The effect of radiosensitization by gemcitabine on mammalian cells
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Abstract: Gemcitabine (4-amino-1- [3,3- difluoro -4- hydroxyl -5- (hydro-xymethyl) Tetrahydrofuran -2- y1] - 1H
- pyrimidin -2- one; dFdC) is a deoxycytidine analogue which is well-known for its anti-tumor activity especially in
pancreatic cancer. It is one of the more effective drugs sensitizing cells for radiation and its radio-sensitizing properties
were demonstrated both in vivo and in vitro. Yet, the exact interaction of dFdC and radiation has not been elucidated.
In this study, we examined the mechanisms by using 10 MV Lineac-X-irradiation on culture mammalian cells. A repair
deficient clone, xrs5 cell line was used in addition to wild type rodent cell line (CHO). The sensitivity to irradiation or
dFdC on each cell was evaluated by colony formation assays, and much higher cell killing effects were observed. To learn
about the mechanism more, we examined p-53-binding protein 1 (53BP1) focus formation by the immunofluorescent
method, which is known as a method for the detection of DNA double-strand breaks (DSBs). The results showed that the
treatment of dFdC alone could induce 53BP1 foci, suggesting that DNA DSBs are induced by dFdC independently. When
cells were irradiated after the dFdC treatment, enhanced cell-killing effects were observed in CHO cells but not in xrs5.
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These results strongly suggest that dFdC inhibits the repair for DNA DSBs.
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Introduction

The mortality rate of pancreatic cancer increases
after 40 years of age and exceeds 120 deaths per
100,000 by the age of 80". It is the fifth leading cause
of cancer death in men and the sixth in women in
Japan, and leads to an estimated 227,000 deaths per
year worldwide?. The prognosis of this disease has not
improved markedly, which remains dismal for patients
with locally advanced or metastatic disease. Complete
resection of the tumor is currently the only curative
option, but only 10-20% of the patients have resectable
tumors at diagnosis. Even with adjuvant therapy
median overall survival of resected patients is still as
low as 20% after 5 years in randomized phase 111
studies”.

Chemotherapy is the mainstay of treatment for
individuals with advanced disease, but is not helpful
for those with poor performance status.
Chemoradiotherapy downstages about 30% of patients
with locally advanced disease to resectable pancreatic
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cancer, and these individuals go on to achieve median
survival similar to that for those who are initially
resectable without any preoperative treatment”.
Gemcitabine (4-amino-1- [3,3- difluoro -4- hydroxyl
-5- (hydro-xymethyl) Tetrahydrofuran -2- yl] - 1H -
pyrimidin -2- one; dFdC) is standard for patients with
advanced pancreatic cancer. However, most pancreatic
cancers do not respond to dFdC alone: it induces a
partial response in a few people and can alleviate
symptoms in some with advanced tumors™”.

DFdC is one of the more effective drugs to sensitize
cells for radiation, and its radio-sensitizing properties
were demonstrated both in vivo and in vitro®'". In
preliminary experiments with human cell lung
carcinoma cells, van Putten JWG et al. have reported
that dFdC treatment retarded the rate and extent and
reported no detectable effects on DNA double-strand
break (DSB) repair'?. On the contrary, Lawtence et al
have reported no detectable effect on DNA DSB repair
by dFdC™. Yet, the interaction of dFdC and radiation
has not been elucidated. In this study, we aimed to
evaluate the effect of sensitization by dFdC on
cultured mammalian cells, and to get an insight into

the mechanism of radio-sensitization by dFdC.
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Materials and methods
Cell culturing procedures

The rodent cell lines were grown as monolayers at
5% CO, in a humidified 37° C incubator in plastic
flasks (flasks Becton Dickinson, Billerica, MA). The
Chinese hamster cell line, Chinese hamster ovary cells
(CHO) and Ku80-deficient cells of CHO cells (xrs5)
were grown on alpha-MEM medium (Gibco,
Invitrogen). All of the media were supplemented with
10% bovine calf serum (FBS, Hyclone, South Logan,
UT). All of the standard laboratory chemicals were
purchased from Wako (Osaka, JP).

