N

N

A new tool for genotoxic risk assessment: Reevaluation
of the cytokinesis-block micronucleus assay using
semi-automated scoring following telomere and
centromere staining
Narjes Zaguia, Eric Laplagne, Bruno Colicchio, Olivier Cariou, Mustafa Al
Jawhari, Leonhard Heidingsfelder, William M. Hempel, Besma Bel Hadj Jrad,

Eric Jeandidier, Alain Dieterlen, et al.

» To cite this version:

Narjes Zaguia, Eric Laplagne, Bruno Colicchio, Olivier Cariou, Mustafa Al Jawhari, et al.. A new tool
for genotoxic risk assessment: Reevaluation of the cytokinesis-block micronucleus assay using semi-
automated scoring following telomere and centromere staining. Mutation Research - Genetic Toxi-
cology and Environmental Mutagenesis, 2020, 850-851, pp.503143. 10.1016/j.mrgentox.2020.503143 .
hal-03605184

HAL Id: hal-03605184
https://hal.science/hal-03605184

Submitted on 19 Apr 2022

HAL is a multi-disciplinary open access L’archive ouverte pluridisciplinaire HAL, est

archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

destinée au dépot et a la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche francais ou étrangers, des laboratoires
publics ou privés.


https://hal.science/hal-03605184
https://hal.archives-ouvertes.fr

A new tool for genotoxic risk assessment: Reevaluation of the cytokinesis-
block micronucleus assay using semi-automated scoring following telomere

and centromere staining

Narjes Zaguial?, Eric Laplagne®, Bruno Colicchio®, Cariou Olivier*, Mustafa Al Jawhari?,
Leonhard Heidingsfelder®, William M. Hempel!, Besma Bel Hadj Jrad?, Eric Jeandidier’,
Alain Dieterlen®, Patrice Carde®, Philippe Voisin® and Radhia M’kacher 1

ICell Environment DNA damage R&D, 75020 Paris, France

2 Institut Supérieur de Biotechnologie de Monastir, Université de Monastir Monastir, Tunisie
3Pole Concept, Paris, France

“Genevoulution Laboratory, Porcheville, France,

’IRIMAS, Institut de Recherche en Informatique, Mathématiques, Automatique et Signal,

Université de Haute-Alsace, Mulhouse 68093 France
®MetaSystems GmbH, Robert-Bosch-Str. 6 D-68804 Altlussheim, Germany

"Department of Genetics, Groupe Hospitalier de la Région de Mulhouse Sud-Alsace,
Mulhouse 68093, France

8Departement of Hematology, Gustave Roussy Cancer Campus, 94805 Villejuif, France

Corresponded author: Dr Radhia M’kacher, Cell Environment DNA damage R&D, 75020

Paris France



Abstract:

Background: The cytokinesis-block micronucleus (CBMN) assay is an internationally
recognized method for measuring DNA damage after exposure to genotoxic agents, as well as
a biomarker for DNA repair and chromosomal instability. The high baseline level of
micronuclei (MN) in the healthy population has limited the sensitivity and application of the
CBMN assay for the follow-up of exposed populations. We reevaluated the sensitivity of the
CBNM assay using semi-automated MN scoring following telomere and centromere (TC)
staining after in vitro exposure to genotoxic agents (mitomycin or radiation) or aneugenic

agents (vinblastine).

Materials and methods: Blood samples from 12 healthy donors were exposed to *'Cs at
seven doses from 0.1 to 4 Gy and cultured for 72h. Cytochalasin B was added at 46h of
culture. The exposure of chemical agents (mitomycin or vinblastine) was performed after 48h
of culture for 3h. Cytochalasin B was added after treatment and slides were prepared 24h
after. MN was semi-automatically scored following TC staining. Nucleoplasmic bridges

(NPBs) and nuclear buds (NBUDs) were assessed in a human cell line after TC staining.

