA, USA) with a modified cal-
cium phosphate transfection protocol.  The transfected cells
were incubated at 37 oC for 7 d, then harvested and subjected
to freezing (liquid nitrogen)/thawing (in a 37 oC water bath)
for 4 cycles.  The cell lysates were centrifuged at 12 000×g
for 10 min at 4 oC, and the supernatant (primary virus stock)
was transferred to a fresh screw-cap mini-centrifuge tube and
stored at –80 oC.  Recombinant adenoviruses were further
amplified using the same procedure; the cell lysates were
centrifuged on cesium chloride step gradients at 60 000×g
for 2 h at 4 oC to separate the viruses from defective particles
and empty capsids.  Recovered virus bands were dialyzed 3
times against phosphate-buffered saline (PBS).  The viruses
were aliquoted in a buffer containing 10 mmol/L Tris-HCl
(pH 7.4), 10 mmol/L MgCl2, and 10% v/v glycerol and stored
at -80 oC.  Under these conditions, there was no precipitation
of virus particles or loss of virus infectivity due to inactiva-
tion or aggregation.  To control the biological effect of the
virus per se, the vector, Ad5-CMV-Null, expressing no
transgene (Ad5), was constructed in a similar method, but
without the subcloned gene sequences.

For the adenovirus infection, 2.5×104 cells in each well of
a sex-well dish were infected with the appropriate amount of
replication-defective adenoviruses with Ad-β-gal and incu-
bated with gentle shaking for 2 h at 37 oC.  X-gal (1 mg/mL)
was used to stain the cells for β-gal and the cells were sus-
tained overnight.  The cells were then fixed in 10% formalin,
washed in PBS, and kept in PBS at 4 oC.  Blue-stained cells
were considered to be infected with Ad-β-gal.  Afterwards,
fresh growth medium was added to each dish.  To monitor
the Tob1 expression, the infected cells were further incu-
bated at 37 oC for various time-points and the Tob1 protein
was then determined by Western blot assay.  To examine
radiosensitivity, the infected cells were incubated at 37 oC
for 48 h before γ-ray irradiation; a colony formation assay
was then performed.

Western blot assay  The protein expression was detected
by Western blot assay, as previously described[22].  The cells
were harvested by trypsin and centrifugation.  The cells were
washed twice with ice-cold 1×PBS and lysed with a protein
lysis buffer containing Tris-HCl [50 mmol/L (pH 7.4)], NP-40
(1%), Na-deoxycholate (0.25%), NaCl (150 mmol/L), EDTA (1
mmol/L), phenylmethylsulphonyl fluoride (PMSF) (1 mmol/L),
Na3VO4 (1 mmol/L), NaF (1 mmol/L), and an inhibitor cocktail
(Sigma–Aldrich, USA).  After centrifuga-tion, the superna-
tant was transferred into new tubes.  The protein concentra-
tion was determined by the Bio-Rad protein assay  (Invitro-

gen, USA).  50 µg total whole cell lysates were separated on
SDS–PAGE and electroblotted onto nitrocellulose mem-
branes (Millipore, Billerica, MA, USA).  The membranes were
then incubated in blocking solution of 5% non-fat milk in
TBS-T (20 mmol/L Tris-HCl, 150 mmol/L NaCl, and 0.1%
Tween-20), followed by overnight incubation with the
appropriate primary antibodies.  After completely washing
with TBS-T and incubating with horseradish peroxidase-con-
jugated secondary antibodies (Santa Cruz Biotechnology,
Santa Cruz, CA, USA) for 1 h, immunocom-plexes were
developed with an enhanced horseradish peroxidase/luminol
chemiluminescence reagent (Sigma–Aldrich, USA) accord-
ing to the manufacturer’s instruction.  Primary antibodies
included a mouse monoclonal anti-Tob1 antibody (4B1,
1:500 dilution) and a rabbit polyclonal anti-Ku80 antibody
(557-570, 1:500 dilution), which were purchased from Sigma–
Aldrich (USA).  A mouse monoclonal anti-Ku70 antibody
(A-9, 1:1,000 dilution), a mouse monoclonal anti-DNA–PK
antibody (G-4, 1:1,000 dilution), a goat polyclonal anti-XRCC4
antibody (D-18, 1:500 dilution), an antigoat polyclonal
antibody, and a goat polyclonal anti-actin antibody (I-19,
1:2,000 dilution) were obtained from Santa Cruz Biotechnol-
ogy (USA).

