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ABSTRACT

The aim in this study is to examine the effect of tirapazamine (TPZ) and mild temperature hyperthermia (MTH) on the
repair of radiation-induced damage in pimonidazole-unlabeled quiescent (Q) tumor cells. Labeling of proliferating (P)
cells in C57BL/6J mice bearing EL4 tumors was achieved by continuous administration of 5-bromo-2-deoxyuridine
(BrdU). Tumors were irradiated with y-rays at 1 h after the administration of pimonidazole followed by TPZ treatment
or MTH. Twenty-four hours later, assessment of the responses of Q and total (= P + Q) cells were based on the frequen-
cies of micronucleation and apoptosis using immunofluorescence staining for BrdU. The response of the pimonida-
zole-unlabeled tumor cell fractions was assessed by means of apoptosis frequency using immunofluorescence staining
for pimonidazole. With y-rays only, the pimonidazole-unlabeled cell fraction showed significantly enhanced ra-
dio-sensitivity compared with the whole cell fraction more remarkably in Q cells than total cells. However, a sig-
nificantly greater decrease in radio-sensitivity in the pimonidazole-unlabeled than the whole cell fraction, evaluated
using a delayed assay, was more clearly observed in Q cells than total cells. Post-irradiation MTH more remarkably
repressed the decrease in radio-sensitivity in the Q cell than the total cells. Post-irradiation TPZ administration pro-
duced a large radio-sensitizing effect on both total and Q cells, especially on Q cells. On the other hand, in pimoni-
dazole-unlabeled cell fractions in both total and Q cells, TPZ suppressed the reduction in sensitivity due to delayed
assay much more efficiently than MTH, whereas no radio-sensitizing effect was produced. Not only through sup-
pressing the recovery from radiation-induced damage, but also through radio-sensitizing effect, post-irradiation TPZ
administration is very useful for repressing the increase in the difference in radio-sensitivity due to the delayed assay,
not only between total and Q tumor cells, but also between the pimonidazole-unlabeled and the whole cell fractions
within the total and Q tumor cells.

Keywords: Quiescent Cell; Recovery from Radiation-Induced Damage; Tirapazamine; Pimonidazole; Mild
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1. Introduction vascular supply [1]. As a result, with the exception of
non-viable Q cells at the very edge of the necrotic rim
where there is diffusion-limited hypoxia, Q cells are vi-
able and clonogenic but have ceased dividing.

Using our method for selectively detecting the re-
sponse of Q cells in solid tumors to treatment that dam-
ages DNA, the Q cell population in solid tumors has been
shown to exhibit more resistance to conventional radio-
and chemotherapy [2]. The Q cell population has also
“Corresponding author. been demonstrated to have greater capacity to recover

Human solid tumors are thought to contain moderately
large fractions of quiescent (Q) tumor cells, which are
not involved in the cell cycle and have stopped dividing,
but which are as viable as established experimental ani-
mal tumor lines [1]. The presence of Q cells is probably
due, at least in part, to hypoxia and the depletion of nu-
trition in the tumor core as a consequence of poor
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from radiation- and chemotherapeutic agent-induced da-
mage and to have a significantly larger hypoxic fraction
(HF) irrespective of the p53 status of tumor cells [2].
However, the Q tumor cell population has never been
shown to be fully hypoxic [2]. Actually, the size of the
HF of Q cell populations in SCC VIl squamous cell car-
cinomas, implanted in the hind legs of C3H/He mice and
with a diameter of 1 cm, was 55.1 + 6.2 (mean * SE)%
[3]. Thus, this value was significantly less than 100%,
indicating that the Q cell population undoubtedly in-
cludes oxygenated tumor cells.

A few years ago, the universal detection of hypoxic
cells in both tissues and cell cultures became possible
using pimonidazole, a substituted 2-nitroimidazole, and a
mouse 1gG1 monoclonal antibody (MADb1) to stable co-
valent adducts formed through reductive activation of
pimonidazole in hypoxic cells [4]. Here, we tried to se-
lectively detect the response of the pimonidazole-unla-
beled and probably oxygenated cell fraction of the Q cell
population. To achieve this we combined our method for
selectively detecting the response of Q cells in solid tu-
mors with the method for detecting cell and tissue hy-
poxia using pimonidazole and MAb1 to pimonidazole.

