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The benzene metabolite hydroquinone enhances G2-chromosomal
radiosensitivity by inducing a less-efficient G2-M-checkpoint
in irradiated lymphocytes
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Abstract. The hypothesis tested is that a 24-h pre-irradiation-
exposure of peripheral blood lymphocytes (PBL) to the
benzene metabolite hydroquinone (HQ), at doses that are non-
acutely toxic (5 uM), induces a less efficient G2-M-check-
point and enhances the G2-chromosomal radiosensitivity in a
statistically significant manner (p<0.01). A less efficient G2-M-
checkpoint may allow the transition of damaged cells from
G2- to M-phase and experimental data in the present work
support this hypothesis. In fact HQ sensitizes lymphocytes
obtained from healthy donors, as they exhibit increased
G2-chromosomal radiosensitivity which interestingly is similar
to that observed in cases of radiosensitive cancer-prone
individuals. This finding is important since a deficiency in
cell cycle checkpoints and an increase in G2-chromosomal
radiosensitivity are linked to chromosomal instability, cancer
proneness and the development of leukemia. The observed
chromosome radiosensitization may be a consequence either
of an effect of HQ on the initial induction of radiation-induced
chromosomal aberrations, or on the DNA repair capacity of
the cells, or it may be linked to HQ-induced alterations in
the cell cycle and feedback control mechanism during the
G2- to M-phase transition. In order to elucidate which is the
mechanism involved, conventional cytogenetics and premature
chromosome condensation (PCC) methodologies were applied.
The experimental data obtained support the hypothesis that
HQ increases G2-chromosomal radiosensitivity in human
peripheral blood lymphocytes by inducing a less efficient
G2-M-checkpoint, facilitating thus the transition of damaged
cells from G2- to M-phase.
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Introduction

It has long been known from both epidemiologic studies and
laboratory models that benzene is hemotoxic and leukemogenic
(1-3). However, the precise mechanism by which benzene and
its phenolic- and quinone-based metabolites induce leukemias
is not fully characterized. Benzene is not a classic chemical
carcinogen as there is little evidence for the production of
highly electrophilic DNA-binding metabolites in vivo (4). It
is mainly metabolized in the liver and bone marrow and it is
believed that the induced hematopoietic cancers in humans are
mediated through the generation of reactive oxygen species
by its principal metabolite, hydroquinone (HQ) (2). Human
exposure to HQ occurs through plant consumption (e.g., wheat
germ, tea from berry leaves, coffee), beverages, cigarette
smoke, cosmetics (e.g., skin lighteners, hair dyes) and medical
products (e.g., treatment of melasma and freckles) (3,5,6).
Furthermore, exposure to HQ may occur via the occupational
environment. In particular, HQ is widely used as a reagent in
black and white photographic developer solutions. As a result,
X-ray technicians, photographic developer solution makers
and amateur photographers, who develop their own black-and-
white films, can be exposed to HQ dermally or by inhalation.
Other occupational groups in which HQ exposure may occur
are: antioxidant makers, hairdressers (7) and cosmetologists,
paint makers, organic chemical synthesizers, plastic stabilizer
workers and rubber coating workers (8). It has been hypo-
thesized that HQ derived form dietary ingestion plays crucial
role in producing some forms of de novo leukemia in the
general population (9).

Although it is not possible to draw firm conclusions
concerning the carcinogenic potential of HQ, some positive
results open new questions concerning the carcinogenic profile
of the chemical. It has been reported that HQ causes gene
mutations (10) and DNA damage (11), inhibits topoisomerase 11
and, possibly, alters hematopoiesis and clonal selection (12,13).
However, neither benzene nor the majority of its metabolites
are mutagenic in the Ames test (14) and recent studies on the
mechanisms underlying HQ-induced leukaemia focus on the
non-random distribution of chromosome breaks and non-
random aneuploidy induced mainly by epigenetic effects and
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the selective loss of chromosomes that are related to leukemo-
genesis (15). Benzene and its metabolites as well as ionising
radiation (IR) are known to be associated with acute myeloid
leukaemia (AML) (1,3) and a recent case report study referring
to occupational exposure to HQ may support such a possibility
(13). Increased risk of AML and cancer predisposition in
general is linked with certain inherited conditions such as
Ataxia Telangiectasia and Nijmegen breakage syndrome
(16,17). Interestingly, these conditions are also associated
with excessive chromosomal fragility, which appears either
spontaneously or following G2-phase irradiation of peripheral
blood lymphocytes (PBL). The latter, can be analyzed at the
subsequent metaphase using the so called G2-chromosomal
radiosensitivity assay (G2-assay) (18-20). Moreover, using the
G2-assay, twenty other inherited cancer-prone conditions have
been shown to exhibit some degree of elevated chromosomal
radiosensitivity (19) and this characteristic has been proposed
as a biological indicator for cancer proneness (18,21,22).