Results: The introduction TC staining to the scoring of MN not only renders MN scoring
more efficient and robust, but also permits discrimination between exposure to clastogenic
(MN with only telomere signals) and aneugenic agents (MN with both TC signals). The
resulting improvement of MN detection led to an increase in the sensitivity of the CBMN
assay following low-dose radiation exposure (0.3 versus 0.1 Gy). Hyperradiosensitivity
phenomenon was observed after low dose exposure. A dose-response curve was obtained for
up to 4 Gy. In addition, TC staining permits assessment of the nature of NPBs and NBUDs as
biomarkers for genotoxicity and chromosomal instability.

Conclusion: These approaches can be potentially used to follow-up populations exposed to

genotoxic agents and assess cancer risk.
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Introduction

The cytokinesis-block micronucleus (CBMN) assay is an internationally recognized method
for determining the genotoxic potential of substances and agents, recommended by the OECD
for genotoxicity testing [1] and the AIEA for biological dosimetry [2]. Micronuclei (MN)

contain either acentric or whole chromosomes and are formed in dividing cells.

The scoring of MN is well validated for not only measuring DNA damage in vivo and in vitro
[3] after exposure to genotoxic agents, but is also an established biomarker of DNA repair
efficiency and chromosomal instability [4]. A high frequency of MN has been associated
with an increased risk of cancer in a large cohort of patients [5-9]. In addition, the scoring of
MN in circulating lymphocytes has been used for the follow-up of populations exposed to
genotoxic agents [10-14]. The major drawback of this technique is the high baseline of MN
in heathy populations, which was limited the sensitivity (detection limit of 0.2-0.3 Gy) and
application of the CBMN assay for the follow-up of exposed populations. Confounding
factors (age, sex, diet, and lifestyle) can significantly influence the frequency of MN in
peripheral blood lymphocytes [5, 15].

The CBMN assay, combined with fluorescence in situ hybridization (FISH) using pan-
centromeric probes, has been shown to discriminate between clastogenic (MN without
centromere staining) and aneugenic effects (MN with centromere staining) [16-19] and
increase the sensitivity of this technique [14]. The FISH-based MN-centromere assay
requires two days to perform, which is a major limitation of this technique for biological
dosimetry (added to three days of culture) and genetic toxicology testing, in addition to the
high cost of the DNA probes. FISH-based MN has thus not been widely adopted.

The introduction of peptide nucleic acid (PNA) probes to the scoring of radiation-induced
DNA damage opens new horizons for this application [20]. We have recently demonstrated
the high efficiency of telomere and centromere (TC) staining for the scoring of dicentric and
ring chromosomes in metaphases [21] and non-stimulated lymphocyte prematurely condensed
chromosomes [22]. We have also successfully reevaluated the transmission of chromosomal
aberrations using this approach [23]. PNA probes have the advantage of short hybridization
times, high specificity and signal intensity, and low cost. In addition, there are existing tools
for the automation of MN scoring following uniform staining (Giemsa or DAPI staining) [24,
25].



Here, we show that the association of TC staining with the automatic scoring of MN allows:

1) easier detection of MN than by uniform staining; 2) better detection of different types of
MN, leading to the distinction between exposure to clastogenic (MN with only telomere
signals or MN without any signal) and aneugenic agents (MN with telomere and centromere
signals); and 3) improvement of the sensitivity of the CBMN assay and the dose-response
curve using semi-automated MN scoring following TC staining after exposure to chemical
agents or ionizing radiation. We also demonstrate that TC staining enhances the detection of
other nuclear abnormalities using the CBMN assay, such as nucleoplasmic bridges (NPBs)
and nuclear bud (NBUDs), improving their use as biomarkers of genotoxicity and

chromosomal instability.

Materials and Methods

1-Irradiation procedure and MN preparation

Peripheral blood samples were obtained from 12 healthy donors (four women and eight men,
mean age 37.1 years (20-58 years)) and exposed to gamma irradiation using an IBL637 *¥'Cs
irradiator at seven different doses (0, 0.1, 0.2, 0.5, 1, 2, and 4 Gy) at a dose rate of
0.61Gy/min.