The development of bioreductive agents that are par-
ticularly toxic to hypoxic cells is considered a promising
approach to solving the problem of radio-resistant tumor
hypoxia in cancer radiotherapy [5]. Tirapazamine (TPZ),
a lead compound in the development of bioreductive hy-
poxic cytotoxins, in combination with radiation has been
shown to be very useful for controlling solid tumors as a
whole, especially for controlling Q tumor cell popula-
tions that are rich in hypoxic region [2,5]. Mild temper-
ature hyperthermia (MTH) was reported to increase the
response of tumors to radiation by improving oxygen-
nation through an increase in tumour blood flow [6]. Fur-
ther, MTH was also shown to enhance the tumor response,
especially of the intratumor Q cell population, to TPZ
[7].

In the present study, the radio-sensitivity of the pi-
monidazole-unlabeled cell fraction of the Q cell popula-
tion after cobalt-60 y-ray irradiation followed with or
without post-irradiation TPZ administration or MTH,
was determined, to examine the effect of TPZ and MTH
on the repair of radiation-induced damage in pimonida-
zole-unlabeled Q tumor cell population.

2. Materials and Methods

2.1. Mice and Tumors

EL4 lymphoma cells (Cell Resource Center for the Bio-
medical Research Institute of Development, Aging and
Cancer, Tohoku University) derived from C57BL/6J
mice were maintained in vitro in RPMI 1640 medium
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supplemented with 12.5% fetal bovine serum. The p53
status of the EL4 tumor cells was the wild type [8]. Cells
were collected from exponentially growing cultures and
approximately 1.0 x 10° tumor cells were inoculated
subcutaneously into the left hind legs of 9-week-old sin-
geneic female C57BL/6J mice (Japan Animal Co., Ltd.,
Osaka, Japan). Fourteen days after the inoculation, the
tumors, approximately 1 cm in diameter, were employed
for irradiation in this study, and the body weight of the
tumor-bearing mice was 22.1 + 2.3 g. Mice were handled
according to the Recommendations for Handling of La-
boratory Animals for Biomedical Research, compiled by
the Committee on Safety Handling Regulations for La-
boratory Animal Experiments.

2.2. Labeling with 5-Bromo-2’-Deoxyuridine
(Brdu)

Nine days after the tumor inoculation, mini-osmotic pumps
(Durect Corporation, Cupertino, CA) containing BrdU
dissolved in physiological saline (250 mg/ml) were im-
planted subcutaneously to enable the labeling of all P
cells over a 5-day period. The percentage of labeled cells
after continuous labeling with BrdU was 66.1% + 3.8%
and plateau at this stage. Therefore, tumor cells not in-
corporating BrdU after continuous exposure were regard-
ed as Q cells.

2.3. Treatment

After the labeling with BrdU, tumor-bearing mice re-
ceived y-ray irradiation. y-Ray irradiation was per-
formed with a cobalt-60 y-ray irradiator at a dose rate of
2.75 Gy/min with tumor-bearing mice held in a specially
constructed device with the tail firmly fixed with an
adhesive tape. In addition, TPZ dissolved in physiolo-
gical saline was administered at a dose of 224 micro-
moles/kg (40 mg/kg) singly by intra-peritoneal injection
or MTH (40°C for 60 min) was also performed imme-
diately after irradiation.

Concerning MTH, the tumors grown in the left hind
legs of mice were heated at 40°C for 60 min by im-
mersing the tumor-bearing foot in a water bath. The
mouse was held in a specially constructed device with
the tail and right leg firmly fixed with an adhesive tape.
The left tumor-bearing leg was pulled down by a special
sinker (approximately 45 g) which was affixed to the
skin of the toe with Superglue (Arone-arufa, Konishi Co.,
Osaka, Japan). The mice were then placed on a circu-
lating water bath maintained at the desired temperature.
The mice were air-cooled during the heat treatment [9].
Temperatures at the tumor center equilibrated within 3 to
4 min after immersion in the water bath and remained
0.2°C - 0.3°C below the bath’s temperature. The water
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bath’s temperature was maintained at 0.3°C above the
desired tumor temperature.