Clonogenic assay  Cell survival was evaluated by clono-
genic assay as detailed in a previous study[23].  Briefly, the
cells were trypsinized immediately after irradiation and
counted.  Known numbers were subcultured in 100 mm cul-
ture dishes in 2 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 of untreated
and uninfected control cells at the end of 15 d.  The colonies
were then fixed, stained, and counted.  Surviving fractions
were normalized by the plating efficiency of unirradiated
controls (40%–60% for MDA-MB-231).  a and b (constants
determined by the linear quadratic model where S=e–[aD+bD2]

and S is the fraction of cells surviving a dose [D]) parameters,
as well as D0 (defined by slope of the terminal exponential
region of the 2-component [single-hit multitarget model] sur-
vival curve where slope=1/D0), Dq (quasithreshold dose), and
n (extrapolation number) values were calculated for com-
parison.

DNA fragmentation gel electrophoresis  Apoptosis
induction was determined by a DNA fragmentation gel
electrophoresis, as described in a previous study[23].  The
cells were collected by trypsin and centrifuged for 5 min at
13 000×g.  The cells were washed with 1×PBS and centri-
fuged again.  The cell pellets were then lysated with 200 µL
lysis buffer [10 mmol/L Tris-HCl (pH 7.6), 100 mmol/L EDTA,
and 20 mmol/L NaCl] and centrifuged.  The supernatant was
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transferred into new tubes.  20 µL SDS plus 200 µL RNase A
(10 mg/mL, Sigma–Aldrich, USA) was added to each tube.
After 2 h incubation at 56 oC, 30 µL proteinase K (50 mg/mL,
Sigma–Aldrich, USA) was added to each tube.  The cell ly-
sates were incubated at 37 oC for another 2 h.  The DNA was
finally precipitated with the addition of 10 µL of 10 mol/L
potassium acetate and 1 mL 100% ethanol at –80 oC for 30
min.  The extracted DNA samples were centrifuged and
washed with 70% ethanol.  Pure DNA were finally loaded
and run on a 1% agarose gel at 80 V in running buffer (89
mmol/L Tris-acetate, 2 mmol/L Na2EDTA, and 89 mmol/L bo-
ric acid), stained with ethidium bromide and photographed.
The samples were run in tandem with a DNA molecular weight
ladder (Invitrogen, USA) providing molecular size markers
of 0.5 to 12 kilobase pairs.  Gel photographs were evaluated
for typical ladder patterns of low molecular weight DNA frag-
ments in multiples of 180–200 base pairs, a hallmark of
apoptosis.

Determination of apoptosis by terminal deoxynucleo-
tidyl transferase-mediated nick end labeling assay  Termi-
nal deoxynucleotidyl transferase-mediated nick end labeling
(TUNEL) was performed using the APO-BRDUTM kit (Phar-
Mingen, San Diego, CA, USA) to quantify the induction of
apoptosis following the manufacturer’s instructions.  Briefly,
the cells were fixed in 1% (w/v) paraformaldehyde in ice-cold
PBS and incubated on ice for 15 min.  Then the cells were
washed twice with PBS and stored 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 buffer, and subjected to labeling
reaction using terminal deoxynucleotidyl transferase over-
night at room temperature.  At the end of the reaction, the
cells were rinsed twice before treatment with fluorescein-
labeled anti-BrdU antibody solution in the dark for 30 min.
The cells were stained with propidium iodide/RNase solu-
tion for 30 min in the dark and analyzed by flow cytometry
(Epics XL-MCL, Beckman Coulter, Miami, FL, USA).