Blood lymphocytes were cultured for 72 h in RPMI 1640 (without L-glutamine with HEPES
Invitrogen, France) supplemented with 1% penicillin/streptomycin (10,000 U1/mL/10,000
pg/mL, Invitrogen, France), 1% 200 mM L-glutamine (Invitrogen, France), 10% inactivated
foetal serum (Invitrogen, France), and 2% Phytohemagglutinin (PHA Remel HA15).
Cytochalasin B (from Drechslera dematioidea, Sigma) (6 pug/mL) was added 24 h before
arrest according to standard procedures [1, 2]. Slides were spread and stored at -20°C until
use [26].

2- Exposure to chemical agents
Blood lymphocytes were similarly cultured using RPMI 1640 as mentioned previously. After

48 h of culture, cells were exposed for 3 h to various concentrations of aneugenic
(vinblastine) or clastogenic (mitomycin C) substances. The highest concentrations of each
induced only weak cytotoxicity. Cytochalasin B was added immediately after washing the

cells. After 24 h, cultures were harvested according to standard procedures [1, 2].



3-Cell lines used to detect nucleoplasmic bridges and nuclear buds
HDLM2 Hodgkin lymphoma [27] (Diehl V 1985) and DAUDI Burkitt lymphoma [28] cell

lines were used to assess the detection of NPBs and NBUDs after TC staining. Cell lines

were cultured in RPMI and harvested as mentioned previously [29].

4-Telomere-Centromere staining
The scoring of MN was performed using TC staining as described previously [21]. Briefly,

slides were washed with 1X PBS for 5 min at room temperature. Fixation was performed with
4% formaldehyde for 2 min at room temperature and the slides washed three times with PBS
for 5 min. After 7 min of pepsin treatment (0.5mg/ml) at 37°C, the slides were washed in PBS
and refixed in 4% formaldehyde for 2 min. After three PBS washes during 5 min, slides were
sequentially dehydrated with 50%, 70%, and 100% ethanol and air-dried. The probe solution
consisted of 50 pL PNA probe (0.3 pg/mL telomere and centromere). The slides with the
probe solution were denatured on a hot plate at 80°C for 3 min and incubated in the dark for 1
h at room temperature. After hybridization, the slides were washed three times with 70%
formamide/10mM Tris pH 7.2 during 15 min and then 3 x 5 min in 50 mM Tris pH
7.2/150mM NaCl pH 7.5/0.05% Tween_20. After washing with PBS, the slides were
counterstained with DAPI and mounted with PPD.

5-MN scoring
Automatic scoring of MN was performed using MNScore software (version 3.8.101

MetaSystems, Althaussen, Germany) with a Metafer 4 image analyser (MetaSystems,
Althaussen, Germany) comprised of a Zeiss Axioplan 2 imager [30, 31] to detect MN. An
operator validated and excluded the false MN in bi-nucleate cells. For each sample, 1000 bi-

nucleated cells were scored.

To detect the presence of centromere and/or telomere signals, bi-nucleate cells with MN were
acquired using automated acquisition module Autocap software (MetaSystems, version 3.9.1)
and a ZEISS Plan-Apochromat 63x/1.40 oil and CoolCube 1 Digital High Resolution CCD

Camera. Images were analyzed using Isis software (Metasystems, version 3.9.1).

We scored MN with TC staining (MN-T+C), which predominantly contain lagging
chromosomes. We also scored MN with only telomere staining (MN-T), resulting mainly

from acentric chromosomes, and MN with no staining, resulting from interstitial deletions.



6- Statistical analysis
All plots were created using R and the gplots 2.1.0 package. The 95% confidence interval

limits were calculated using the exact Poisson method. The upper and lower limits were
calculated using the chi 2 distribution function, as an R command named qchisq(p,df) where p

is the probability and df the degree of freedom.