Each irradiation group also included mice that were
not pretreated with BrdU.

2.4. Immunofluorescence Staining of
BrdU-Labeled and/or Pimonidazole-
Labeled Cells and the Observation of
Apoptosis and Micronucleation

Based on our previous report related to the determination
of the timing of apoptosis [10], as an immediate assay, an
apoptosis assay was undertaken at 6 h after irradiation
and a micronucleus assay was carried out immediately
after irradiation. Tumors were excised from mice given
BrdU, weighed, minced and trypsinized (0.05% trypsin
and 0.02% ethylenediamine-tetraacetic acid (EDTA) in
phosphate-buffered saline (PBS) at 37°C for 20 min).
Furthermore, as a delayed assay, tumors were also ex-
cised from mice given BrdU, weighed, minced and
trypsinized at 30 h after irradiation for the apoptosis
assay, and at 24 h after irradiation for the micronucleus
assay. For the apoptosis assay, single cell suspensions
were fixed without further treatment. For the micro-
nucleus assay, tumor cell suspensions were incubated for
72 h in tissue culture dishes containing complete culture
medium and 1.0 pg/ml of cytochalasin-B, to inhibit cy-
tokinesis while allowing nuclear division. The cultures
were then trypsinized and cell suspensions were fixed.
For both assays, after the centrifugation of fixed cell sus-
pensions, the cell pellet was resuspended with cold
Carnoy’s fixative (ethanol:acetic acid = 3:1 in volume).
The suspension was placed on a glass microscope slide
and the sample was dried at room temperature. Slides
were treated with 2 M hydrochloric acid for 60 min at
room temperature to dissociate the histones and partially
denature the DNA. They were then immersed in borax-
borate buffer (pH 8.5) to neutralize the acid. BrdU-
labeled tumor cells were detected using indirect immuno-
fluorescence staining with a rat monoclonal anti-BrdU
antibody (Abcam plc, Cambridge, UK) and a goat Alexa
Fluor 488-conjugated anti-rat 1gG antibody (Invitrogen
Corp., Carlsbad, CA, USA). Pimonidazole-labeled tumor
cells were detected using indirect immunofluorescence
staining with a mouse monoclonal antipimonidazole an-
tibody (Hypoxyprobe Inc., Burlington, MA, USA) and a
rabbit Alexa Fluor 594-conjugated anti-mouse IgG
antibody (Invitrogen Corp., Carlsbad, CA, USA). To en-
able the observation of the triple staining of tumor cells
with green-emitting Alexa Fluor 488 and red-emitting
Alexa Fluor 594, cells on the slides were treated with
blue-emitting 4’6-diamidino-2-phenylindole (DAPI) (0.5
pg/ml in PBS) and imaged using a fluorescence micro-
scope.
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The frequency of apoptosis in cells not labeled with
BrdU (=Q cells at irradiation) and tumor cells not labeled
with pimonidazole was determined by counting apoptotic
cells in tumor cells that did not show green fluorescence
from Alexa Fluor 488 and red fluorescence from Alexa
Fluor 594, respectively. The apoptosis frequency was
defined as the ratio of the number of apoptotic cells to
the total number of observed tumor cells [9]. The mi-
cronucleus frequency in BrdU-unlabeled cells was ex-
amined by counting the micronuclei in the binuclear cells
that did not show green fluorescence emitted by Alexa
Fluor 488. The micronucleus frequency was defined as
the ratio of the number of micronuclei in the binu-
clear cells to the total number of binuclear cells ob-
served [2].

The ratios obtained in tumors not pretreated with BrdU
indicated the apoptosis frequency and the micronucleus
frequency in the total (P + Q) tumor cell populations.
More than 300 tumor cells and binuclear cells were count-
ed to determine the apoptosis frequency and the micro-
nucleus frequency, respectively.