Host cell reactivation assay  Ten thousand cells were
plated in each well of 6-well plates.  The cells were infected
with Ad5-Tob1 or Ad5 at a multiplicity of infection (MOI) of
50 or 100 followed by 48 h incubation.  The cells were then
infected with Ad-beta-gal (1×103 vp/cell) that had been
irradiated with 0–4000 Gy of γ-ray irradiation and incubated
for an additional 24 h.  This dose of 4000 Gy was necessi-
tated by the small genome size of the adenoviral vector
compared with a mammalian cell.  The calculations indi-
cated that this dose would produce about 1–2 DSBs/vector
particles.  The cells were then stained with X-gal following
the procedure described above and fixed in 10% formalin.

beta-gal-positive (blue) cells were scored under high power
(×40) of a light microscope.  The data are presented as the
percentage of the control.

Statistics  All experiments were repeated at least 3
times.  The results are expressed as the mean±SEM.  Sta-
tistical analysis was performed with 2-tailed Student’s t-
test when 2 treatment regimens were compared.  Prob-
ability values of P<0.05 were considered statistically
significant.

Results

Adenovirus-mediated Tob1 gene expression increases
sensitivity of MDA-MB-231 cells to ionizing radiation  A
significant infection of MDA-MB-231 cells with adenoviral
vectors was confirmed by β-gal staining (data not shown)
and the Tob1 protein expression were monitored by Western
blot assay (Figure 2A).  A time-dependent increase of Tob1
protein expression was obtained following the infection of
Ad5-Tob1 at a MOI of 100 plaque-forming units/cell, starting
at 24 h and reaching the maximum at 96 h, while till higher
than uninfected control cells at 144 h.  Control Ad5 infection
did not affect Tob1 expression (data not shown).  Greater
than 95% transduction efficiency was detected in these cells
(data not shown).

As illustrated in Figure 2B, MDA-MB-231 showed a typi-
cal clonogenic survival curve with a shoulder signifying cel-
lular repair ability.  The infection of the MDA-MB-231 cells
with Ad5-Tob1 significantly increased cell susceptibility
to γ-irradiation in an Ad5-Tob1 dose-dependent fashion.
For example, doses of 2, 4, and 6 Gy of γ-radiation alone
killed about 28%, 56%, and 85% of cells, respectively,
while Ad5-Tob1 at the MOI of 100 enhanced cell death to
73% (P<0.01), 87% (P<0.01), and 97% (P<0.05) at 2, 4,
and 6 Gy of  γ-radiation, respectively.  However, Ad5 (as a
negative control) did not show any significant effects on
radiosensitivity (Figure 2B).  Survival curves were analyzed
using the single-hit multitarget and linear quadratic mod-
els of cell survival.  a and b (constants determined by the
linear quadratic model where S=e–[aD+bD2] and S is the frac-
tion of cells surviving a dose [D]) parameters as well as D0

(defined by slope of the terminal exponential region of the
2-component [single-hit multitarget model] survival curve
where slope=1/D0), Dq (quasithreshold dose), and n (extrapo-
lation number) values are summarized in Table 1.  There were
statistically significant differences in these values between
the cells infected with Ad5 and the cells infected with AD5-
Tob1 (P<0.01).  Both Ad5-Tob1 and Ad5 at the MOI less than
100 did not produce any significant toxic effects in MDA-
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MB-231 cells (data not shown).  These results suggested
that the radiosensitizing effect of Ad5-Tob1 was mediated
by the increased expression of Tob1 and was not due to a
non-specific effect of the vector.

Ad5-Tob1 increases irradiation-induced apoptosis  In
order to determine whether the increased radiosensitivity by
the adenovirus-mediated expression of Tob1 was due to
apoptosis, the TUNEL assay using the APO-BRDUTM kit
(Phoenixflow, San Diego CA, USA) was performed.  The
γ-ray irradiation or Ad5-Tob1 (at the MOI of 100 at 48 h
infection) alone was ineffective in inducing apoptosis in

MDA-MB-231, a cell line having a mutant p53 gene (Figure
3A).  However, γ-ray potently induced apoptosis in the pres-
ence of 48 h-pre-infection of Ad5-Tob1.  This degree of
sensitization appeared to be greater than additive.  For
example, 6 and 8 Gy irradiation alone caused about 9% and
15% apoptosis induction, respectively, and Ad5-Tob1 alone
induced approximately 4% apoptosis.  The combination,
however, induced approximately 35% and 43% of apoptotic
cells (radiation alone vs the combination of Ad5-Tob1 and
radiation, P<0.01).  This synergistic effect was not observed
after the combination of Ad5 and γ-ray.  A significantly in-