In the present study, we report that the benzene metabolite
HQ, at doses that are not acutely toxic to PBL, induces a less
efficient G2-M-checkpoint following irradiation and enhances
G2-chromosomal radiosensitivity, which is quantitated as
excessive chromosomal fragility in the subsequent metaphase.
This observation is interesting since a deficiency in cell cycle
checkpoints is linked to both cancer proneness and the increase
in G2-chromosomal radiosensitivity (23-25). This increase is
of the same order magnitude as that observed in cases of
radiosensitive cancer-prone individuals and, therefore, may
cause chromosomal instability and the development of AML.
Excessive chromosomal fragility may be a consequence either
of an effect of HQ on the initial induction of radiation-induced
chromosomal aberrations, or on the DNA repair capacity of
the cells in the presence of HQ or it may also be linked to
HQ-induced alterations in the cell cycle and feedback control
mechanism during the G2- to M-phase transition. To elucidate
the mechanisms involved, we have used conventional cyto-
genetics and premature chromosome condensation (PCC)
methodologies, and the experimental data obtained support
the hypothesis that HQ increases G2-chromosomal radio-
sensitivity by inducing a less-efficient G2-M-checkpoint in
irradiated lymphocytes, allowing thus the progression of un-
repaired damaged cells from G2- to M-phase.

Materials and methods

Cell culture, irradiation conditions and chemicals. Peripheral
blood samples were taken by venipuncture from healthy
individuals and collected in heparinized tubes. Whole blood
(0.5 ml) was added to each culture tube containing 5 ml of
McCoy's 5A medium, supplemented with 10% foetal calf
serum (FCS), 1% L-glutamin, 1% antibiotics [penicillin (100 U/
ml) - streptomycin (100 pg/ml)], 2% phytohemagglutinin. All
incubations were at 37°C for 72 h in a humidified incubator
(5% CO,, 95% air). Human lymphocytes were obtained from
freshly drawn blood, separated by Ficoll-Paque sedimentation
and suspended in McCoys's SA medium supplemented with
10% FCS. Isolated lymphocytes were used at their GO-phase
and irradiated at various doses (1-6 Gy). Chinese hamster
ovary (CHO) cells were grown in McCoy's 5A culture medium
supplemented with 10% FCS and antibiotics. PCC experiments
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described here were performed using M-phase hamster cells
obtained from exponentially growing cells after a 4-h treatment
with 0.2 yg/ml colcemid. All culture media were obtained from
Biochrom-AG unless stated otherwise. HQ was prepared in
PBS and added 48 h or 71 h after culture initiation at a final
concentration of 5 yM. Calyculin-A (Wako) was prepared as
a 1-mmol/I solution in ethanol. 5-Bromodeoxyuridine (BrdU)
was added at a final concentration of 20 yM. All chemicals
were from Sigma-Aldrich unless stated otherwise. Irradiations
were carried out at room temperature with a GammaCell 220
irradiator (Atomic Energy of Canada Ltd., Ottawa, Canada)
and at a dose rate of 1 Gy/min. For each experimental point
standard deviations of the mean values from three independent
experiments were calculated. Data were evaluated statistically
by Student's t-test. All p-values were considered statistically
significant at p<0.05.

Cell harvesting. Two hours before the total incubation period
of 72 h, cells were arrested in the metaphase stage of their
mitosis by the addition of colcemid (final concentration in
the medium 0.1 xg/ml) (Biochrom AG). The cultured cells
were harvested by speed centrifugation (1450 rpm) and treated
with hypotonic KCI (0.075 M) (Sigma-Aldrich), fixed with
freshly prepared 3:1 methanol-acetic acid (v/v) (purchased from
Fluka and Baker respectively) and 20 ul of cell suspension
was dropped on wet slides. The slides were air-dried and
stained in a 2% solution of Giemsa dye (Merck) for 15 min
and rinsed with water. Air-dried slides were embedded with
cover slips and coded for analysis. From each culture, 2000
nuclei were examined to determine the mitotic index (MI,
percentage of cells undergoing mitosis). From each treatment
group, 50 well-spread metaphases were analyzed by micro-
scopic examination.