2.5. Clonogenic Cell Survival Assay

The clonogenic cell survival assay was also performed in
mice given no BrdU or pimonidazole using an in vivo-in
vitro assay method. Tumors were disaggregated by stir-
ring for 20 min at 37°C in PBS containing 0.05% trypsin
and 0.02% EDTA. The cell yield was (1.1 + 0.3) x 10%g
tumor weight. A colony formation assay using the in
vivo-in vitro assay method was performed with the cul-
ture medium mixed with methylcellulose (15.0 g/L) (Al-
drich, Milwaukee, WI, USA).

The apoptosis and micronucleus frequencies and sur-
viving fractions for the total cell population were ob-
tained from cells in tumors that were not pretreated with
BrdU or pimonidazole. The apoptosis and micronucleus
frequencies for Q cells were obtained from unlabeled
tumor cells after continuous BrdU labeling without pi-
monidazole loading. The apoptosis frequencies for the
total tumor cell populations that were not labeled with
pimonidazole were obtained from tumor cells that were
not labeled with pimonidazole after pimonidazole loading
without BrdU pretreatment. The apoptosis frequencies
for Q cells that were not labeled with pimonidazole were
obtained from tumor cells that were not labeled with
BrdU or pimonidazole after both continuous BrdU label-
ing and pimonidazole loading. Thus, there was no effect
of interaction between BrdU and irradiation or between
pimonidazole and irradiation on the values for the apop-
tosis and micronucleus frequencies and surviving frac-
tions. Incidentally, since the rate of pimonidazole-labeled
tumor cells could change during culturing with cyto-
chalasin-B over 3 days, following the production of sin-
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gle tumor cell suspensions by excising and mincing the
tumors from mice that underwent pimonidazole loading,
the micronucleus frequency for the cell fraction that was
not labeled with pimonidazole after pimonidazole load-
ing was not determined. As a consequence, the radiosen-
sitivity of the pimonidazole-unlabeled cell fractions was
only determined in relation to apoptosis induction. This
was the reason for using the EL4 leukemia cell line with
its much greater capacity for the induction of apoptosis
than other solid tumor-originating cell lines [10].

2.6. Data Analysis and Statistics

More than three tumor-bearing mice were used to assess
each set of conditions and each experiment was repeated
at least twice. To examine the differences between pairs
of values, Student’s ¢-test was used when variances of the
two groups were assumed to be equal with Shapiro-Wilk
normality test; otherwise the Welch #-test was used.

3. Results

Table 1 shows the surviving fractions (SFs) for the total
tumor cell population and the MN and apoptosis fre-
quencies without y-ray radiation for the total and Q cell
populations. Actually, all the values for the combination
with TPZ and MTH were determined 24 hours after TPZ
administration and MTH, respectively. Q cells showed
significantly higher MN and apoptosis frequencies than
the total cell population under each set of conditions (P <
0.05). Further, although not significantly, pimonidazole-
unlabeled cell fraction showed lower apoptosis frequen-
cies than whole tumor cell fraction in both total and Q
cell populations. TPZ induced significantly lower SFs
and significantly higher MN and apoptosis frequencies in
both the total and Q cell populations than absolutely no
treatment (P < 0.05). Again although not significantly,
MTH also induced lower SFs and significantly higher
MN and apoptosis frequencies in both the total and Q
cell populations than absolutely no treatment.

Cell survival curves for the total tumor cell population
as a function of radiation dose are shown in Figure 1.
The SFs increased in the following order: 24 h after irra-
diation with TPZ < immediately after irradiation alone <
24 h after irradiation with MTH < 24 h after irradiation
alone.

For baseline correction, we used the net micronucleus
frequency to exclude the micronucleus frequency in non-
irradiated tumors. The net micronucleus frequency was
defined as the micronucleus frequency in the irradiated
tumors minus the micronucleus frequency in the non-
irradiated tumors. Dose response curves for the net mi-
cronucleus frequency in total and Q tumor cell popula-
tions as a function of radiation dose are shown in Figure

Copyright © 2013 SciRes.

Table 1. Surviving fraction and micronucleus frequency at
0 Gy.