Figure 2. Ad5-Tob1 increases the radiosensitivity of MDA-MB-231 cells. (A) exponentially-growing cells were infected with Ad5-Tob1 at the
MOI of 100 for the indicated time and then subjected to Western blot assay with a specific anti-Tob1 antibody. α-Actin protein from the same
blots was detected as a loading control. Densitometry of the Tob1 bands are performed for quantitation. Tob1 levels are expressed relative to
the α-actin bands (left panel). (B) exponentially-growing cells were infected with equal doses of control vector (Ad5) and Ad5-Tob1 (at the
MOI of 50 or 100) for 48 h, exposed to γ-ray at indicated  Gy, and subjected to clonogenic assay. Results are mean±SEM of 3 independent
experiments showing similar results. Tob1 protein levels determined by Western blot assay were shown to monitor Tob1 expression after
infection.
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creased induction of apoptosis was also seen by using the
DNA fragmentation assay in cells treated with Ad5-Tob1
(at the MOI of 100 at 48 h pre-infection) and γ-ray irradia-
tion (Figure 3B).  These results clearly indicated that the
increased expression of Tob1 may enhance the apoptosis
induction in cells exposed to γ-ray.

Ad5-Tob1 represses DNA repair  Based on the large
reduction in Dq seen in the survival curves (Figure 2B), a
host cell reactivation assay was carried out to determine
whether the radiosensitizing effect of Ad5-Tob1 could be
explained as a suppression of the facility to repair DNA dam-
ages in MDA-MB-231 cells.  To do so, the cells were ac-
cepted at 48 h-pre-infection with either Ad5-Tob1 or Ad5 at

the MOI of 100 and then infected with Ad-β-gal that had
been irradiated with γ-ray irradiation at a single dose of 4000
Gy.  The ability of the MDA-MB-231 cells to reactivate the
irradiated Ad-β-gal based on β-gal expression was assessed
24 h later.  The results of these experiments (Figure 4), pre-
sented as the percentage of the controls using unirradiated
Ad-β-gal, showed that MDA-MB-231 cells infected with Ad5-
Tob1 had a significantly lower ability to reactivate irradiated
Ad-β-gal compared with MDA-MB-231 cells that had either
uninfection or Ad5 infection (P<0.01).  These results indi-

cated that an increase of Tob1 expression by the adenovi-
rus-mediated Tob1 gene transfer results in a reduced capa-
bility of MDA-MB-231 to repair DNA.

Ad5-Tob1 increases Bax and decreases DNA repair pro-
tein expression  First, we determined the effect of Ad5-Tob1
on the expression of the pro-apoptotic protein Bax and the
anti-apoptotic protein Bcl-2, 2 well-known members of the
Bcl-2 gene family in apoptosis induction[24].  As shown in

Figure 4. Inhibition of host cell reactivation by Ad5-Tob1. Cells (2×104)
were seeded in each well of 6-well plates, uninfected and infected with
Ad5-Tob1 at the MOI of 100 and incubated for 48 h. They were then in-
fected with unirradiated or irradiated with 4000 Gy Ad-β-gal at the MOI of
100 for another 24 h. Cells were then stained for β-gal. The β-gal-positive
cells were counted and recorded independently by 2 investigators (A) and
pictured (B). Percent positive cells were normalized to the controls for
comparison. Results are mean±SEM of 3 independent experiments show-
ing similar findings. Typical photos were shown in panel B for cells in-
fected with Ad5+Ad-β-gal or Ad5-Tob1+Ad-β-gal. Tob1 protein levels
determined by Western blot assay were shown to monitor Tob1 expression
after infection.