Sister chromatid exchange (SCE). BrdU, was added 24 h
after culture initiation. Cultures were incubated at 37°C for
72 h prior to cell harvest. During this culture period, incorpor-
ation of BrdU into replicating cells allows for the unequivocal
identification of second division metaphase cells. The cultured
cells were harvested as described before. Air-dried slides
were stained in the dark using Fluorescence-Plus-Giemsa
(FPG) technique (26) and the SCE analysis was carried out
in metaphase as well as in G2-phase cells using a new cyto-
genetic approach (27). For SCE scoring, the criteria suggested
by Carrano and Natarajan (28) were applied.

G2-assay. In order to test the effect of HQ on G2-chromo-
somal radiosensitivity, exponentially growing cells from PBL
cultures were irradiated with 1 Gy in the presence of sub-
genotoxic doses (5 uM) of HQ. The cell cultures were then
incubated for 30 min at 37°C and subsequently treated with
0.2 pg/ml colcemid for 1 h to arrest cells at metaphase using
a modified G2-assay protocol (20). Cells were fixed and
coded for analysis to avoid bias. Chromosomal breaks were
visualized and quantified as chromatid breaks in the subsequent
metaphase. For each experimental point, approximately 50 cells
at metaphase were analyzed for radiation-induced chromatid
damage. Only chromatid breaks being defined as misaligned
discontinuities and gaps longer than a chromatid width were
considered for scoring.
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Premature chromosome condensation using PEG-mediated
cell fusion. Mitotic CHO cells and isolated lymphocytes were
washed separately with McCoy's SA medium without serum
and mixed in a ratio 1:5 in a 15 round bottom culture tube.
After centrifugation at 200 x g for 5 min, the supernatant was
discarded without disturbing the cell pellet and 0.2 ml of 50%
(w/v) PEG 1500 (Roche) was added and held for 1 min. Sub-
sequently 2 ml of PBS was slowly added, the tube was gently
shaken and the cell suspension was centrifuged at 200 x g
for 5 min. The supernatant was discarded and the pellet
resuspended in 0.7 ml of McCoy's 5A growth medium
supplemented with colcemid (final concentration in the
medium 0.1 ug/ml) (Biochrom AG). After 75 min at 37°C,
cell fusion and PCC induction was completed and chromo-
some preparations were obtained by standard cytogenetic
procedures (29). For each experimental point, 50 lymphocytes
in GO-phase were scored for excess chromatid breaks.

Premature chromosome condensation using chemical
induction. To test whether the increased chromosomal damage
after exposure to IR and HQ is linked to cell cycle and feed-
back control mechanism during the G2- to M-phase transition
(G2-checkpoint), we used the PCC methodology by means of
calyculin-A (50 nM) (24,27,30). Approximately 1000 cells
per each experimental point were analysed and the effect of
HQ when combined with IR on G2- to M-phase transition
was determined using the following formula: [no. of cells in
G2-phase / (no. of cells in G2-phase + no. of cells in M-
phase)] x 100%.

Results

In the present study, the hypothesis tested is that exposure of
PBL to the benzene metabolite HQ, at doses that are non-
acutely toxic, enhances the G2-chromosomal radiosensitivity
by affecting the transition of damaged cells from G2- to M-
phase. For this purpose, 5 M HQ were used and their effect
on the induction and repair of radiation-induced chromo-
somal damage, as well as on the activation of G2-checkpoint,
were thoroughly studied. The concentration of 5 yM HQ
was characterized as non-acutely toxic, since a 24-h exposure
of non-irradiated PBL cultures did not induce a statistically
significant increase in the number of CAs and SCEs scored at
metaphase or G2-phase, when compared to that observed in
non-treated cells.