Treatment of cells

Exponentially growing cells were incubated with
different concentrations of 0~5 uM dFdC (Tokyo
Chemical Industry, JP) for 4 h or 24 h. After dFdC
treatment, cells were trypsinized followed by
neutralization of the trypsin with medium. Cell
suspensions were diluted in fresh complete medium to
a density of about 10° cells/ml. To study the effects of
radiosensitization, cells were irradiated immediately
using a 10 MV Lineac-X-irradiation (Primus, Siemens
AG, DE) at a dose rate of 4.8 Gy/min.

Cell survival

Cell survival was assessed with clonogenic assay
determined by plating 100 uL of and appropriately
diluted samples to triplicate plastic Petri dishes
(Becton Dickinson, NJ, USA), containing 5 ml of
complete growth medium. After 6-8 days of
incubation, colonies were fixed 70% ethanol and
stained with Giemsa staining (Sigma-Aldrich, MO,
USA). Colonies containing more than 50 cells were

counted.

53BP1 foci formation

Cells grown on coverslips were incubated with or
without 5 uM dFdC for 24 h at 37°C. After
incubation, cells were immediately fixed using a 3.6%
formaldehyde solution and washed with 0.5%
Triton-X100 in glycine-PBS (50 mM glycine in PBS).

Subsequently, cells were incubated with a rabbit
polyclonal antibody against Rad51 (Bethyl
Laboratories, Montgomery, TX) at a concentration of
0.2 ul/100 ul TBS-DT for 2 h. Thereafter cells were
washed with PBS to incubate with goat anti-rabbit
Molecular Probes (Molecular Probes, Eugene, OR)
which were labeled with Alexa Fluor®594 (Molecular
Probes) of 2 ug/ml TBS-DT for 1 h. After washing
with 0.1% Tween-20 and incubation with 2 ug/ml
4’,6-diamidino-2-phenylindole (DAPI) for 30 min,
samples were analyzed with a laser scanning confocal
microscope (IX81; Olympus, Tokyo, JP). Image
analysis was performed on overlay projections of the
Alexa- and DAPI-signal made by a confocal laser
microscope. For analysis, 6 to 10 slices made through
cell nuclei were compressed into one overlay
projection. When two or more foci were observed,
cells were scored as positive.

Statistical analysis

Significance of the difference was assessed by
Student t test and Mann-Whitney test. A p value of <
0.05 was considered statistically significant. A
standard deviation was demonstrated in a figure when
each assay could be repeated at least three times.
Statistical analyses were performed with SPSS
(version 19.0; Tokyo, Japan).

Results
Sensitization by dFdC in CHO cells

When pre-treated with different concentrations of
dFdC for 24 h, the extent of sensitization in CHO cells
increased or slightly increased according to the
concentration (Fig.1). We chose such long incubation
time to give all cells influenced by dFdC more time.
Next cells (10%ml) were exposed to 5 uM dFdC with
different hours of pre-incubation. The extent of
sensitization by dFdC slightly increased when
pretreated with 5 uM dFdC for 4 h, while the cells
pre-treated for 24 h showed significantly increased
sensitization (**: p < 0.01; Fig.2). This data
demonstrated that the status of pre-incubation with 5
uM dFdC for 4 h does not significantly affect the
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Fig.1 - Cell survival with different concentrations of gemcitabine in CHO cells. Cells (10°/ml) were exposed to
different concentrations of gemcitabine in 24 h. Cell survival was assessed with clonogenic assay. Each point
represents mean and standard error from at least three experiments.

Surviving fraction
< = = o
+ (= o0 — (%]

=
(%]

Oh

4h 24h

incubation time of gemcitabine

Fig.2 - Cell survival with or without gemcitabine (5 «M) in CHO cells. CHO cells (10%/ml) were exposed to 5
uM gemcitabine with 4 or 24 hours of prei-ncubation. Cell survival was assessed with clonogenic assay. Data are
the mean and standard error of three experiments. The difference in surviving fraction between 4 h and 24 h of
gemcitabine pre-incubation was significant at P <0.01 using a Student’s t test.

cytotoxic effects of dFdC on CHO cells.

Sensitization by dFdC in cells proficient and deficient
in NHEJ

Effect of dFAC of the CHO cells was compared with
the xrs5 cell line which has deficient non-homologous
end joining (NHEJ) repair (Fig.3). The magnitude of
the enhancement of the cell killing effect by dFdC was
more pronounced in xrs5 cells significantly (*: p <
0.05).