Linear regression was performed to fit the data (slope and intercept) using the least squares
method. The grey areas outline the 95% confidence intervals implemented using the
geom_smooth() R graphic command. The ratio rate test was performed using Test library in R

software.
Results

1-Improvement of the detection of MN by TC staining

The detection of MN using the conventional CBMN assay is based on MN morphology
following uniform staining (Giemsa or DAPI). However, the intensity of DAPI staining ofthe
MN is very weak relative to that of the nucleus (FigurelA). Telomere and centromere
staining allowed visualization of centromere and telomere sequences contributing to an
improvement in the detection of MN (Figure 1B). In addition, TC staining also allowed the
easy identification of the cytoplasmic skeleton due to a slight fluorescent background,
representing another advantage of this approach (Figure 1B-C) that requires no further steps.
The use of PNA probes, characterized by their high signal intensity and much lower cost than
DNA probes, does not substantially increase the cost over that of uniform staining, nor the
time of hybridization (1 h vs 16 h of DNA probe hybridization).

2-Occurrence of spontaneous MN following TC staining

Before any exposure, we scored a total of 125 MN in 9,396 bi-nucleate cells from 12 healthy
donors in this study, including 90 MN-T+C (72%) with both TC staining, 33 MN-T (26.4%),
and 2 MN (1.6%) without telomere or centromere staining, reflecting interstitial deletions.
The total frequency of MN was significantly higher in women (23.51 per 1000 bi-nucleate
cells) than in men (10.21 per 1000 bi-nucleate cells) (p < 10®), due essentially to the higher
frequency of MN-T+C in women (19.36 MN per 1000 bi-nucleate cells) than in men (11.69
MN per 1000 bi-nucleate cells) (P < 107). Age (more than 40 years) was associated with an
increased frequency of spontaneous MN in our cohort (21.82 MN per 1000 bi-nuclei in
healthy donors aged 40 years or more vs 10.81 MN per 1000 bi-nuclei in donors less than 40

years old) (p < 10%), associated not only with the an increase in the frequency of MN-T+C



(16.13 vs 7.66 per 1000 bi-nuclei) (P<10), but also an increase of MN-T(6.64 vs 2.87) (p <
0.02).

3-Discrimination of clastogenic and aneugenic effects after exposure

The introduction of TC staining to the CBMN assay permitted the scoring of different MN
figures according to the presence of telomere and centromere sequences. We detected MN-T
(FigurelD), containing acentric fragments, as well as MN without any signal, containing
interstitial deletions (Figure 1E). We also detected MN-T+C (Figure 1E), reflecting mitotic
errors that produced lagging chromosomes. This information provided by TC staining
allowed us to determine the nature of the including agent: clastogenic (MN-T, as well as MN

without any signal) or aneugenic (MN-T+C).

After three hours of treatment with mitomycin C, a clastogenic substance, we found a
significantly higher frequency of MN-T than MN-T+C (Figure 2A). In contrast, three hours of
treatment with vinblastine, an aneugenic substance, resulted in a significantly high frequency
of MN-T+C than MN-T (Figure 2B). The frequency of MN without any signal represented a
very small part of the DNA damage response and can be added to the frequency of MN with

telomere staining.

4-1ncreased sensitivity of the semi-automated CBMN assay following TC staining

We assessed the sensitivity of the semi-automated CBMN technique following TC staining to
y-ray irradiation using **’Cs (dose rate 0.61 Gy/min). Following TC staining, it was possible
to detect a difference between control and the lowest dose tested (0.1Gy) (P < 10°%°) after the
scoring of the total MN. The frequency of MN-T and MN-T+C were significantly higher after
0.1Gy (P < 102%; P < 10" respectively).

5-Dose response curve using the CBMN assay followed by TC staining

Figure 3 (A-B) shows the dose response curve obtained after irradiation by scoring total MN,
MN-T, and MN-T+C. The frequency of MN without any signal was added to the frequency of
MN-T. Low dose exposure resulted in an increase in the frequency of MN T+C (aneugenic
effect) for doses up to 0.5 Gy (figure3B). The relationship between the frequency of MN T+C
and MN-T was linear at low doses, but disappeared with increasing dose (Figure 4A),

confirming the aneugenic potential of low-dose exposure.