In order to test the effect of HQ on chromosomal radio-
sensitivity, PBL cultures from six different healthy donors
were treated with 5 M HQ for 1 h or 24 h before their
exposure to 1 Gy of y-rays in G2-phase. The cell cultures
were incubated at 37°C for 30 min and colcemid was added
for 1 h in order to arrest the G2-irradiated cells at metaphase.
A statistically significant increase was observed (t-test, t=4.49,
0.001<p<0.01) in all samples exposed to both IR and 5 uM
HQ (24 h treatment), when compared to the samples exposed
to IR only. Treatment with HQ for 1 h only before irradiation
did not show any increase in radiation-induced chromosomal
damage compared with the samples exposed to IR only
(Fig. 1).

Four different sets of experiments were carried out in order
to investigate whether the mechanism by which HQ increases

147

Chromatid breaks /cell

ra
L

Donor1 Donor2 Donor3 Donord Donor5 Donor6

A B 1Gyin G2-phase
B [ 1Gyin G2-phase + 5uM HQ (1h treatment) *
C W 1Gy in G2-phase + 5pM HQ {24h treatment)™*

Figure 1. Chromatid breaks per cell for six different healthy donors after 1 Gy
G2-phase y-radiation of 72 h PBL cultures (G2-assay) as well as the combined
effect after a 1-h or 24-h pre-irradiation exposure to non-acutely toxic dose of
HQ (5 uM). The dose of 5 uM of HQ was characterized as non-acutely toxic
since it did not induce any chromosomal damage or increase in SCEs in non-
irradiated cultures. Standard deviations of the mean values from 3 experiments
were calculated for each experimental point. Data were evaluated statistically
by Student's t-test. All p-values were considered statistically significant at
p<0.05. *Significance of the difference in sample means between A and B:
t-test, (t=0.03), p>0.5. “*Significance of the difference in sample means
between A and C: t-test, (t=4.49),0.001<p<0.01.
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Figure 2. Excess chromosome fragments per cell as a function of radiation
dose in GO lymphocytes scored immediately after irradiation in interphase by
means of the PCC method, in the presence or absence of a 24-h pre-irradiation
treatment with 5 yM HQ. The presence of HQ did not affect the yield of
radiation-induced initial chromosomal damage. Bars indicate standard
deviations calculated from the mean values of three independent experiments.

chromosomal radiosensitivity and induces excessive fragility
is the result of its effect on either the initial DNA damage
induced by radiation, or on the DNA repair capacity of the
cells, or on the cell cycle and feedback control mechanisms
during the G2- to M-phase transition.

The effect of HQ on the initial induction of radiation-
induced chromosome aberrations in GO lymphocytes, isolated
from peripheral blood, was investigated in the first set of



30

* -HQ

25 o +HQ

g}

20 4

10 4

Excess Chromosome Fragments { Cell
>

Post-lrradiation Repair Time (Hours)

Figure 3. Yield of excess chromosome fragments per cell vs. post-irradiation
time for human peripheral blood lymphocyte cultures exposed to 6 Gy
y-radiation and analysed in interphase using cell fusion and PCC induction,
in the presence or absence of a 24-h pre-irradiation treatment with 5 M HQ.
The presence of HQ did not affect the repair kinetics of radiation-induced
chromosomal damage. Standard deviations of mean values from three in-
dependent experiments were calculated for each experimental point.

experiments. For this purpose, GO lymphocytes were irradiated
at doses of 2, 4 and 6 Gy. The chromosomal damage in the
lymphocytes was evaluated immediately after irradiation in
the presence or absence of HQ (5 uM, for the last 24 h), using
cell fusion with mitotic CHO cells and PCC induction (29).
Linear dose response curves were obtained and the yields of
PCC fragments per cell per Gy in the presence or absence
of HQ in the lymphocyte culture were found to be similar
(Fig. 2).

The second set of experiments was designed to study the
effect of HQ on the repair kinetics of GO lymphocytes that were
exposed to 5 uM HQ for 24 h and subsequently irradiated
with a dose of 6 Gy. The effect of this subgenotoxic dose of
HQ on the repair of radiation-induced chromosomal damage
was evaluated at various time intervals (0, 2, and 4 h) after
irradiation exposure, using cell fusion and the PCC methodo-
logy. The results obtained from three independent experiments
showed that equal yields in the number of PCC breaks per cell
were obtained in the presence or absence of HQ (Fig. 3).