53BP1 foci formation
We tested the effect of dFdC on the formation of

p53-binding protein 1 (53BP1) foci which are thought
to represent sites of DNA DSBs. 53BP1 foci formation
was observed in the CHO cells by pretreating with 5
uM dFdC for 24 h (Fig.4). We found that untreated
CHO cells showed a normal pattern of small 53BP1
foci scattered in the nucleus (Fig.4A). While
incubation with dFdC alone induced an increase in
53BP1 foci positive cells compared with untreated
cells (Fig.4B). The number of foci was much more
pronounced in xrs5 cells compared with the parental
CHO cells significantly (**: p < 0.01) (Fig.5).
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Fig.3 - Effect of gemcitabine on NHEJ-proficient CHO cells as compared with NHEJ-deficient xrs5 cells. Cells (10%
ml) were exposed with or without 5 uM gemcitabine for 24 h. Thereafter, their clonogenic ability was determined.
Cell survival was assessed with clonogenic assay. The difference between CHO and xrs5 cell lines was significant at
p <0.05 using a Mann-Whitney test.
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Fig.4 - Effect of gemcitabine on 53BP1 foci formation. CHO cells were incubated with or without 5 uM gemcitabine
for 24 h before immediate fixation. Subsequently, cells were incubated with a rabbit polyclonal antibody against
53BP1, Alexa-conjugated goat anti-rabbit immunoglobulin, and DAPI. Shown are overlay projections of the Alexa-
and DAPI-signal made by a confocal laser microscope. The pictures represent a typical pattern of 53BP1 foci in the
nuclei of CHO cells. (A) Immunoflluorescent visualization of 53BP1 foci formation in nuclei of control cells. (B)
53BP1 foci formation in nuclei of cells fixated after a 24 h pre-incubation with gemcitabine.
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Fig.5 - Comparison of the effect of gemcitabine on 53BP1 foci formation of the parental CHO cell line and the
NHEJ-deficient cell line xrs5. Cells were incubated with or without 5 uM gemcitabine for 24 h before immediate
fixation. Subsequently, cells were incubated with a rabbit polyclonal antibody against 53BP1, Alexa-conjugated goat
anti-rabbit immunoglobulin, and DAPI. The difference in the number of 53BP1 foci in nuclei between CHO and xrs5
cells was significant at p < 0.01 both with and without gemcitabine incubation using a Mann-Whitney test.
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Radiosensitization

Effect of dFAC on cellular radio-sensitivity of CHO
cells was seen in Fig.6. Cells (10%/ml) were exposed to
graded doses of X-rays without or with a 24 h pre-
incubation of 5 u M dFdC. The pre-incubation time of
24 h was adapted to avoid the cell cycle stage
dependent. Consistent with other experiments, we
found the CHO cell line to be hyper-radiosensitive.
Unlike its parental CHO cell line, the xrs5 cells did not
show radio-sensitization when pre-treated with dFdC.

Discussion
Gemcitabine (dFdC) is a deoxycytidine analogue

which is well known for its antitumor activity.
Intracellularly, dFdC is phosphorylated to its active
metabolites by deoxycytidine kinase to dFACMP,
dFdCDP, and dFdCTP. DFACTP is incorporated into
DNA and as such can obstruct DNA replication and
repair'*'” (Fig.7).

Ionizing radiation induces an array of lesions in
DNA, including base damage, single-strand breaks
and DSBs, and damage to the phosphodiester
backbone. DNA DSBs are generally thought to be the
most relevant lesion in radiation-induced killing of
cells, which are potentially dangerous to cells since
they may lead to chromosome breakage and loss of
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Fig.6 - Comparison of the effect of gemcitabine on cellular radio-sensitivity of the parental CHO cell line and
the NHEJ-deficient cell line xrs5 represented by surviving fraction. Cells (10%/ml) were exposed to graded doses
of gamma rays without or with a 24 h pre-incubation with 5 uM gemcitabine. Cell survival was assessed with
clonogenic assay. Plotted are the irradiation effect without pre-incubation of gemcitabine of the NHEJ-proficient
CHO (O) and the NHEJ-deficient xrs5 ( 2 ), compared with the effect with pre-incubation of gemcitabine of the

CHO cells ( @ ) and the xrs5 cells ( A& ).
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Fig.7 - The structural formula of gemcitabine hydrochloride. Chemically gemcitabine is a nucleoside analog in which
the hydrogen atoms on the 2' carbon of deoxycytidine are replaced by fluorine atoms. DFACTP is incorporated into