Total tumor cells Quiescent cells

<Plating efficiency (%)>

Without drug or MTH? 255+3.8°
With tirapazamine 18.4+28
With MTH 234+38

<Micronucleus frequency>

Without drug or MTH 0.023 £ 0.003 0.033 £ 0.006

With tirapazamine 0.049 £ 0.005 0.134 £0.013

With MTH 0.039 + 0.004 0.089 + 0.008
<Apoptosis frequency>

Without drug or MTH 0.021 + 0.002 0.037 £ 0.004

With tirapazamine 0.027 £ 0.003 0.044 £ 0.004

With MTH 0.021 + 0.002 0.032 £ 0.003

Especially in pimonidazole-unlabeled cell fraction

Without drug or MTH 0.017 + 0.002 0.028 + 0.003
With tirapazamine 0.024 £+ 0.003 0.035 £ 0.003
With MTH 0.018 + 0.002 0.029 + 0.003

Mild temperature hyperthermia; ®"Mean = standard error (n = 9). The values
for the combination with tirapazamine and MTH were determined 24 hours
after tirapazamine administration and MTH, respectively.
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Figure 1. Cell survival curves for the whole tumor cell frac-
tion in the total tumor cell population of EL4 tumors as a
function of y-ray radiation dose. Circles, reverse triangles,
triangles and squares represent the surviving fractions im-
mediately after p-ray irradiation only, at 24 h after y-ray
irradiation only, at 24 h after p-ray irradiation followed by
mild temperature hyperthermia (MTH), and at 24 h after
y-ray irradiation followed by tirapazamine (TPZ) admini-
stration, respectively. Bars represent standard errors (n = 9).

2. Overall, the net micronucleus frequencies were sig-
nificantly lower in the Q cells than the total cell popula-

JCT



Effect of Tirapazamine and Mild Temperature Hyperthermia on the Recovery from 525
Radiation-Induced Damage in Pimonidazole-Unlabeled Quiescent Tumor Cell Population

tion (P < 0.05). In both the total and Q cell populations,
the net micronucleus frequencies decreased in the fol-
lowing order: 24 h after irradiation with TPZ > immedi-
ately after irradiation alone > 24 h after irradiation with
MTH > 24 h after irradiation alone.

For another baseline correction, we used the net apop-
tosis frequency to exclude the apoptosis frequency in
non-irradiated tumors. The net apoptosis frequency was
the apoptosis frequency in the irradiated tumors minus
that in the non-irradiated tumors. Dose response curves
for the net apoptosis frequency in the total and Q tumor
cell populations as a function of radiation dose are shown
in Figure 3. Overall, the net apoptosis frequencies were
significantly lower in the Q than total cell population (P <
0.05). Moreover, the net apoptosis frequency was sig-
nificantly higher for the cell fraction that was not labeled
with pimonidazole than for the whole tumor cell fraction
in both the Q and total cell populations under each set of
conditions (P < 0.05). For the whole cell fractions, in the
Q as well as total tumor cell population, the net apoptosis
frequencies decreased in the following order: 24 h after
irradiation with TPZ > immediately after irradiation
alone > 24 h after irradiation with MTH > 24 h after irra-
diation alone. However, for the pimonidazole-unlabeled

1.0r Total Q
cells cells

O @ Rightafter

V V Irradiat. -> 24h later

A A rradiat. > MTH -> 24h later
O M Irradiat. -> TPZ -> 24h later,

Net micronucleus frequency
o
n

0 10 20 30
Radiation dose (Gy)