The effect of HQ in the activation of the G2-checkpoint,
following exposure to IR, was evaluated in the third set of
experiments using conventional cytogenetics to estimate the
percentage of cells in metaphase (mitotic index) (Fig. 4A). A
statistically significant increase [t,=5.79, 0.001<p<0.01 and
ty=4.47, 0.01<p<0.02] in MI of cells exposed both to HQ
(5 M, 24 h) and IR (1 Gy) was noticed when compared to
those exposed to IR only. Specifically, Fig. 4A shows a 9-fold
increase in MI in cells exposed to HQ and IR, when compared
to those exposed to IR only.

The effect of HQ on the G2-checkpoint was further tested
using a fourth set of experiments designed to study uniquely
the cell cycle progression after exposure both to HQ and IR.
For this purpose, we applied a novel protocol using calyculin-A
in order to visualize, quantitate and classify the exact pro-
gression stage of the interphase cells (e.g., early, middle,
late) of the G1-, S-, and G2-phases of the cell cycle and also
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Figure 4. Mitotic indices after exposure to 5 uM of HQ, 1 Gy y-radiation as
well as to both agents estimated using (A) conventional cytogenetics or (B)
calyculin-A induced PCC. Hydroquinone exposure induced a statistically
significant increase in the mitotic index (MI) in the irradiated cells. Similar
mitotic indices were obtained using the two different methodologies. Standard
deviations of the mean values from three experiments were calculated for
each experimental point. Data were evaluated statistically by Student's t-test.
(A) Significance of the difference in sample means between 1 Gy and [1 Gy +
HQ (5 uM)]: t-test, (t=5.79),0.001<p<0.01. (B) Significance of the difference
in sample means between 1 Gy and [1 Gy + HQ (5 uM)]: t-test, (t=4.47),
0.01<p<0.02.

to differentiate G2-phase cells from M-phase cells (24). As
this methodology enables as well the estimation of MI values,
a 10-fold increase was found in MI in cells exposed both to
HQ and IR compared to those exposed to HQ only (Fig. 4B).
Furthermore, 1000 cells from PBL cultures that were exposed
to either 5 M HQ, or to 1 Gy y-irradiation, in the G2-phase,
or to both factors, were classified according to their cell cycle
phase (G1, S, G2 and M) (Fig. 5). The ratio G2/G2+M was
also estimated. It is worth noticing that after exposure to HQ
combined with G2-phase IR, a statistically significant (t=8.33,
0.001<p<0.01) lower ratio of G2/G2+M was observed with
respect to cells exposed to IR only (Fig. 6).

Discussion

In this study, we have tested the hypothesis that the benzene
metabolite HQ, at doses that are not acutely toxic to PBL,
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Figure 5. Calyculin-A-induced premature chromosome condensation (PCC) enables classification of cultured lymphocytes in the different phases of the cell
cycle: GO (A), middle-G1 (B), late-G1 (C), early-S (D), middle-S (E), late-S (F), G2 (G), metaphase (H), late telophase postmitotic G1 (I). Note that PCC
induction depends on the cell cycle stage, the G2-phase cell is distinguishable from the M-phase cell. Not all chromosomes are included in the figure.
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Figure 6. Effect of 5 uM HQ on cell cycle progression and transition into
M-phase of y-irradiated lymphocytes using calyculin-A induced PCC. One
thousand cells from each sample were analyzed according to their chromatin
morphology and classified as G1, S, G2 and M. Using calyculin-A, the
morphology of M-phase differs from that of G2-phase cells since the latter
lack visible constriction at their centromeric regions (Fig. 5), enabling thus
the calculation of G2/G2+M ratio. The presence of HQ partially abrogates the
G2-checkpoint and releases cells from the G2-block. Standard deviations of
the mean values from three experiments were calculated for each experimental
point. Significance of the difference in sample means between 1 Gy and
[1 Gy + HQ (5 uM)]: t-test, (t=8.33),0.001<p<0.01.