Interestingly, we observed a disproportionate frequency of MN-T and MN-T+C, given the

frequency of MN per unit of dose after low-dose exposure (Figure 4B). Such high radiation



sensitivity was observed in the lowest tested dose in this study (100 mGy). A local concavity
on dose response curve was observed in low dose (figure 3B). Therefore, as linear quadratic
model tends to a pure linear one when tend to zero, it becomes impossible to fit properly any
form of curvature. These data pointed out weaknesses of linear quadratic model, especially for
low dose modeling.

6-CBMN assay following TC staining allows the scoring of nucleoplasmic bridges

(NPBs) and nuclear buds (NBUDs)

The CBMN assay not only permits detection of MN but also the presence of NPBs and
NBUDs. NPBs resulting from dicentric chromosomes due to the misrepair of DNA double
stranded breaks are characterized by the absence of telomere and centromere signals,
associated with the presence of MN with only telomere signals (Figure 5A). We found this
type of NPB after exposure to a genotoxic agent, such as ionizing radiation. NBPs with
telomere and centromere sequences without an associated MN can result in dicentric
chromosomes due to telomere dysfunction (figure 5B). The use of the HDLM2 Hodgkin
lymphoma cell line allowed demonstration of the link between telomere dysfunction, dicentric
chromosomes, and the formation of NBPs with centromere sequences. NBUDs were also
assessed to study the process of elimination of amplified DNA possibly generated via
Breakage/Fusion/Bridge cycles and the process of elimination of excess chromosomes, which
may occur in polyploidy cells to facilitate aneuploidy rescue (Figure4C-D). The DAUDI
Burkitt cell line showed the presence NBUD with TC staining as well NBUDs with only

telomere staining or without any signal.

Discussion

The CBMN assay applied to peripheral blood lymphocytes is a standard cytogenetic
technique for genetic toxicology and biological dosimetry that provides good reliability and
reproducibility without requiring a high level of expertise. The existing tools for the
automation of MN scoring permits large-scale use of the CBMN assay not only for regulatory
testing in genetic toxicology [1], but also in the field of radiation protection to assess medical

[32, 33] or professional exposure [14].

Here, we introduce, for the first time, TC staining using PNA probes, permitting the reliable
detection of MN with high precision and sensitivity, as well as an improvement in the

elucidation of the nature of exposition.



Increasing the quality of the automated CBMN assay naturally requires better detection of
MN. Here, we demonstrated not only an improvement in MN visualization following TC
staining, but also the detection of cytoplasm without additional technical steps. TC sequences
in MN allowed determination of the nature of the agent or substance with high precision:
clastogen (MN-T or no staining) or aneugen (MN-T+C). Thus, we demonstrated an increased
frequency of MN-T after mitomycin C and MN-T+C sequences after vinblastine exposure.
This approach should be extended to provide insight into the types of cellular damage induced

by new chemical substances used for a wide range of applications, including healthcare [34].

One of major drawback of the CBMN assay is the high frequency of spontaneous MN in the
healthy population, making it difficult to apply this approach to a mass casualty event or the
follow-up of a large cohort exposed to low doses of genotoxic agents. The human
micronucleus (HUMN) consortium has shown that the frequency of spontaneous MN is
related to age and gender [15, 35]. Previous studies have demonstrated the presence of TC
sequences in most spontaneous MN using pancentromeric and pantelomeric probes [36, 37].
In addition, the frequency of X chromosomes in the MN of women is disproportionally high
and is age dependent [38-40]. Here, the use of semi-automated MN scoring following TC
staining confirmed the age and gender-dependent spontaneous occurrence of MN and showed
that they consist essentially of MN-T+C (more than 70%). The scoring of the telomere signal
in these MN demonstrated that 37% had only one telomere signal, indicating telomere
deletion. Sequential analysis using TC staining followed by the M-FISH technique in a large
cohort over a wide range of ages, could improve our knowledge of the nature of spontaneous
MN and the relationship between telomere dysfunction (telomere loss) and the lagging of

chromosome.