Figure 2. Dose response curves of the net micronucleus
frequency for the whole tumor cell fraction in the total and
quiescent (Q) tumor cell populations of EL4 tumors as a
function of p-ray radiation dose. Open and solid symbols
represent the net micronucleus frequencies for total and Q
tumor cell populations, respectively. Circles, reverse train-
gles, triangles and squares represent the surviving fractions
immediately after y-ray irradiation only, at 24 h after y-ray
irradiation only, at 24 h after y-ray irradiation followed by
mild temperature hyperthermia (MTH), and at 24 h after
p-ray irradiation followed by tirapazamine (TPZ) admini-
stration, respectively. Bars represent standard errors (n =
9).
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Figure 3. Dose response curves for the net apoptosis fre-
quency of the total (left panel) and quiescent (Q) (right
panel) tumor cell populations of EL4 tumors as a function
of y-ray radiation dose. Open and solid symbols represent
the net apoptosis frequencies for the whole tumor cell frac-
tion and the cell fraction not labeled with pimonidazole
(Pimo(-)) in both the total and Q tumor cell populations,
respectively. Circles, reverse triangles, triangles and squares
represent the surviving fractions immediately after y-ray
irradiation only, at 24 h after y-ray irradiation only, at 24 h
after yp-ray irradiation followed by mild temperature hy-
perthermia (MTH), and at 24 h after p-ray irradiation fol-
lowed by tirapazamine (TPZ) administration, respectively.
Bars represent standard errors (n = 9).

cell fractions, in the Q as well as total tumor cell popula-
tion, the net apoptosis frequencies decreased in the fol-
lowing order: immediately after irradiation alone > 24 h
after irradiation with TPZ > 24 h after irradiation with
MTH > 24 h after irradiation alone.

To evaluate the radio-sensitivity of the cell fraction
that was not labeled with pimonidazole, as compared
with the whole cell fraction in both the total and Q cell
populations, dose-modifying factors (DMFs) were calcu-
lated using the data shown on Figure 3 (Table 2). Over-
all, DMF values tended to be higher for the Q cell than
total cell population, and in particular immediately after
irradiation with a much larger difference. In both the
total and Q cell population, the DMF values had a ten-
dency to decrease in the following order: immediately
after irradiation alone > 24 h after irradiation with MTH
> 24 h after irradiation alone > 24 h after irradiation with
TPZ.

To investigate the reduction in radio-sensitivity caused
by a delayed assay, DMFs were calculated using the data
given in Figures 1 through 3 (Table 3). On the whole, in
the fraction unlabeled with pimonidazole or the whole
cell fraction, the values decreased in the following order:
after irradiation alone > 24 h after irradiation with MTH
> 24 h after irradiation with TPZ in both the total and Q
cell populations, particularly in the latter population.
Under any irradiation condition, all the DMF values for
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Table 2. Dose-mofifying factors for the pimonidazole un-
labeled cell fraction compared with the whole cell fraction
in the total or quiescent cell population®

Total cells Quiescent cells

Immediately after irradiation

1.5+0.1° 1.8+0.15

24 hours after irradiation
Without drug or MTH® 1.3+0.1 14+0.1
With tirapazamine 12+0.1 1.25+0.1
With MTH 145+0.1 1.6+0.15

*The ratio of the dose of radiation necessary to obtain the net apoptosis
frequency of 0.05 in a whole cell fraction to that needed to obtain the fre-
quency in the pimonidazole unlabeled cell fraction; ®"Mean + standard error
(n = 9); “Mild temperature hyperthermia.

Table 3. Dose-modifying factors due to a delayed assay®

Without drug ~ With tirapazamine  With MTH®

<Surviving fraction = 0.01>

Total cells 1.3+0.1° 0.9+0.05 1.15+0.05
<Net micronucleus frequency = 0.25>
Total cells 13+£01 0.9+0.05 1.15+0.05
Quiescent cells 1.45+0.1 0.95 +0.05 1.2+£0.05
<Net apoptosis frequency = 0.05>
Total cells 1.25+0.1 0.9+0.05 1.15+0.05

Especially in pimonidazole-unlabeled cell fraction

1301 1.05+0.05 1.2£0.05

Quiescent cells 1.35+0.1 0.95+0.05 1.2+£0.05

Especially in pimonidazole-unlabeled cell fraction
1.65+0.15

1.1+£0.05 13+01

*The ratio of the dose of radiation necessary to obtain each end-point with a
delayed assay to that needed to obtain each end-point with an assay immedi-
ately after irradiation; "Mild temperature hyperthermia; “Mean * standard
error (N =9).

irradiation with TPZ were less than 1.0 except for the
pimonidazole-unlabeled cell fraction. This means that the
combination with TPZ produced not only an inhibiting
effect on the recovery from radiation-induced damage
but also a radio-sensitization effect except in the pimo-
nidazole-unlabeled cell fraction. The DMF values were
higher in the Q cell than total cell population in both the
pimonidazole-unlabeled and whole cell fractions. In
both the total and Q cell populations, the values were
higher for pimonidazole-unlabeled cell fractions than
whole cell fractions, particularly in the case of the Q
cells.