enhances G2-chromosomal radiosensitivity, which can be
observed in the subsequent metaphase as excessive chromo-
somal fragility. The results obtained using blood samples from
different healthy donors are consistent with this hypothesis, as
shown in Fig. 1. This outcome is important because excessive

fragility, caused by HQ exposure may contribute to chromo-
somal instability, which is a permissive event in the develop-
ment of AML (1,31). Concerning the occupational environ-
ment, where multiple exposures to harmful agents occur, the
increase in radiation-induced chromosomal damage by non-
acutely toxic doses of HQ may have important implications for
current assessment of safe levels of exposure to HQ. Indeed,
the chromosome radiosensitization induced by the combined
exposure of HQ and IR is of the same magnitude to that
observed by means of the G2-assay in certain radiosensitive
syndromes that are also characterised by cancer proneness and
increased risk for AML (18,20,21,24). Nevertheless, at present,
even though HQ is a widely used chemical in occupational as
well as in anthropogenic environment, there is limited data
available on the synergistic effect of HQ with other chemical
agents (32-35) and so far, no data on the synergistic effect of
HQ with ionising radiation have been reported. The results
obtained, to our knowledge, represent the first direct evidence
that non-acutely toxic doses of HQ affect chromosomal
fragility in G2-irradiated human cells. In a recently published
manuscript, chromosomal instability was reported to be
induced by HQ in a genotype-dependent manner, at doses that
were not acutely toxic to stem cells (1). Further to this effect,
the results presented here demonstrate that low-dose exposure
to HQ that is not acutely toxic may also have important bio-
logical and potential clinical consequences when combined
with other genotoxic factors. Radiologists and radiologic
technologists are among the occupational groups that can be
exposed both to HQ and IR and they represent a large segment
of the working population exposed to radiation from human-
made sources (13,36).
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The results presented here, may have also important
implications for the mechanistic understanding of the leukemo-
genic potential of HQ, since the excessive fragility and the
increased G2-chromosomal radiosensitivity caused by HQ can
be linked to cancer proneness. Increased G2-chromosomal
radiosensitivity has been examined for more than 20 human
inherited cancer-prone conditions (19), using the G2-assay.
For instance, the inherited conditions of Ataxia Telangiectasia
and Nijmegen breakage syndrome, which exhibit excessive
chromosomal fragility either spontaneously or following
G2-phase irradiation of PBL, are linked to cancer predis-
position and increased risk of AML (18,22,31,37-40). The
interesting effect of HQ is, therefore, its potential to increase
the G2-chromosomal radiosensitivity of PBL cells in healthy
individuals to a level similar to that obtained when PBL from
cancer-prone individuals are tested. Indeed, similar yields of
chromatid breaks per Gy to the yields obtained in our studies
after combined exposure of HQ and IR, were reported when
lymphocytes from Ataxia Telangiectasia patients were
irradiated with 1 Gy alone and the G2-chromosomal radio-
sensitivity was estimated using the G2-assay (24). We have
reported previously that such an excessive chromosomal
fragility in G2-phase depends on the G2-checkpoint response
that can be associated with up-regulation of cdkl/cyclin B
complex activity and transition of damaged cells from G2- to
M-phase (20). Changes in chromatin condensation in the
presence of DNA damage during such transition impairs the
DNA repair processes resulting in excessive chromosomal
fragility (41,42), and recent experimental data demonstrate
that checkpoint abrogation in G2-phase compromises repair
of chromosomal breaks in Ataxia Telangiectasia cells (24). It
has also been reported that a higher level of unrepaired DNA-
double-strand breaks does not provide a universal explanation
for the radiation-sensitive Ataxia Telangiectasia phenotype
(43).