DNA and as such can obstruct DNA replication and repair.
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genetic information. In lower eukaryotes, such as
yeast, DSBs are repaired by Rad52-dependent
homologous recombination (HR). Rad52 binds to
DNA ends, thereby protecting them from exonuclease
activity and activating end-to-end interaction and
HR'. While in vertebrates, DSBs are primarily
repaired by Ku-dependent NHEJ. In mammals, NHEJ
is the most prominent cellular DNA repair pathway of
radiation-induced DNA DSBs, so that DSBs are
primarily repaired by Ku-dependent NHEJ'*".

In preliminary experiments with human cell lung
carcinoma cells, it has been reported that the dFdC
treatment retarded the rate and extent of the repair of
DNA DSBs™*". However, other reports have reported
no detectable effects on DNA DSB repair by dFdC*.
In this study, the CHO cells showed the sensitization
of dFdC according to the concentration. The extent of
sensitization was more exaggerated in xrs5 cells. This
is explained by the fact that the xrs5 cells, rodent cell
line mutated in the gene XRCCS5 encoding Ku80 have
been found to be deficient in DNA repair'””, as Ku80
is a protein which binds to DNA DSB ends and is
required for the NHEJ pathway of DNA repair.

To test whether or not dFdC targets on the DNA
DSBs, we detected dFdC-induced foci formation of
53BP1 in cells. 53BP1, a member of the BRCT protein
family, it is hyperphosphorylated and relocalizes to a
number of nuclear foci in response to DNA damage.
53BP1 binds to the central domain of p53 which is
required for site-specific DNA binding®™. It is known
that the assembly of 53BP1 foci is not cell cycle stage
dependent, and ionizing irradiation-induced 53BP1
foci occur in almost all cells except those in mitosis™.
The 53BP1 localizes rapidly to discreeting foci within
the nucleus of cells exposed to DNA DSB-inducing
agents and propose that these foci represent sites of
DSBs™. In this study, the 53BP1 protein was detected
by immunofluorescent antibodies in a small number of
discrete foci in the nucleoplasm of a small fraction of
cells in non-treated cultured CHO cells. After dFdC
damage, the number of foci with focally concentrated
53BP1 protein increased in CHO cells, and gross
effects of dFdC were seen in xrs5 cells. It did

demonstrate that actually dFdC induced DNA DSBs
independently.

Next, we tested the effect of dFdC on cellular radio-
sensitivity of CHO and xrs5 cells. In this study, cells
with Ku80 expression (CHO) showed a different
extent of radio-sensitization at given concentrations of
dFdC. On the contrary, cells without Ku80 (xrs5)
showed lower dFdC-mediated radio-sensitization. This
could not be explained by the fact that the xrs5, Ku80-
deficient cells appeared sensitive to the direct toxic
action of dFdC. Hence, this would seem that a
functional NHEJ pathway, which is required for the
repair of the majority of radiation-induced DNA DSBs
in mammals, could be a prerequisite for
radiosensitization by dFdC. However, John WG et al.
have reported that NHEJ and its individual
components are not essential for radio-sensitization by
dFdC*. They showed that the Ku-80 deficient cells
even showed the highest levels of radio-sensitization
using rodent cell lines. This may be influenced by the
differentiation of incubation time; they used 4 h for
pre-incubation and we used 24 h to avoid the cell
cycle stage dependent. Actually it has been reported
that dFdC effects on cell cycle redistribution and
dNTP pools may contribute to dFdC-mediated radio-
sensitization'™. To see the most likely pathway as a
target for dFdC-mediated radio-sensitization, we need
a more detailed examination on the effects of long-
path repair pathway such as HR.

In conclusion, we examined the sensitivity to each
irradiation or dFdC on wild type rodent cell line
(CHO) and a repair deficient clone, xrs5 cell line
which is deficient in DNA DSBs repair. The results
showed that the treatment of dFdC alone can induce
53BP1 foci, suggesting that DNA DSBs are induced
by dFdC independently. When cells were irradiated
after dFdC treatment, enhanced cell killing effects
were observed in CHO cells but not in xrs5. These
results strongly suggest that dFdC inhibit the repair for
DNA DSBs, and this could be one of the mechanisms
of radiosensitization by dFdC.
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