To examine the difference in radio-sensitivity between
the total and Q cell populations, DMFs that allow us to
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compare the dose of radiation necessary to obtain each
end-point in the two cell populations, were calculated
using the data in Figures 2 and 3 (Table 4). All DMF
values were significantly higher than 1.0 (P < 0.05). The
DMF values increased in the following order: 24 h after
irradiation with TPZ < immediately after irradiation
alone < 24 h after irradiation with MTH < 24 h after irra-
diation alone. The values were lower for the sub-popula-
tion that was not labeled with pimonidazole as compared
with the whole cell fraction.

4. Discussion

In recent years the concept of cancer stem cells (CSCs),
or tumor-initiating cells (tumor clonogens), has attracted
a great deal of interest because of the potential clinical
significance [11]. In part, these cells are thought to exist
in a pathophysiological microenvironment where hy-
poxia, low pH and nutrient deprivation occur. Under
these microenvironmental conditions, dividing tumor cells
have also been thought to become quiescent. Actually, a
subset of CSCs or tumor clonogens consists of non-di-
viding quiescent cells [12].

The fraction of cells that were not labeled with pi-
monidazole showed significantly higher radio-sensitivity
than the whole cell fraction in both the Q and total cell
populations, and amongst the Q cells in particular (Table
2). This was probably because the pimonidazole-unla-
beled cells were more oxygenated than the whole cell
fraction, which comprised oxygenated and hypoxic tu-
mor cells, in both the Q and total tumor cell populations
[4]. Additionally, the Q cell population as a whole in-
cluded a larger hypoxic fraction than the total tumor cell
population [2]. As shown in Table 3, the pimonida-
zole-unlabeled cell fraction had a greater recovery capac-
ity than the whole cell fraction, especially in the case of

Table 4. Dose-modifying factors for quiescent cells relative
to total tumor cells®.

Immediately 24 hours after irradiation
after irradiation  Without drug ~ With tirapazamine ~ With MTH®
<Net micronucleus frequency = 0.25>
1.7+£0.15° 19+0.2 16+0.15 1.8+0.15
<Net apoptosis frequency = 0.05>
145+0.1 1.6+0.15 1.3+0.1 15+0.1

Especially in pimonidazole-unlabeled cell fraction

1.2+0.1 1401 1.25+0.1 13+0.1

*The ratio of the dose of radiation necessary to obtain each end-point in the
quiescent cell population to that needed to obtain each end-point in the total
tumor cell population. ®Mild temperature hyperthermia, *Mean # standard
error (N =9).
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the Q cells. Therefore, the difference in the radio-sensi-
tivity between the pimonidazole-unlabeled and whole
cell fractions more dramatically decreased through the
delayed assay in the Q than total cells (Table 2). When
combined with MTH, the recovery capacity in both the
pimonidazole-unlabeled and the whole cell fractions was
efficiently suppressed, especially in Q cell population
(Table 3). Thus, the decreases in the DMFs for the pi-
monidazole-unlabeled relative to the whole cell fractions
were repressed with MTH, especially in Q cells (Table
2). In contrast, when combined with TPZ, in the whole
cell fractions, the recovery capacity was not only sup-
pressed efficiently but also the radio-sensitizing effect
was produced more markedly in Q than total cells.
Meanwhile, in the pimonidazole-unlabeled cell fraction,
the recovery capacity was suppressed efficiently espe-
cially in Q cell population but no radio-sensitizing effect
was produced. Consequently, the decreases in the DMFs
for the pimonidazole-unlabeled relative to the whole cell
fractions were accelerated with TPZ in both total and Q
tumor cells, leading to the approach to 1.0 of the DMFs,
that is, reaching the approximation in the radio-sensitive-
ity in both the pimonidazole-unlabeled and the whole cell
fractions within the total and Q tumor cells.