The mechanism underlying the increased G2-chromosomal
radiosensitivity and excessive fragility observed after exposure
to HQ could be associated with an effect of HQ on either the
initial radiation-induced DNA damage, or on the cellular DNA
repair capacity, or also on the cell cycle and feedback control
mechanisms during the G2- to M-phase transition (44 45). To
elucidate which one of the possible mechanism is involved,
four sets of experiments were carried out. The results from
the first set of experiments designed to investigate the effect
of HQ in the initial radiation-induced chromosomal damage
in GO-lymphocytes (Fig. 2), demonstrate that a 24-h pre-
irradiation exposure to HQ (5 #M) has no effect in the yield
of PCC fragments per cell per Gy when compared to the yield
obtained when cells were exposed to IR alone. They suggest,
therefore, that the presence of HQ during irradiation has
no effect on the initial radiation-induced DNA damage.
Consequently, such a mechanism is not directly related to the
increased G2-chromosomal radiosensitivity observed in our
studies. In the second set of experiments it was tested whether
the observed increased G2-chromosomal radiosensitivity after
HQ treatment is mediated by an effect of the chemical on the
DNA repair processes. Since deficient DNA repair processes
should lead to different yields of chromatid breaks after PCC
analysis, a higher number of PCC fragment would be expected
if HQ had an effect on the DNA repair process. The results
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shown in Fig. 3, however, demonstrate an equal yield of PCC
breaks in the presence or absence of HQ and, therefore, do
not support such a possibility. Finally, to test the hypothesis
that the observed increase in G2-chromosomal radiosensitivity
by HQ is linked to a less efficient G2-checkpoint activation
following y-irradiation, the MI obtained under the various
experimental conditions was estimated and the results are
presented in Fig. 4A. The increased MI, when HQ is combined
with IR, suggests a positive effect of this chemical on cell
cycle progression towards mitosis. Specifically, the results
suggest a less efficient G2-checkpoint in the presence of HQ
following irradiation. This observation is important since a
less efficient G2-M-checkpoint has been recently shown to
be associated with an increased cancer risk (23,25,46). A
less efficient G2-checkpoint and the transition of damaged
cells from G2- to M-phase can be followed by an efficient
conversion of DNA damage into chromatid breaks (41,42)
suggesting therefore, that this is the most plausible mechanism
by which HQ enhances G2-chromosomal radiosensitivity.
This hypothesis is further supported by the results obtained
when PCC was induced by means of calyculin-A, in 72-h
PBL cultures after IR exposure in the presence or absence of
HQ. Calyculin-A-induced PCC has been used alone or in
combination with other techniques in numerous cytogenetic
and biological dosimetry studies (24,27,47-51). In this study,
the calyculin-A induced PCC methodology was used as a
novel cytokinetic tool not only for MI evaluation but also for
the classification of the lymphocytes in the different phases
of the cell cycle (G1, S, G2 and M-phase), as shown in Fig. 5.
Calyculin-A is a cell permeable inhibitor of protein serine/
threonine phosphatases type 1 and type 2A, and PCC is only
induced if maturation-promoting factor (MPF) is available,
the activity of which depends on the cellular concentration of
cyclins, in particular cyclin B (52). Cyclin B concentration
oscillates through the cell cycle, it is very low in G1 and
increases gradually from S to G2. Therefore, calyculin-A
induces PCC predominantly in G2-phase followed by S-phase
and only slightly in G1-phase (50). A number of late telophase
post-mitotic G1 are still visible in the induced PCC but no PCC
can be induced in GO cells by means of calyculin-A alone (53),
and new efforts have been recently reported to overcome this
problem (54,55). As shown in Fig. 5, in chemically-induced
PCCs at G2-phase, the centromeres are not clearly visible,
thus making a G2-phase cell easily distinguishable from a
metaphase cell (27), enabling therefore the estimation of MI as
well as the G2/G2+M ratio. Interestingly, the results obtained
from MI analysis using standard cytogenetic technique are
equivalent to those obtained from the calyculin-A mediated
PCC methodology (Fig. 4). The decreased G2/G2+M ratio
after combined exposure to HQ and IR when compared to
that obtained after exposure to IR alone (Fig. 6), indicates
that HQ partially abrogates the G2-checkpoint and releases
cells from the G2-block. Transition of damaged cells from
G2- to M-phase results in an increase in G2-chromosomal
radiosensitivity and this is consistent with our hypothesis that
excessive fragility and increased chromosomal radiosensitivity
result from an effect of HQ on cell cycle and feedback control
mechanisms during the G2- to M-phase transition.

In summary, the results presented in this manuscript
suggest that non-acutely toxic doses of HQ enhance G2-
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chromosomal radiosensitivity in PBL of healthy donors,
similar to that observed in certain radiosensitive syndromes
that are characterised by cancer proneness and increased risk
for AML. Conventional cytogenetics and PCC methodologies
were applied to investigate whether HQ affects the initial
induction of radiation-induced chromosomal aberration, the
repair capacity of chromosomal damage or the G2-checkpoint.
The experimental data obtained support the hypothesis that HQ
exerts its action by inducing a less efficient G2-M-checkpoint
after irradiation, facilitating thus the progression of damaged
cells from G2- to M-phase.
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