The use of the semi-automated CBMN assay has led to an increase in the sensitivity of
CBMN assay. After uniform staining, it is possible to detect an exposure ranging 0.2-0.3 Gy
[2, 5]. The recent combination of CBMN automation with fluorescence in situ hybridization
(FISH), using pan-centromeric DNA probes, has increased the sensitivity of the assay (0.05-
0.1 Gy) [14]. Here, using the semi-automated CBMN assay following TC staining, we
successfully detected a high frequency of MN after exposure to the lowest tested dose 0.1 Gy,
significantly increasing the sensitivity relative to previous studies [14, 41]. The ability to
detect doses below 0.1 Gy can now be tested in future studies. The increasing sensitivity of
the semi-automated CBMN assay following TC staining makes it possible to apply this

technique to the field of low-dose radiation research. Low-dose exposure due to natural



background [42], as well as radio-diagnostic procedures (CT scan), is inevitable and an

ongoing health concern [43].

Furthermore, the use of the semi-automated CBMN assay following TC staining allowed
determination of the nature of exposure with higher precision. The discrimination of the
clastogenic and aneugenic effects of substances is important in the characterization of new
chemical agents. Using TC staining, we successfully detected the clastogeneic effect of
mytomecine, as well as aneugenic effect of vinblastine. We demonstrate also the clastogenic
effect of high-dose of irradiation. In addition, we detected the aneugenic effect of low-dose
irradiation. We confirmed the data obtained after in vitro [44, 45] and in vivo [45, 46]
exposure to low-dose radiation. We established linear relationships between MN-T and MN-
T+C after low-dose y-ray exposure (0 up to 0.5 Gy). The aneugenic effect of ionizing
radiation has been previously suggested but not used in the estimation of risk associated to
radiation exposure. Here, we successfully applied TC staining to the CBMN assay to detect
the aneugenic activity of low-dose irradiation in addition to clastogenic effects. This data
could be used in the triage of accidentally exposed populations to determine the range of the
dose received based on the rate of MN-T and MN-T+C, as well as in retrospective biological
dosimetry [47]. The follow-up of populations exposed to low doses of ionizing radiation has
demonstrated a higher frequency of MN with centromere sequences than in controls [14, 46,
48]. This data can be explained by the higher rate of spontaneous of MN-T+C in the
background of MN in the healthy population, related essentially to a low-dose exposure
(chemical or radiation). It may be informative to investigate the number of telomere signals
in these MN to determine the role of telomere deletion in these chromosomes. In addition,
recent genetic evidence demonstrates that increased rates of whole chromosome

missegregation can accelerate oncogenesis [49, 50].

These improvements in the detection of MN using the CBMN assay followed by TC staining
can explain the accordance of the dose response curve obtained (up to 4 Gy) in this study to
the manual dose response curve of the IAEA [2] after uniform staining and that published
previously following manual scoring [51] or semi-automated scoring following uniform

staining [52].

Nevertheless, we observed evidence of low-dose hypersensitivity (HRS). We demonstrate
higher radiation sensitivity per unit dose at 100 mGy, which was due not only to the

clastogenic effect of irradiation (MN-T) but also the aneugenic effect (MN-T+C), which is



never considered. These findings show that HRS observed after low-dose exposure may be
related to different molecular mechanisms for the generation of radiation-induced cytogenetic
effects than those generated at high doses. The scoring of numerical and structural
chromosomal aberrations after low-dose exposure could be used to confirm these results [50].
However, Seth et al. [53] observed hypersensitivity after the irradiation of lymphocyte at the
G2 phase only and not in GO. This discrepancy may also be due to the range of doses (0.1 to
1.6 Gy) and the protocols used [54].