Figure 3. Ad5-Tob1 sensitizes cells to γ-ray irradiation-induced apoptosis.
MDA-MB-231 cells were uninfected or infected with Ad5 or Ad5-Tob1 at
the MOI of 100 for 48 h and irradiated (4 or 6 Gy). Cells were then harvested
48 h after irradiation, fixed in 1% paraformaldehyde, and processed follow-
ing the manufacturer’s instructions for TUNEL assay using an APO-BRDU
kit for determining the percentage of apoptotic cells (A) and showing typi-
cal cell cycle profiles (B), or collected for DNA fragmentation gel electro-
phoresis assay (C). Tob1 protein levels determined by Western blot assay
were shown to monitor Tob1 expression after infection. In (C), lanes 1–6
are untreated and unirradiated controls, Ad5-Tob1, 4 Gy, 6 Gy, Ad5-Tob1+4
Gy, and Ad5-Tob1+6 Gy, respectively.
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Figure 5, a significant elevation of the Tob1 protein was ob-
served in the MDA-MB-231 cells infected with Ad5-Tob1.
Furthermore, a slight increase of Tob1 was found in response
to irradiation with γ-ray, although the significance of such a
response is unclear so far.  Second, exposure to γ-ray caused
a dose-dependent increase of the Bax protein in the cells
infected with control Ad-5.  The infection of Ad5-Tob1 alone
increased the base level of the endogenous Bax protein.
Moreover, it enhanced an increase of the γ-ray-mediated Bax,
which also showed a γ-ray dose-dependent promotion.
However, neither γ-ray+Ad5 nor Ad5-Tob1+γ-ray produced
any significant effects on the Bcl-2 protein.  Third, we found
that Ad5-Tob1 not only reduced the endogenous levels of
several proteins involved in the DNA DSB repair, including
DNA-PK (Ku70 and Ku80) and XRCC4, but it also blocked
the increase of these proteins by γ-ray irradiation (Figure 5).
Taken together with the in vitro DNA repair data in Figure 4,
these results indicated that the inhibition of DNA repair by
Ad5-Tob1 may be due to Ad5-Tob1 downregulation of DNA
DSB repair proteins.  Further investigation is underway to
determine the vital roles of the DNA DSB repair proteins in

Tob1-mediated radiosensitivity in our laboratory.

Discussion

Tob1 is an antiproliferative protein and plays a role in
preventing cell cycle progression by downregulating the
expression and promoter activity of cyclin D1, an important
G1 checkpoint player[8,9].  Furthermore, knocking-down or
loss of the Tob1 gene in mice results in multiple tumor devel-
opment[10] and tumor progression[11].  Based on these studies,
strategies have been developed for manipulating the Tob1
expression in the treatment of human cancer; one such ap-
proach involves the replacement of Tob1 into tumor cells by
gene therapy[13].

The present study examined whether Tob1 might
radiosensitize breast cancer cells and also the underlying
mechanism(s) by examining the repair of radiation-induced
DNA damage.  Ad5-Tob1 significantly enhanced the radi-
osensitivity of human breast cancer MDA-MB-231 cells in a
synergistic manner as determined based on clonogenic sur-
vival compared with the control Ad5 vector (Figure 1).  Ad5-

Figure 5. Ad5-Tob1 increases the Bax protein and decreases DNA repair proteins. MDA-MB-231 cells were uninfected or infected with Ad5-Tob1 at the
MOI of 100 for 48 h and irradiated with the indicated doses of γ-ray source. Cells were harvested and then subjected to Western blot analysis (50 µg total
protein/lane). α-Actin protein from the same blots was detected as a loading control. Panels on the right show densitometry of each protein band relative
to α-action. For comparison, the densitometry value for AD5-infected and unirradiated cells were assigned a value of 1, and values for all treatments were
normalized to 1 (fold change vs Ad-5 control).
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Tob1 also restored radiation-induced apoptosis in MDA-MB-
231 cells as shown in Figure 2.  Therefore, enhanced radi-
osensitivity may be due to the restoration of radiation-in-
duced apoptosis in some settings.