On the other hand, the Q cell population as a whole
showed a greater recovery capacity than the total tumor
cell population, and the combination with MTH showed
a greater potential to suppress a recovery capacity in Q
than total tumor cell population (Table 3). Therefore, the
increases in the DMFs for the Q relative to total tumor
cell populations were repressed with MTH. When com-
bined with TPZ, in the whole cell fractions, not only the
suppressing effect on the recovery capacity but also the
radio-sensitizing effect were more markedly observed in
Q than total tumor cells, also resulting in repressing the
increase in the DMFs due to delayed assay. In the pi-
monidazole-unlabeled cell fraction, the clearer suppress-
ing effect on the recovery capacity in Q than total tumor
cells also lead to repressing the increase in the DMFs due
to delayed assay. Furthermore, the repressing effect on
the increase in the DMFs due to the delayed assay was
more clearly observed through the combination with TPZ
than with MTH. Not only through suppressing the recov-
ery from radiation-induced damage but also through ra-
dio-sensitizing effect, post-irradiation administration of
TPZ is very useful for repressing the increase in the dif-
ference in radio-sensitivity due to the delayed assay not
only between total and Q tumor cells but also between
the pimonidazole-unlabeled and the whole cell fractions
within the total and Q tumor cell populations. In other
words, the use of TPZ combined with radiation is thought
to be very useful for controlling solid tumors through
killing tumor cells as homogeneously as possible and
overcoming heterogeneous response of malignant tumor

Copyright © 2013 SciRes.

cells depending on various intratumor microenviron-
mental conditions such as oxygenation status [1].

Here, the employed irradiation dose rate was constant
(2.75 Gy/min). Incidentally, when y-rays alone were de-
livered without any further treatment at the lower dose
rate (0.039 Gy/min), the changes in the radio-sensitivity
in the pimonidazole-unlabeled and the whole cell frac-
tions within the total and Q cell populations were almost
similar to those observed here following y-ray irradiation
with a high dose rate (2.75 Gy/min) [13]. However, the
changes in the radio-sensitivity have not yet been deter-
mined so far when TPZ or MTH was combined with the
low dose rate y-ray irradiation. In near future, we would
like to analyze these changes in the radio-sensitivity both
in the pimonidazole-unlabeled and the whole cell frac-
tions within the total and Q tumor cell populations by all
means.

The microenvironmental conditions under which di-
viding tumor cells become quiescent might promote the
formation of micronuclei and apoptosis at 0 Gy in the
whole Q tumor cell fractions, partly due to hypoxic stress
(Table 1) [1]. In this study, the Q cells were shown to be
significantly less radiosensitive and to have a greater
recovery capacity than the total cell population (Figures
2 and 3, Table 4). This finding indicated that more Q
cells survive radiation therapy than P cells. In particular,
in the cell fraction that was not labeled with pimonida-
zole, the difference in radio-sensitivity between the Q
and total cell populations was markedly increased when
evaluated using the delayed assay. This was due to the
greater recovery capacity of the unlabeled Q cell fraction
as compared with the unlabeled cell fraction in the total
tumor cell population (Table 3). Therefore, whether in
the pimonidazole-unlabeled or the whole Q cell popula-
tion, it follows that control of the Q cells has a great im-
pact on the outcome of radiation therapy and that the Q
cell population can be a critical target in the control of
solid tumors.

In this study, the pimonidazole-unlabeled, and proba-
bly oxygenated, Q cell fraction showed a greater recov-
ery capacity than the Q cell population as a whole.
However, although there is similarity between the pi-
monidazole-unlabeled Q cell fraction and CSCs or tumor
clonogens in terms of quiescent status and enhanced re-
covery capacity, CSCs or tumor clonogens are thought to
exist under rather hypoxic conditions [11,12,14]. In the
future, using human tumor cell lines, the characteristics
of the intratumor Q cell population in connection with
those of CSCs or tumor clonogens also have to be ana-
lyzed.
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