This improvement of the CBMN assay followed by TC staining permits the detection of not
only MN but also MPBs and NBUDs, which are related to chromosomal instability in
populations exposed to genotoxic agents or in cancer patients. The interest to improve the
detection of TC sequences in NPBs has been driven by the need to know the mechanisms
underlying dicentric-chromosome formation. We demonstrate the absence of TC sequences in
the bridge after genotoxic exposure, which is usually accompanied by MN-T. However, the
presence of TC sequences in the bridge indicates that dicentric-chromosome formation was
related to a defect of the telomeres and chromosome end to end fusion [55, 56]. The use of
this approach would also make it possible to detect chromosomal instability via the presence
of dicentric chromosomes in tumor cells, considered to be an important prognostic factor and

a biomarker for complex karyotypes [57-59].

Conclusion:

The improvement in the detection of MN, their characterization, and reevaluation of the
sensitivity of the CBMN assay, as well as the dose-response curves for low and high doses
following semi-automated TC staining provides the most precise cytogenetic analysis
currently available to determine exposure to genotoxic agents and the monitoring of disease.
This work represents a first step towards future studies to reevaluate the background of MN
and NPBs in non-exposed populations and MN in populations exposed to genotoxic agents, as
well as the mechanisms of chromosomal instability in cancer patients [7, 9, 60] . The
automation of these approaches offers the possibility to achieve high sample throughput for
the processing of large cohorts of exposed populations and tumor cells in cancer patients for

monitoring, without the need of a high level of expertise level.
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Legend:

Figure 1: Detection of MN after TC staining. (A) Uniform staining demonstrating the
difficulty to detect MN due to the weak intensity of DAPI staining of MN relative to the
nucleus. (B) Staining of telomere and centromere sequences showing better visualization of
MN. TC staining permits easy identification of the cytoskeleton (C), MN with only telomere
sequences (D), MN without any telomere or centromere sequences (E), and MN with telomere

and centromere sequences (F).

Figure 2: Detection of clastogenic and aneugenic effects in lymphocytes treated with
mitomycin C or vinblastine. (A) Significant increase in the frequency of MN with only
telomere sequences after exposure to various doses of mitomycin C (clastogenic effect). (B)
Significant increase in the frequency of MN with telomere and centromere sequences after

vinblastine exposure (aneugenic effect).

Figure 3: Dose response curves obtained after the scoring of total MN, MN-T and MN-T+C.
and the frequency of MN without any signal following TC staining was added to the
frequency of MN-T. (A) Dose-response curve obtained for up to 4 Gy at a dose rate of 0.61
Gy/min. (B) Zoom of below 1 Gy of the dose response curve, demonstrating the contrasting
effects of low- and high-dose radiation exposure. A high frequency of MN T+C was observed
leading to an aneugenic effect of low-dose exposure. The frequency of MN-T+C increased up

to 0.5 Gy and decreased thereafter.

Figure 4: (A) Ratio between MN-T+C and MN-T, showing a linear relation after low-dose
exposure (0 to 0.5 Gy). (B) Radiation sensitivity of cells after scoring for the total frequency
of MN, the frequency of MN-T, and MN-T+C per dose. Hyper-radiosensitivity was observed
after 0.1 Gy of exposure.

Figure 5: Elucidation of DNA repair mechanisms following TC staining. (A) The presence of
a bridge without TC sequences after exposure to a genotoxic agent associated with the
presence of MN-T leading to the presence of induced dicentric chromosome (B) The presence
of TC sequences in the bridge of the HDLM2 Hodgkin lymphoma cell line, demonstrating the
presence of a dicentric chromosome associated with telomere dysfunction. (C-D)
Characterization of NBUDs following TC staining demonstrating the presence of an NBUD

with telomere and centromere sequences as well as an NBUD without any signal.



Figurel: Detection of MN after TC staining. Arrows indicate MN. (A) Uniform staining demonstrates the
difficult detection of MN due to the weak intensity of DAPI-stained MN relative to the nucleus. (B)
Staining of telomere and centromere sequences allows improved visualization of MN. (C) TC staining
permits easy identification of the cytoplasm, (D) the detection of MN with only telomere sequences, (E)
MN without any telomere or centromere sequences, (F) MN with telomere and centromere sequences.
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