Consistent with the enhanced induction of apoptosis by
a combination of Ad5-Tob1 and γ-ray, we also found that
the expression of the pro-apoptotic protein Bax, one of the
Bcl-2 family proteins, was increased in MDA-MB-231
cells treated with Ad5-Tob1+γ-ray (Figure 5).  It is well
known that members of the Bcl-2 family are the most promi-
nent mediators of apoptosis induction by a large number of
antitumor drugs and ionizing radiation in a variety of cell
types, including cancer cells[25–28].  The Bcl-2 family con-
sists of a growing number of proteins, containing 4 con-
served Bcl-2 homology domains (BH, BH2, BH3, and BH4)
with a transmembrane domain and can be classified as 3
subgroups[27]: (i) the Bcl-2 subgroup, including all anti-
apoptotic proteins, like Bcl-2 and Bcl-xL; (ii) the Bax
subgroup, consisting of pro-apoptosis members, like Bax
and Bad; and (iii) the third subgroup, containing BH3-only
proteins, like Bid and Bim.  The last subgroup members
interact with either anti-apoptotic proteins or pro-apoptosis
members and cause apoptosis promotion.  Thus, the
upregulation of the pro-apoptosis protein Bax by Ad5-Tob1
may be an important mechanism contributing to the Adt-
Tob1 promotion of radiation-mediated apoptosis, although
the anti-apoptotic protein Bcl-2 is unaltered.  Experiments
to determine the possible involvement of other Bcl-2 fam-
ily members in Ad5-Tob1 radiosensitivity are underway in
our laboratory, which will provide more information about
the role of Bcl-2 family members in Ad5-Tob1-mediated
apoptosis in radiosensitivity.

DNA is a major target in damage caused by ionizing
radiation.  DNA DSB are potent inducers of mutations and of
cell death by irradiation.  For the survival of irradiated mam-
malian cells, the repair of radiation-induced DSB is essential
and such repair apparently involves 2 mechanistically
distinct, but always overlapping, pathways: HR and NHEJ.
The repair of radiation-induced DSB can be detected by us-
ing pulsed-field gel electrophoresis techniques, but this ap-
proach is not sensitive enough for some types of misrepaired
lesions.  Thus, we performed the assays of DNA repair by
using a host cell reactivation assay.  This relatively old ap-
proach[29] was updated to incorporate the expression of a
reporter gene as the readout; radiation-induced DNA lesions
in the reporter gene are effectively and efficiently repaired
by the host cells with complete fidelity in order for func-
tional gene expression to be restored.  The results shown
in Figure 4 indicate that the cells infected with Ad5-Tob1

have significantly less capability to restore reporter gene
expression using an irradiated Ad-β-gal vector by more than
60% when compared with controls (uninfected and Ad5
infected).  Thus, the overexpression of Tob1 in this con-
text sensitizes cells to ionizing radiation by suppressing
their capacity for repairing radiation-induced DNA lesions.
Consistent with these DNA repair results, we demonstrated
that the expression of certain critical proteins involved in
DNA damage repair pathways were downregulated by Ad5-
Tob1 in MDA-MB-231 cells in response to ionizing
radiation, as shown in Figure 5, that is, both the endogenous
base level of DNA-PK (Ku70 and Ku80) and the XRCC4
proteins, and the radiation-increased expressions of these
proteins were downregulated and blocked by adenovirus-
mediated Tob1 gene expression.  It is known that the DNA–
PK, activated by DNA ends, is a central component in the
NHEJ pathway.  DNA-PK is a serine/threonine kinase that
consists of a large catalytic subunit of (DNA-dependent
protein kinase catalytic subunit, DNA-PKcs) and a DNA-
targeting component Ku (a heterodimer of Ku70 and Ku80)[30,31].
Mammalian cells deficient in DNA-PKcs (Ku70 and Ku80)
and XRCC4 exhibit hypersensitivity to radiation, deficien-
cies in DNA DSB repair and V(D)J name is too long to
writerecombination[32–34].  Thus, our present studies suggest
that Tob1 may participate in DNA DSB repair intermedi-
ates and pathways, resulting in cellular hyposensitivity to
radiation, although the interplay of these molecular events
is not clearly understood at present.

In summary, we have for first time demonstrated that the
enhanced expression of Tob1 by the adenovirus-mediated
Tob1 gene transfer augments the response of breast cancer
cells to ionizing radiation by increasing apoptosis, reducing
DNA repair ability, increasing the pro-apoptotic protein Bax,
and suppressing the expression of critical proteins in the
DNA repair pathway.  A complete understanding of these
effects must await future studies.  However, our present in
vitro observations underscore the need for the continued
development of strategies for sensitizing human tumor cells
to cancer radiotherapy that kill cells by using the adenovi-
rus-mediated expression of Tob1 in clinics.
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